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ABSTRACT OF THE THESIS 
 

Nuclear Power Plant Safety in Saudi Arabia 
 

By 
 

Fahad Ali Khubrani 
 

Master of Science in Electrical Engineering 
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Professor Nader Bagherzadeh, Chair 
 
 

 

Saudi Arabia is the world’s largest oil producer, producing about 13 % of the total 

globe oil production.  Meanwhile, its domestic consumption of oil has also been drastically 

increasing over the past few years.  This increase is due to the high growth of the 

population and the development of the country’s economy. If nothing changes, their 

consumption of fossil fuels will double in the next 10 years.  Saudi Arabia has no choice but 

to invest in alternative energy sources, such as renewables and nuclear energy, to meet its 

high demand.  Saudi government has announced a plan to construct 16 nuclear reactors by 

2040 with a total capacity of 17 GW.  Nuclear energy can serve as a clean and reliable base-

load energy source.  Additionally, it can be very safe provided that all safety precautions 

are met. However, there are also enormous risks.  These precautions and risks will be 

thoroughly addressed in this thesis. 
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INTRODUCTION 

In a nuclear power reactor, there are three lines of defense to prevent radioactive materials 

from escaping into the atmosphere.  The first barrier is the zirconium alloy fuel rods that 

contain the fuel pellets. A fission reaction occurs once these rods absorb free neutrons.  As a 

result, a substantial amount of heat is generated. The fission reaction is controlled by having 

radiation control rods, which slow down the fission speed.  On the other hand, the reactor’s 

core temperature is controlled by the reactor cooling system. The cooling system and control 

rods are considered the second barrier.  The third and last barrier is the thick concrete 

reactor building that contains the reactor. The possibility of losing radiation control and the 

failure of the cooling system demand a deep analysis to have a better comprehension of the 

consequences of a nuclear accident. 

 

I. Loss of Radiation Control: 

The loss of radiation control causes an increase of power excursion, which in turn leads to 

the first barrier failure. So, control rods are used to reduce the fission rate whenever it 

exceeds the limit or to shut down the reaction entirely. These rods are made of special 

metals, such as boron, silver, indium and cadmium, which have a capability of absorbing 

neutrons resulting from the fission.    

 

II. Failure of Core Cooling: 

The shutdown of fission reaction does not mean the stop of power generation. In fact, there 

is abundant residual heat, which decays over time. The heat is generated from the fission 

reaction that. Therefore, it is essential to maintain the reactor cooling system 
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uninterruptedly running. If the cooling system stops for any reason, the fuel rods get 

overheated. The zirconium reacts with water and produces zirconium-oxide and hydrogen, 

as illustrated in Formula 1.  

Zr + H2O        ZrO + H2 (1) 

Hydrogen is a highly flammable gas. When it is combined with oxygen, an extreme explosion 

is likely to occur. This explosion can destroy the thick concrete building allowing the 

radioactive materials to release into the environment. The characteristics of the radioactive 

materials resulting from a fission reaction are listed in Table 1.0a.  

Isotope  
 

Activity content 
in Tera Becquerel (TBq)  

Half-life 
 

Xenon-133 (Xe-133) 6 000 000 5.28 days 
Iodine-131 (I-131) 2 900 000 8.04 days 
Iodine-133 (I-133) 6 100 000 0.88 days 
Cesium-134 (Cs-134) 310 000 2.06 years 
Cesium-137 (Cs-137) 320 000 30.1 years 
Strontium-90 (Sr-90) 250 000 28.5 years 

Table 1.0a Typical Activity Content of a Contemporary 1000 MWe (BWR) Core, Source: Sandia  
National Laboratories (2012)  

It is worth noting that the half-life of Cesium-137 is around 30 years.  This harmful isotope 

presents a serious health threat to human beings living near a contaminated region. Thus, to 

avoid the exposure of the radiation of Cs-137, the impact region must be promptly evacuated. 

The International Atomic Energy Agency (IAEA) brought together the International Nuclear 

and Radiological Event Scale (INES) in 1990 to facilitate critical information communications 

in case of nuclear accidents. INES classifies events into seven level scales, as seen in Table 

1.0b.  
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Level Classification Terminology 

4-7 Accidents 
1-3 Incidents 
0  Below Scale 

Table 1.0b INES Event Scale  

Events are classified based upon their impacts on people and the environment. Level 7, the 

highest level, is defined as “an event resulting in an environmental release corresponding to 

a quantity of radioactive radiologically equivalent to a release to the atmosphere of more 

than several tens of thousands of Tera Becquerel’s of I-131.” [1] Level 6, the second highest 

level, is defined as “releases are in the range of thousands to tens of thousands of Tera 

Becquerel of I-131. Note that, a release of Cs-137 has to be multiplied by a factor of 40 to be 

regarded radiologically equivalent to I-131.” [1] Figure 1.0 lists event examples for the Three 

Mile Island, Chernobyl, and Fukushima Daiichi accidents. Chernobyl and Fukushima have 

been classified as level 7 accidents due to their significant consequences. On the other hand, 

Three Mile Island has been classified as a level 5 accident. The next chapter addresses the 

three accidents in details.  
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Fig. 1.0 Examples of Events at Nuclear Facilities, as Graded on the International Nuclear Event 
Scale (INES), Source: IAEA 
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CHAPTER 1 
 

LESSONS LEARNED FROM SEVERE NUCLEAR POWER PLANT ACCIDENTS 
 
This chapter reviews severe nuclear power plant (NPP) accidents. It also analyzes their root 

causes and impacts, and explores the existing and potential future risks. The objective of this 

chapter is to extract lessons learned from what happened to prevent future accidents. Saudi 

Arabia and all other States embarking on a nuclear power program should capitalize on these 

lessons to incorporate them into their programs. The severe NPP accidents that have 

happened in history are: Three Mile Island in 1979, Chernobyl in 1986, and Fukushima in 

2011. These accidents will be reviewed under the following aspects: 

1. What happened? 

2. Root causes, 

3. Impact of radiology release, 

4. Impact of socio-economic and socio-politics, and 

5. Impact of the nuclear power sector. 

 

I. THREE MILE ISLAND: 

1. What Happened? 

Three Mile Island NPP is located in Pennsylvania, USA. It consists of two pressurized water 

reactor (PWR) units. The second unit had an electrical power capacity of 906 MWe. The 

reactor was put online a year before the accident happened on March 28, 1979. The event 

started when high pressure began to increase inside the reactor due to operational 

interruption. The high pressure forced a pressure relief valve to open as per design. 

Nevertheless, the valve stuck open causing loss of steam and water from the reactor primary 
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system. The operator was unaware of the stuck valve inside the control room. Also, he was 

misled by the high water level in the pressurizer. So, he committed a fatal mistake and shut 

down the cooling water system. Consequently, the water in the reactor boiled away and the 

reactor caused the core to be overheated and partially melted.  Hydrogen was released as a 

result and exploded. Luckily the explosion was contained inside the reactor building. Figure 

1.1 shows the schematic of TMI-2 PWR.  

 
           Fig. 1.1 TMI-2 (PWR) Schematic [1] 

 

2. Root Causes: 

The root causes of the TMI accident that have been identified in Kemeny report [2] were as 

follows:  

 Instrumentation malfunction representing in stuck pressure relief valve with no 

indication in the control room. 

 Inaccurate probabilistic safety assessment for the relief valves.  
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 Neglect of lesson learned from similar incidents in other NPPs. 

The most valuable conclusion of the Kemeny report was: "To prevent nuclear accidents 

as serious as Three Mile Island, fundamental changes will be necessary in the 

organization, procedures, and practices, and above all, in the attitudes of the Nuclear 

Regulatory Commission and, to the extent that the institutions we investigated are 

typical, of the nuclear industry." It also noted that "as the evidence accumulated, it 

became clear that the fundamental problems are people-related problems and not 

equipment problems" and that "The most serious was "mindset." [2] 

 

3. Radiological Impacts: 

The radioactive materials release was limited and hence doses to the population 

surrounding TMI was limited. [1] 

 

4. Socio-Economic and Socio-Political Impacts: 

It took about 14 years to remove and clean up the damaged fuel rods. The estimated cost of 

those activities was 1 billion dollars. In addition, there were trust and communication issues 

between the US public and the nuclear authority that led to confusion. As a result, a short-

term precautionary evacuation of communities within 8 km radius of the plant was 

recommended. The other TMI reactor (TMI-I) was modified and restarted in 1985. [1] 

 

5. Impact on the Nuclear Power Sector: 

The TMI accident had an impact on the US nuclear industry and authorities. Basically, they 

had to improve their safety work. No new nuclear power sites had been constructed in the 
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USA until the next decades. Instead, the Institute of Nuclear Power Operation (INPO) was 

founded. The goal of INOP was to exchange operational and maintenance experiences and 

best practices among the US nuclear utilities.  

Inter-governmental cooperation among the members of the Nuclear Energy Agency (NEA) 

and the Organization for Economic Cooperation and Development (OECD) strengthened 

after the event. The focus of that cooperation was on the:  

 Analysis and feedback of operating experience, 

 Factors influencing limitations and capabilities of human performance (man-

technology-organization),  

 Use of plant-specific probabilistic safety assessments (PSA), 

 Research of severe accident phenomena, and 

 Development of severe accident management techniques. 

Swedish government had taken decisions as a response to the TMI accident and limited the 

utilization of NPPs to the existing 12 nuclear reactors. They also decided not to build any 

new nuclear power plant. Moreover, the government made a plan to phase out all their 

nuclear power reactors by 2010. [1] 

 

II. CHERNOBYL: 
 

1. What Happened? 

Chernobyl NPP is located in Pripyat, Ukraine. It consists of four RBMK reactor units. Unit-4 

was a graphite-moderated channel-type boiling water reactor (BWR). It was put online in 

1984. A test program on Unit 4 was scheduled on the night of April 25, 1986. The test failed, 

and hence the control room operators drove the reactor to an unstable state. They violated 
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the safety operation limits at low power. Additionally, they irrationally disabled the reactor 

protection systems. The operators in the control room attempted to shut down the reactor. 

Meanwhile, a very high power surge was initiated followed by an explosion in the core of the 

reactor. Consequently, the heavy lid of the reactor core lifted up and the control rods moved 

away from the fuel rods. With no radiation control, a second explosion occurred. The second 

explosion destroyed the entire reactor building, as shown in Figure 1.2. In addition to that 

tragedy, a fire started in the remaining graphite and lasted for ten days. [3] 

 
   Fig. 1.2 Damaged of the Chernobyl-4 Reactor in the First Days After the  

                Accident Photo: Unknown Soviet Photographer [1] 
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2. Root Causes: 

According to INSAG 1986, the root causes were revealed as: 

 Poor safety system design, unreliable reaction control system, and insufficient 

core containment capacity to cope with multiple fuel rods melting.  

 Lack of thorough safety analysis. 

 Poor communication of important safety information between RBMK plants and 

the designer. 

 Weakness of the regulatory authorities to oppose unsafe acts.  

 Unclear safe operational guidelines for performing test procedures. 

 Operators’ ignorance to obey safety rules by disabling the safety system during 

the test performance. 

“Taken together, these deficiencies showed that there was a general lack of safety culture in 

the political and organizational system, at the national level as well as locally.” [3] 

 

3. Radiological Impacts: 

Unit-4’s explosion caused an enormous amount of radioactive materials to release into the 

environment. It contaminated the soil surrounding the plant and traveled by wind to all over 

Europe. Around 4000 TBq of Cs-137 were deposited on Swedish soil. [1] 

 

4. Socio-Economic and Socio-Political Impact: 

The total cost estimate of the accident up-to-date is between 250 to 500 billion dollars. The 

cost includes removal and safeguarding the damaged cores and clean-up activities. It is 

worth mentioning that these activities are still ongoing up to now. Two operators passed 
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away immediately due to the exposure to the high radiation. Additionally, 28 emergency 

workers died in the same year.  

More than 300,000 people have been evacuated the contaminated areas. Besides, people 

who used to live near the plant had serious psychological and health problems for many 

years. [1] 

 

5. Impact on the Nuclear Power Sector: 

The Chernobyl tragedy triggered all international nuclear societies. It mandated strong 

international cooperation to take immediate actions on:  

 Establishment of new International agreements tackling nuclear safety matters. 

The objective of these agreements is to commit signees to a well-established 

independent national regime and to conduct safety practice reviews every three 

years, 

 Revising, updating, and upgrading IAEA safety standards, and 

 Establishment of the World Association of Nuclear Operators (WONO) to adhere 

to the exchange of best practices world-wide.   

It is worth mentioning that safety culture has become a fundamental concept in both IAEA 

and WANO meetings. [1] 

 

III. FUKUSHIMA DAIICHI: 
 

1. What Happened? 

Fukushima Daiichi NPP is located in Tohoku, Japan. It comprises six (BWR) reactors. At 14:46 

on March 11, 2011, a high magnitude earthquake of a 9.0 followed by a 9.0 magnitude 
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tsunami hit Japanese soil.  Units 1, 2, and 3 were running during the earthquake whereas 

Units 4, 5, and 6 were down for re-fueling. Unit 1, 2, and 3 did successfully shut down as the 

earthquake was early detected. Yet, the external power went off. Hence, the emergency 

diesel engines kicked in to provide power to the cooling systems and essential instruments. 

Everything appeared fine until the moment when a 14-meter-high tsunami hit the plant at 

15:41. Seawater flooded the lower floors of the nuclear reactors, and thereby damaged the 

emergency diesel generators. The reactor cooling systems at Unit one through Unit three 

stopped working. As a result, the core became overheated and the fuel rods began melting. 

Hydrogen was released and an explosion occurred. The explosion destroyed the roof of 

Units: 1, 3, and 4, as shown in Figure 1.3.  And, a substantial amount of radioactive materials 

released to the environment. [3] 

 
    Fig. 1.3 Damage to the Reactor Buildings of Units-3 & 4 Caused by Hydrogen Explosions  
    on March 14–15 [1] 
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2. Root Causes: 

The root causes of the Fukushima accident were identified in (NAIIC 2012) report as follows: 

 Inadequate safety systems to protect the plant against tsunamis: the seawall was 

constructed at only 6 meters, whereas the tsunami hitting the plant was 14 meter 

high,   

 Poor design of allocating the emergency and critical equipment at a lower level of 

the plant at 10 meters elevation, 

 Ignorance of TEPCO’s management, the owner of Fukushima NPP, to the warnings 

of possible high tsunami, and 

 Lack of the safety culture among TEPCO organization. 

The Fukushima tragedy was not different from TMI’s or Chernobyl’s. The poor design, 

neglect of learning from other accidents, and mindset of the management were a common 

theme. [4] 

 

3. Radiological Impact of the Accident: 

The released radioactive materials with the aid of rain caused substantial ground 

contamination. The nuclear waste pollution level has been estimated to be 1800 km2 of land. 

A potential cumulative radiation dose of 5 millisieverts or higher per year was expected. [1]  

 

4. Socio-Economic and Socio-Political Impact: 

The clean-up of the site is estimated to be completed in 30 to 50 years due to the severe 

damage to the reactors. The total cost of the accident is estimated to be in the range of 100 
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to 500 billion dollars. About 150,000 people living within a 20 km radius from the plant have 

been evacuated. [1] 

 

5. Impact on the Nuclear Power Sector: 

The international nuclear societies have been shocked by the Fukushima accident. 

Reassessing the nuclear safety standards to address overlooked potential risks were 

followed. The international safety review activities include:  

 Reassessment of the plant safety systems to respond to extremely unlikely events 

that could produce a common failure to multiple reactors at the same time.  

 Finding alternative methodologies passive technologies to cool off the reactor 

during station blackout cases. 

 Enhancement of the emergency response plans, including equipment, procedures 

and training. 

The impact on energy policies varied from county to country. For instance, Belgium, 

Germany, and Switzerland decided to phase out all NPPs and cancel all new projects. China, 

India, France, UK, and South Korea, on the other hand, have resumed constructing new 

nuclear plants [1]. UAE and Saudi Arabia have embarked on nuclear program to meet their 

energy demand.   

It is apparent that the common root cause of all three severe accidents was their deficient 

safety culture. The following section provides proof of how the strong safety culture at 

Onagawa NPP saved it from the destructive tsunami.  
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ONAGAWA NUCLEAR POWER PLANT: 

Onagawa Nuclear power plant (NPP) experienced a tsunami strength as the same as that hit 

Fukushima NPP. However, it survived the tsunami without any major safety issue. The 

reason behind the plant survival was that the management and technical expertise of Tohoku 

(Utility’s owner) were driven by safety concerns since the construction of the first reactor in 

1984. The construction time span of the Fukushima NPP first reactor and Onagawa was only 

5 years. Figure 1.4 illustrates the locations of Fukushima and Onagawa NPPs on Google Map. 

It is interesting to note that Onagawa NPP’s location is closer to the epicenter of the natural 

disaster during which the natural disaster occurred.  

 
       Fig. 1.4 Onagawa Nuclear Power Station Location, Source: Dr. Greg Placencia,  
             USC [5] 
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Both reactors, Fukushima's unit 1, and Onagawa first unit, have the same reactor technology, 

boiling water reactor (BWR), designed by GE. Onagawa reactors were put online in 1984 

while Fukushima’s first reactor was online in 1981. However, TOHOKU Electric Power 

Company, whose regulatory agency is also NISA, did not have similar risk management 

issues as TEPCO did. [2] Onagawa NPP was constructed at 14.7 meters elevation, which is 

about five times higher than the historical tsunami data available at that time. The plant’s 

management and technical experts considered the risk of high tsunami and hence built the 

plant at a high elevation. In addition to that, TOHOKU showed an impressive, effective 

emergency response to the severe natural disaster. This response reflects the strong safety 

culture in the organization, given that TOHOKU has analyzed the human reliability 

thoroughly since the construction of the plant. Despite the deficiency of the regulatory body 

effectiveness in Japan, Tohoku took the extra mile and considered safety as a first priority 

objective. Onagawa NPP is a role model for a strong safety culture organization that should 

be learned from by others. Unfortunately, Onagawa NPP is not getting enough attention and 

few people in the nuclear field have heard about it.   

 

Concluding Remark: 

The impacts of nuclear accidents on health as well as socio-economic and socio-political 

conditions are shocking. No countries should tolerate to go through this hassle. It turns out 

the common root causes leading to the prominent NPP disasters were poor design and lack 

of safety culture. It is obvious that none of these nuclear facilities learned from the previous 

accidents or incidents.  All the three accidents were preventable if the regulators, plant 
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management, and technical experts were empowered with a strong safety culture right at 

the pre-operational phase. 

Saudi Arabia and other new states embarking on nuclear power programs have an 

opportunity to learn from those accidents. The following represents the opportunities these 

countries have: 

 Independent design reviews, 

 Seeking the most advanced safety technologies, 

 Complying with the updated international standards, 

 Implementing the best operational and organizational practices, and  

 Establishing their safety culture to ensure that safety is always the priority 

throughout the lifecycle of a nuclear plant.  

However, those countries would still encounter enormous challenges in the establishment 

of a regulatory commission that is independent of utilities and government influences. Also, 

they would have difficulty in hiring competent management and technical talents who have 

long and respected experience in the nuclear field. This difficulty is due to the globaly high 

competition and a limited supply. These issues and their solutions are going to be 

comprehensively tackled in Chapter 4. 
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CHAPTER 2 
 

NUCLEAR POWER REACTOR TECHNOLOGIES 
 

This chapter explores the latest advanced nuclear reactor technologies. It highlights the 

features of Generation-III and Small Module Reactors (SMRs) that are used for power 

generation and seawater desalination.  

It is essential for Saudi Arabia and other new countries embarking on a nuclear power 

program to be updated about the more advanced and safe reactors. This knowledge will help 

them to narrow the selective bidding list to the safest and most reliable reactors technologies 

that meet their requirements.   

 

1. Generation-III + Reactors:  

Generation-III + reactors are designated for large capacity reactors of 1000 MWe and above. 

Three technologies are chosen to be reviewed: AP-1000, APR-1400, and EPR. The selection 

criterion was based on these technologies. 

 

1.1  AP1000: 

AP1000 is a PWR Generation III + designed by Westinghouse. It is one of the leading nuclear 

power reactor technologies.  It has been designed for a sixty-year lifetime and has an 18-

month fuel cycle. Its Core Damage Frequency (CDF) is 5.1 x 10-7 per year. AP1000 features a 

compact size, passive emergency systems, and an enhanced reactor building. Figure 2.1 

shows the schematic of the AP1000 reactor.  
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        Fig. 2.1 Passive Safety Systems and Timeline for Station Blackout, Source:  
       Westinghouse Electric Comp. LLC 

The passive in-containment refueling water storage tank (IRWST) inside the reactor building 

provides cooling to the containment shell for 72 hours during station blackout (SBO). The 

cooling system utilizes natural forces such as gravity, natural circulation, condensation, and 

convection. After 72 hours of SBO and for four additional days, the ancillary storage tank can 
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supply cooling water to the containment shell and to the spent fuel pool. AP1000 uses 

diverse hydrogen mitigation systems to prevent explosions: battery powered hydrogen 

igniters and passive hydrogen recombines. The reactor building of AP1000 is designed to 

withstand severe natural disaster like an earthquake, tsunami, hurricane, and volcano. It also 

withstands military attack and sabotage like an airplane crash or missile attacks. In the worst 

case scenario, if the fuel rods melt, the steel containment vessel isolates radioactive materials 

inside the vessel and prevents them from escaping into the atmosphere. The passive 

contaminate cooling system cools the outer surface of the steel containment shell using 

natural circulation of air and water evaporation, as illustrated in Figure 2.2. 

 
            Fig. 2.2 AP1000 Passive Containment Cooling System, Source: Westinghouse  
            Electric Comp. LLC 
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The summery of the passive safety systems of AP1000 are:  

 Passive Core Cooling System (PXS) 

 Containment Isolation 

 Passive Containment Cooling System (PCS) 

 Main Control Room Emergency Habitability System 

 High Pressure Safety Injection with Core Makeup Tanks (CMTs) 

 Medium Pressure Safety Injection with Accumulators 

 Low Pressure Reactor Coolant Make from the IRWST 

 Passive Residual Heat Removal 

 Automatic Depressurization System 

 

1.2  APR 1400: 

APR 1400 is an advanced Generation III + (PWR) designed by the Korea Electric Power 

Corporation (KEPCO). Currently, there are eight units under construction: four in South 

Korea and four in the United Arab Emirates. The UAE’s four units are constructed in Barakah 

with a total capacity of 5.6 GWe. The first unit is expected to be online in 2017. Figure 2.3 

demonstrates the schematic of APR 1400. 
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         Fig. 2.3 APR 1400 Schematic, Source: KEPCO 

Table 2.1 lists the main characteristics of APR 1400.   

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Reactor Thermal Output (MWt) 3,983 
Net Electric Power (MWe) 1,400 
Design Life (yr) 60 
Seismic Design (g) 0.3 
Thermal Margin 10% 
Refueling Interval (months) 18  
Core Damage Frequency (per yr) 10-5 
Design Pressure (kg/cm2, A/psia) 175.8 / 2,500 
Operating Pressure (kg/cm2, A/psia) 158.2 / 2,250 
Coolant Inlet Temperature (oC/oF) 290.6 / 555 
Coolant Outlet Temperature (oC/oF) 323.9 / 615 
No. of Fuel Assemblies 241 
Fuel Assembly Type 16×16 
MCR Type Compact Workstation 
Characteristics of Instrumentation and 
Control (I&C) 

Digital 

Containment Type Single 
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Containment Cooling Method Active 
Hydrogen Control Ignitor & Passive Autocatalytic 

Recombiners (PAR) 
No. of Safety Injection 4 Train 
Safety Injection Method DVI 
RWST Type IRWST 
Safe Depressurization Valve 4 POSRVs 
Station Blackout Coping (Hours) 8  

Table 2.1 Characteristics of APR 1400, Source: KEPCO 

APR 1400 utilizes active safety systems that include:  

 Safety injection system,  

 Safety depressurization system, 

 In-containment refueling water storage system, 

 Auxiliary feed-water system, and 

 Containment spray system. 

AP 1400 has a distinguished divisional quadrant layout design to comply with the separation 

requirement as shown in Figure 2.4. The purpose of the layout design is to enhance the 

reactor protection capability against fire, flood, and sabotage hazard.  
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Fig. 2.4 APR 1400 Divisional & Quadrant Layout Arrangement, Source: KEPCO  

APR 1400 has four train safety injection systems to achieve higher reliability and better 

performance. They are composed of four mechanical (steam turbine driven pumps) trains 

and two electrical (electrical motor driven pumps) divisions. In addition, it has two auxiliary 

feed-water storage tanks (AFWST) located in the auxiliary building.  

The severe accident mitigation features of APR 1400 can be summarized as follows: 

 Hydrogen mitigation systems: passive auto recombiners and hydrogen ignitors, 

 Reactor cavity and cavity cooling system, 

 External reactor vessel cooling system, and 

 In-containment Refueling Water Storage Tank (IRWST). 
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1.3 EPR: 

EPR is a generation III+ PWR designed by AREVA. It has a powerful production capacity of 

1650 MWe. It is currently under construction in Finland (Olkiluoto), in France (Flamanville) 

and in China (2 units in Taishan). Similar to AP1000 and APR 1400, EPR has been designed 

for 60 years life service. It uses both active and passive safety systems to increase the safety 

level and provide better operational capability. The fuel cycle interval in EPR is between 12 

and 24 months. Figure 2.5 demonstrates the main EPR safety features.  

 
   Fig. 2.5 EPR Safety Features, Source: AREVA 

The main safety features of EPR are as follows: 

 Resistance to plane crashes,  

 Resistance to high seismic levels,  

 Quadruple safety device redundancy, and 
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 Reduced core meltdown risk due to the special compartment isolating the molten 

core. 

In case of the loss of off-site power or station blackout (SBO), EPR has multiple on-site 

solutions to ensure the cooling of the core and preserve the plant integrity for seven days.  

EPR has four redundant Emergency diesel generators backed up by two diversified SBO 

diesel generators. One diesel generator can power the safety system on its own. It also has 

four protected emergency feed-water system tanks, one in each safeguard building. EPR uses 

passive hydrogen recombiners to prevent hydrogen explosions. It has a unique feature: a 

meltdown spreading compartment to retain, confine, and passively cool a core melt, as 

shown in Figure 2.6. 

 
 Fig. 2.6 EPR Meltdown Core Compartment, Source: AREVA 
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The spent fuel pool are located in a separated and protected building. This building is 

equipped with redundant systems backed up by a third diverse system.   

 

2. Small Module Reactors (SMRs):  

The newest generation of nuclear power reactors is the Small Modulator Reactors (SMRs).  

They feature a significant reactor system simplification and the highest safety features. SMRs 

are not only safer, but also require less capital investment in comparison to Generation III. 

They suit limited power grids and can be constructed faster. SMRs are promising for 

countries, looking forward to sustaining their energy sector with a safe, reliable, and 

economic load-base technology. Currently, there are 45 SMR designs under development 

worldwide. The two primary applications we will focus on are power generation and 

seawater desalination. These applications are the target for Saudi Arabia. SMRs can be 

divided into two broad types, Water Cooled Reactors and High-Temperature Gas-Cooled 

Reactor. In this section, we will analyze the technology based on its safety features, capacity, 

economy, and feasibility to be deployed in Saudi Arabia. 

 

2.1  WATER COOLED REACTORS: 

2.1.1 CAREM-25 (CNEA, Argentina): 

Central Argentina de Elementos Modulares (CAREM-25) is an Argentinian Small Modulator 

Reactor (SMR) technology using light water for modulating and cooling. CAREM-25 is a 

prototype project constructed to validate the technology before commercializing it. CAREM-

25 is good for both power generation and seawater desalination applications.  
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Development Milestones: [6] 

Year Activity  

1984 
CAREM concept was presented in Lima, Peru, during the IAEA Conference on 
SMRs and was one of the first new generation reactor designs. CNEA officially 
launched the CAREM Project 

2001-
2002  

The design was evaluated on Generation IV International Forum and was 
selected in the near term development group 

2006 
Argentina Nuclear Reactivation Plan listed the CAREM-25 project among 
priorities of national nuclear development 

2009 
CNEA submitted its preliminary Safety Analysis Report (PSAR) for CAREM-25 to 
the ARN. Announcement was made that Formosa province was selected to host 
the CAREM 

2011 
 

Start-up of a high pressure and high temperature 
loop for testing the innovative hydraulic control 
rod drive mechanism (CAPEM) 
Site excavation work began: Contracts and agreements among stakeholders 
were discussed 

2012 Civil engineering works 
2014 formal start of construction 
2018 First fuel load 

 

The anticipated electrical power generation of a commercial reactor is in the range of 150-

300 MWe. CAREM-25 is an integral pressurized water reactor (PWR). It has an indirect steam 

cycle. The design of CAREM-25 capitalizes on simplification to achieve the most safety 

features. The main features of this reactor technology include: 

 Integrated primary cooling system,  

 In-vessel hydraulic control rod drive mechanisms, and 

 Safety systems relying on passive natural forces.  

The pressurizer, the control rod driving mechanism (CRDM), and steam generators (SGs) are 

all installed inside the reactor pressure vessel (RPV), as shown in Figure 2.7. 



29 
 

 
                                           Fig. 2.7 Reactor System Configuration of  
                                           CAREM-25, Source: CNEA 

The location of the SGs is above the reactor core to help in forcing natural water circulation 

in the primary circuit. The secondary system circulates upwards while the primary system 

circulates in a counter-current flow. The safety system of CAREM-25 compromises: 

 Two reactor protection systems (RPS),  

 Two shutdown systems,  

 Passive residual heat removal system (PRHRS), 
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 Safety valves, low pressure injection system, depressurization system, and  

 Containment of suppression type. 

In case of station blackout (SBO), the reactor core decay heat removal temperature can stay 

at a safe level up to 36 hours without the operator’s intervention. Figure 2.8 illustrates the 

Reactor pressure vessel with a safe shutdown system and residual heat removal system 

(PRHRS). 

 
                                             Fig. 2.8 Reactor Pressure Vessel with a Safe 
                                             Shutdown System & Residual Heat Removal 
                                             System, Source: CNEA, 

Table 2.2 summarizes the main characteristics of CREM-25. 

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: CNEA 

Country of Origin: Argentina 

Reactor Type: Integral PWR 
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Electrical Capacity (MW(e)): 27 

Thermal Capacity (MW(th)): 100 

Expected Capacity Factor (%): ˃ 90 

Design Life (years): 60 

Plant Footprint (m2): N/A 

Coolant/Moderator: Light water 

Primary Circulation: Natural circulation 

System Pressure (MPa): 12.25 

Main Reactivity Control Mechanism: 
Control Rod Driving Mechanism (CRDM) 
only 

RPV Height (m): 11 

RPV Diameter (m): 3.2 

Coolant Temperature, Core Outlet (°C): 326 

Coolant Temperature, Core Inlet (°C): 284 

Integral Design: Yes 

Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: No 

Low-Temp Process Heat: Yes 

Cogeneration Capability: Possible 

Design Configured for Process Heat 
Applications: 

No 

Passive Safety Features: Yes 

Active Safety Features: Yes 

Fuel Type/Assembly Array: UO2 pellet/hexagonal 

Fuel Active Length (m): 1.4 

Number of Fuel Assemblies: 61 

Fuel Enrichment (%): 3.1 (prototype) 

Fuel Burnup (GWd/ton): 24 (prototype) 

Fuel Cycle (months): 14 (prototype) 

Number of Safety Trains: 2 

Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): not available 

Distinguishing Features: 
Core heat removal by natural circulation 
Pressure suppression containment 

Modules per Plant: 1 

Estimated Construction Schedule (months): ~36 

Seismic Design (g): 0.25 
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Predicted Core Damage Frequency (per 
reactor year): 10-07 

Design Status: Under construction 
Table 2.2 Characteristics of CREM-25 [6] 

 

2.1.2 ACP-100 (CNNC, China): 

ACP-100 is an innovative technology designed by China National Nuclear Corporation 

(CNNC). ACP-100 is an integrated PWR at which all the major reactor cooling systems are 

built inside the RPV. It also has a passive safety system features using natural circulation to 

cool off the core of the reactor.  A unique feature ACP-100 has is the expandability that can 

have up to eight modules to meet future production demand.  The anticipated power capacity 

of ACP-100 is 100 MWe per module. The ACP-100 can be used for both power generation 

and seawater desalination. Figure 2.9 illustrates the ACP-100 reactor configuration.  
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                                                     Fig. 2.9 Reactor System Configuration 
                                                     of ACP-100, Source: CNNC 
                                                     

Development Milestones: [6] 
 

Year Activity  

2011 
CNNC signed an agreement with the Zhangzhou municipal government in Fujian 
Province to host the first two ACP-100 demonstration units 

2012 
CNNC signed an agreement with the Chenzhou municipal government in Hunan 
Province to host an ACP-100 power plant 

2013 Basic design 

2014 Preliminary Safety Assessment Report (PSAR) expected to be approved 

2015 Detailed design for construction anticipated in 2017 in Fujia 
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ACP-100 has a modular design, which has a vertical reactor coolant pump (RCP). In addition, 

it has a magnetic force control rod driving mechanism (CRDM). The pressurizer of ACP-100 

is located outside the reactor vessel. On the other hand, the reactor building and spent fuel 

pool are located underground to resist external hazard events. Figure 2.10 illustrates a 

schematic of ACP-100 reactor building. The ACP-100 has a safety direct current (DC) power 

source to support accident mitigation for up to 72 hours. In addition to that, it has auxiliary 

power units to recharge the battery system for up to seven days.  

 
              Fig. 2.10 ACP-100 Reactor Building Underground Location, Source: CNNC 

Table 2.3 summarizes the main characteristics of ACP-100.  

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: CNNC (NPIC/CNPE) 

Country of Origin: China 

Reactor Type: Integral PWR 

Electrical Capacity (MW(e)): 100 

Thermal Capacity (MW(th)): 310 
 Expected Capacity Factor (%): 95 
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Design Life (years): 60 

Plant Footprint (m2): 200 000 

Coolant/Moderator: Light water 

Primary Circulation: Forced circulation 

System Pressure (MPa): 15.0 

Main Reactivity Control Mechanism: 
Control rod driving mechanism (CRDM), 
solid burnable poison and boron 

RPV Height (m): 10 

RPV Inner Diameter (m): 3.19 

Coolant Temperature, Core Outlet (°C): 323.4 

Coolant Temperature, Core Inlet (°C): 282.6 

Integral Design: Yes 

Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: N/A 

Low-Temp Process Heat: Yes 

Cogeneration Capability: Possible 

Design Configured for Process Heat 
Applications: 

Heating, desalination 

Passive Safety Features: Yes 

Active Safety Features: N/A 

Fuel Type/Assembly Array: UO2/17x17 square 

Fuel Active Length (m): 2.15 

Number of Fuel Assemblies: 57 

Fuel Enrichment (%): 2.4 – 3.0 

Fuel Burnup (GWd/ton): <45000 

Fuel Cycle (months): 24 

Number of Safety Trains: 2 

Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): 40 

Distinguishing Features: 
Integrated reactor with tube-in-tube 
OTSG, NI under the ground level 

Modules per Plant: 1 – 8 

Estimated Construction Schedule (months): 36 

Seismic Design (g): 0.3 

Predicted Core Damage Frequency (per 
reactor year): Less than 10-6 

Design Status: Detailed design 

Table 2.3 Characteristics of ACP-100 [6] 
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2.1.3 AHWR300-LEU (BARC, India): 

The Indian Advanced Heavy Water Reactor (AHWR) is a vertical pressure tube type designed 

by Bhabha Atomic Research Center (BARC). AHWR uses boiling light water as a coolant and 

heavy water (D2O) as a modulator. AHWR uses Thorium with low Enrichment uranium 

(LEU) as external feed. Passive safety features and radioactive containment capability have 

been adapted in AHWR300-LEU technology to meet the requirement of the next nuclear 

power technologies.  Figure 2.11 shows the layout of the AHWR. AHWR is designated for 

power generation only with a capacity of 304 MWe.  

 
                                       Fig. 2.11 Layout of AHWR, Source: BARC 

Table 2.4 summarizes the main characteristics of AHWR.  

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: BARC 

Country of Origin: India 

Reactor Type: 
Pressure tube type heavy water 
moderated reactor 
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Electrical Capacity (MW(e)): 304 

Thermal Capacity (MW(th)): 920 

Expected Capacity Factor (%): 90 

Design Life (years): 100 

Plant Footprint (m2): 220000 

Coolant/Moderator: Light water/heavy water (D2O) 

Primary Circulation: Natural circulation 

System Pressure (MPa): 7.0 

Main Reactivity Control Mechanism: Rod insertion 

Calandria Height (m): 5 

Calandria Diameter (m): 6.9 

Coolant Temperature, Core Outlet (°C): 285 with avg. steam exit quality of 19.7% 

Coolant Temperature, Core Inlet (°C): 258.2 

Power Conversion Process: Rankine Cycle 

High-Temp Process Heat: N/A 

Low-Temp Process Heat: For production of 2650 m3 per day 
desalinated water 

Design Configured for Process Heat 
Applications: 

   N/A 

 

Passive Safety Features: 

Natural circulation for core heat removal 
under all operational states, passive core 
injection during LOCA, passive 
containment isolation during LOCA, 
Passive containment cooling, passive auto-
depressurization, PARs for hydrogen 
management, Passive end shield and 
moderator cooling for managing SBO, 
Passive auto union of V1 and V2 volumes 
for ensuring core submergence, Passive 
poison injection, Passive corium cooling by 
core catcher 

 

Active Safety Features: 

Shut Down System #1, Shut Down 
System#2, Long Term Recirculation of 
spilled inventory, Moderator Liquid 
Poison Addition System, Containment 
Isolation, Hard vent system, Primary 
containment filtration and pump back 
system, secondary containment 
ventilation and purge recirculation system 

Fuel Type/Assembly Array: (Th-LEU) MOX with LEU of 19.75% 235U 
enrichment/54 pins (12, 18, 24) 
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Fuel Active Length (m): 3.5 

Number of Fuel Assemblies: 444 

Fuel Enrichment (%): 4.3 (avg. 235U) in each assembly 

Fuel Burnup (GWd/ton): 60 

Fuel Cycle: LEU – Thorium 

Number of Safety Trains: 4 

Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): On-power 

Distinguishing Features: 
Th-LEU fuel cycle: natural circulation core 
cooling 

Modules per Plant: 1 

Estimated Construction Schedule 
(months): 

   ~ 60 

Seismic Design (g): 0.2 

Predicted Core Damage Frequency (per 
reactor year): ~ 10-8 

Design Status: Basic design 

Table 2.4 Characteristics of AHWR [6] 

 

2.1.4 IRIS (IRIS, International Consortium): 

IRIS is a new concept of Light Water Reactor (LWR) technology, which is pursued by an 

international group led by Westinghouse. The objective of the IRIS design is to: 

• Enhance the safety of LWRs,  

• Increase the efficiency,  

• Improve the economy,  

• Enhance the availability, and 

• Minimize the byproduct waste.  

The anticipated power generation capacity for IRIS is 335 MWe per module. The conceptual 

design of IRIS was completed in 2001 and currently under construction in Siet, Italy. IRIS can 
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be used for power generation and seawater desalination, as well. The refueling intervals of 

IRIS could reach up to four years due to the innovative design of IRIS core, using UO2 fuel 

enriched to 4.95%. The IRIS has an integral reactor coolant system consisting of: 

• 8 Helical-coil steam generators,  

• 8 Axial flow fully immersed primary coolant pumps,  

• Internal Control Rod Drive Mechanism (CRDM), and 

• Integral pressurizer installed within the reactor pressure vessel. 

Figure 2.12 illustrates the IRIS reactor system configuration. IRIS adopts the passive safety 

feature to satisfy the next generation nuclear reactors. 
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                                           Fig. 2.12 Reactor System Configuration of IRIS, 
                                           Source: POLIMI 

Table 2.4 summarizes the main characteristics of IRIS.  

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: IRIS 

Country of Origin: International Consortium 

Reactor Type: Integral PWR 

Electrical Capacity (MW(e)): 335 
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Thermal Capacity (MW(th)): 1000 

Expected Capacity Factor (%): > 96 

Design Life (years): 60 

Plant Footprint (m2): 141 000 (four units layout) 

Coolant/Moderator: Light water 

Primary Circulation: Forced circulation 

System Pressure (MPa): 15.5 

Main Reactivity Control Mechanism: ICRDM (Internally driven Control Rods) 

RPV Height (m): 21.3 

RPV Diameter (m): 6.2 

Coolant Temperature, Core Outlet (°C): 330 

Coolant Temperature, Core Inlet (°C): 292 

Integral Design: Yes 

Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: (typical for district heating/cogeneration 
applications) Low-Temp Process Heat: (typical for district heating/cogeneration 
applications) Cogeneration Capability: Yes 

Design Configured for Process Heat 
Applications: 

Yes 

Passive Safety Features: Yes 

Active Safety Features: Non-safety grade active systems 

Fuel Type/Assembly Array: UO2/MOX/17x17 square 

Fuel Active Length (m): 4.26 

Number of Fuel Assemblies: 89 

Fuel Enrichment (%): 4.95 

Fuel Burnup (GWd/ton): 65 (max) 

Fuel Cycle (months): 48 (max) 

Reactivity Control: Soluble boron and rod insertion 

Number of Safety Trains: 4 

Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): N/A 

Distinguishing Features: Integral primary system configuration 

Modules per Plant: 1 to 4 

Estimated Construction Schedule 
(months): 

36 

Seismic Design (g): 0.3 

Predicted Core Damage Frequency (per 
reactor year): 10-8  

Design Status: Basic design 
Table 2.4 Characteristics of IRIS [6] 



42 
 

IRIS has been designed in such a way that a variety of accidents are either eliminated or their 

consequences are considerably reduced. Therefore, IRIS is very safe. It has a defense in depth 

that allows IRIS get rid of the emergency response zone. The auxiliary building is fully 

seismically isolated. The reactor core of IRIS remains covered with coolant throughout that 

the transient process. The heat sink is designed to keep the core cooled off for seven days 

with no operator intervention.          

                                 

2.1.5 SMART (KAERI, Republic of Korea): 

System Integrated Modular Advanced Reactor (SMRT) is a PWR designed by KAERI, Korea.  

The rated capacity of SMART is 330 MWth or 100 MWe, which makes it suitable for power 

generation and seawater desalination. SMART adopts passive safety features to meet the 

next generation of nuclear reactors. Figure 2.13 illustrates a layout of the SMART.  
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         Fig. 2.13 Reactor System Configuration of SMART,  

                                             Source: KAERI 
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The integrated design of the reactor pressure vessel (RPV) in SMART comprises: 

 Primary components such as core structures, 

  Steam generators (SGs), and 

 Reactor coolant pumps, which are horizontally mounted into the reactor vessel.  

The reactor coolant pumps actively recirculate the coolant. They route the coolant in the core 

after having transferred heat to the secondary side of the SGs.  

 

Development Milestones: [6] 
 

Year Activity  
1999 Conceptual Design Development 
2002 Basic Design approval (PSA) 
2007 SMART-PPS (Pre-Project Service) 

2012 

Technology verification, SDA (Standard Design 
Approval) 
First step of Post-Fukushima Corrections and 
Commercialization 

 

Table 2.5 summarizes the main characteristics of SMRT.  

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: KAERI 

Country of Origin: Republic of Korea 

Reactor Type: Integral PWR 

Electrical Capacity (MW(e)): 100 

Thermal Capacity (MW(th)): 330 

Expected Capacity Factor (%): ˃ 95 

Design Life (years): 60 

Plant Footprint (m2): 90 000 

Coolant/Moderator: Light water 

Primary Circulation: Forced circulation 

System Pressure (MPa): 15.5 
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Main Reactivity Control Mechanism: 

Control Rod Driving Mechanisms 
(CRDM), soluble boron and burnable 
poison 

RPV Height (m): 18.5 

RPV Diameter (m): 6.5 

Coolant Temperature, Core Outlet (°C): 323 

Coolant Temperature, Core Inlet (°C): 296 

Integral Design: Yes 

Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: No 

Low-Temp Process Heat: Yes 

Cogeneration Capability: Yes 

Design Configured for Process Heat 
Applications: 

Yes 

Passive Safety Features: Yes 

Active Safety Features: Yes 

Fuel Type/Assembly Array: UO2 pellet/17x17 square 

Fuel Active Length (m): 2 

Number of Fuel Assemblies: 57 

Fuel Enrichment (%): < 5 

Fuel Burnup (GWd/ton): 60 

Fuel Cycle (months): 36 

Number of Safety Trains: 4 

Emergency Safety Systems: Active and passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): 36 

Distinguishing Features: 
Coupling with desalination system and 
process heat application 

Modules per Plant: 1 

Estimated Construction Schedule (months): 36 

Seismic Design (g): > 0.18 (automatic shutdown) 

Predicted Core Damage Frequency (per 
reactor year): 10-6 (for internal events) 

Design Status: Licensed/Certified 

Table 2.5 Characteristics of SMART [6] 

The main feature of SMART are as follows: 

 Reactor shutdown system,  

 Safety injection system,  
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 Passive Residual Heat Removal System (PHRS), 

 Shutdown cooling system, and  

 Containment Spry System  

The above safety systems are designed to automatically function during abnormal operation 

and/or accidents. SMRT has also a reactor’s overpressure system as well as a severe accident 

mitigation system. These systems eliminate the possibility of a large loss of coolant accident 

(LOCA). Figure 2.14 shows the engineered safety systems of SMART.  

 
       Fig. 2.14 Engineered Safety Systems, Source: KAERI 

 

2.1.6 Westinghouse SMR (Westinghouse Electric Company LLC, USA): 
 
Westinghouse SMR is an integrated PWR designed by Westinghouse, USA. The anticipated 

power and thermal capacities of Westinghouse SMR are 225 MWe and 800 MWth, 

respectively. Westinghouse SMR is designed as a stand-alone plant.  The cascade failure of 

one unit to another in a multi-unit station is eliminated. Westinghouse SMR can withstand 
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natural hazards and beyond design-basis accident scenarios such as missile attacks. Figure 

2.15 illustrates the configuration of Westinghouse SMR. 

 
Fig. 2.15 Reactor System Configuration of  

                                                Westinghouse SMR, Source: Westinghouse 
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The safety systems of Westinghouse SMR are designed based on a passive concept. They use 

natural driving forces, such as gravity and natural circulation flow, to mitigate accidents.   

The RPV has eight sealless canned motor cooling pumps, mounted horizontally to the shell 

of the RPV. The integral reactor vessel and the passive core cooling system are located in a 

vacuum compact high-pressure steel containment vessel (CV). It is designed to be 

submerged in water to help the decay heat removal process. Control rods are used to shut 

down the fission reaction during an abnormal operation and soluble boron is utilized for the 

reaction depletion. The reactor vessel, containment vessel, and spent fuel pool are 

constructed underground to be protected from natural hazards and external threats. 

Westinghouse SMR is capable of coping with a loss of off-site power for seven days without 

the operator’s intervention.  

Table 2.6 summarizes the main characteristics of Westinghouse SMR. 

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: Westinghouse Electric Company LLC 

Country of Origin: USA 

Reactor Type: Integral PWR 

Electrical Capacity (MW(e)): ˃ 225 

Thermal Capacity (MW(th)): 800 

Expected Capacity Factor (%): 95 

Design Life (years): 60 

Plant Footprint (m2): 65 000 
Coolant/Moderator: Light water 

Primary Circulation: Forced circulation 

System Pressure (MPa): 15.5 

Main Reactivity Control Mechanism: CRDM, boron 

RPV Height (m): 28 

RPV Diameter (m): 3.7 

Coolant Temperature, Core Outlet (°C): 324 

Coolant Temperature, Core Inlet (°C): 294 

Integral Design: Yes 
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Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: No 

Low-Temp Process Heat: Possible 

Cogeneration Capability: Possible 

Design Configured for Process Heat 
Applications: 

No 

Passive Safety Features: Yes 

Active Safety Features: Active defense-in-depth functions only 

Fuel Type/Assembly Array: UO2 pellet/17x17 square 

Fuel Active Length (m): 2.4 

Number of Fuel Assemblies: 89 

Fuel Enrichment (%): < 5 

Fuel Burnup (GWd/ton): ˃ 62 

Fuel Cycle (months): 24 

Number of Safety Trains: Three diverse decay heat removal 
methods Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): 17 

Distinguishing Features: 
Incorporates passive safety systems and 
proven components of the AP1000 plant 

Modules per Plant: 1 

Estimated Construction Schedule (months): 18 – 24 

Seismic Design: Based on CEUS sites 

Predicted Core Damage Frequency (per 
reactor year): < 5 x 10-8 

Design Status: Preliminary design completed 
Table 2.6 Characteristics of Westinghouse SMR [2] 

Westinghouse SMR uses three diverse methods to remove decay heat, as illustrated in Figure 

2.16.   
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       Fig. 2.16 SMR Westinghouse Diverse Decay Heat Removal Methods, Source: Westinghouse 

The first method is the use of natural circulation cooling using gravity force, fed from the 

steam drum through the steam generator. The excess steam is vented into the atmosphere 

through two redundant power-operated relief valves (PORV). This process lasts for about 80 

minutes. The second method is utilization of the passive decay heat removal heat exchanger, 

fed by four core makeup tanks (CMT). The heat from CMTs is rejected to four heat exchangers 

in the two ultimate heat sink removal (UHS) tanks. The UHS tanks helps reduce the decay 

heat for seven days. The UHS tanks have an option to be manually refilled. The third method 

is the use of the bleed and feed system, supplied from a two-stage automatic 
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depressurization system (ADS). The steam vents to the containment through the following 

pathways: 

• Direct vessel injection (DVI), 

• CMTs, 

• In-containment Pool (ICP) tank, and 

• Gravity-fed boric acid tank water makeup to the DVI. 

The steam vented from the Reactor Coolant System (RCS) to the containment. The steam is 

cooled off by the containment shell. The shell itself is cooled by the water outside 

containment pool (OCP).  When the OCP water eventually boils away, makeup water is 

provided, by gravity, from each of the two redundant UHS tanks.   

 
2.1.7 NuScale (NuScale Power Inc., USA):  

NuScale reactor consists of one to twelve independent reactor modules. The power capacity 

of each module is more than 45 MWe. So, the total plant capacity is greater than 450 MWe. 

The safety system of NuScale adopts passive safety features.  The NuScale reactor doesn’t 

use any pumps to circulate water through the reactor core. Instead, it takes advantage of 

natural convection. The high pressure containment vessels are submerged underwater in 

an underground pool. The construction schedule of NuScale NPP is estimated to take only 

36 months. The shortening schedule is due to the easy transportation of the compact reactor 

module. Also, new modules can be added to the plant without interrupting others modules’ 

operation. NuScale can be used for both power generation and seawater desalination. 

Figure 2.17 illustrates the NuScale plant schematic.  
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   Fig. 2.17 NuScale Plant Schematic, Source: NuScale Power Inc. 

 

Development Milestones: [6] 
 

Year Activity  
2003 First Integral test facility operational 
2007 NuScale Power was formed 
2008  US NRC design certification pre-application started 
2012 Twelve-reactor simulated control room was commissioned 
2016 NuScale to submit design certification application to the NRC 
2020 NuScale design certification target 
2023 NuScale commercial operation target 

 

The safety systems of NuScale comprise: a high-pressure containment vessel, two passive 

decay heat removal systems, and an emergency core cooling system. The decay heat removal 

system (DHRS) has two independent trains. The DHRS is operated by a closed loop natural 

circulation. The pool, surrounding the reactor module, provides sufficient cooling to remove 
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the decay heat for three days. The stainless steel containment also provides a decay heat 

removal capability by: 

• Venting reactor vessel steam, 

• Steam condensation on the containment, 

• Condensate collecting in the lower containment region, and 

• Reactor recirculation valves to provide recirculation through the core.  

NuScale alleges that the emergency core cooling system is adequate to keep the containment 

vessel cooled for 30 days.  Air heat sink takes place afterward as a backup cooling system. 

Figure 2.18 illustrates the emergency core cooling system of NuScale. 
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             Fig. 2.18 NuScale Emergency Core Cooling System, Source:  
             NuScale Power Inc. 

Table 2.7 summarizes the main characteristics of NuScale. 

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: NuScale Power, LLC 

Country of Origin: USA 

Reactor Type: Integral PWR 

Electrical Capacity (MW(e)): ˃ 45 (net) 

Thermal Capacity (MW(th)): 160 

Expected Capacity Factor (%): ˃ 95 

Design Life (years): 60 



55 
 

Plant Footprint (m2): 130 000 

Coolant/Moderator: Light water 

Primary Circulation: Natural circulation 

System Pressure (MPa): 12.8 

Main Reactivity Control Mechanism: CRDM, boron 

RPV Height (m): 17.4 

RPV Diameter (m): 2.9 

Integral Design: Yes 

Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: No 

Low-Temp Process Heat: Possible 

Cogeneration Capability: Possible 

Design Configured for Process Heat 
Applications: 

No 

Passive Safety Features: Yes 

Active Safety Features: No 

Fuel Type/Assembly Array: UO2 pellet/17x17 square 

Fuel Active Length (m): 2 

Number of Fuel Assemblies: 37 

Fuel Enrichment (%): < 4.95 

Fuel Burnup (GWd/ton): TBD 

Fuel Cycle (months): 24 

Number of Safety Trains: 2 

Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): 10 

Distinguishing Features: 
Unlimited coping time for core cooling 
without AC or DC power, water addition, 
or operator action as demonstrated 

Modules per Plant: 1 – 12 

Estimated Construction Schedule 
(months): 

~36 

Seismic Design (g): 0.5 peak ground acceleration 

Predicted Core Damage Frequency (per 
reactor year): 

10-8 (internal events) 

Design Status: Basic design 

Table 2.17 Characteristics of NuScale [6] 
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2.2 High Temperature Gas Cooled: 

2.2.1 SC-HTGR (AREVA, USA): 

ARVEA’s Steam Cycle High Temperature Gas-Cooled Reactor (SC-HTGR) is an advanced SMR 

technology. It uses helium gas for cooling and graphite for moderation. The power and 

thermal capacities of SC-HTGR are anticipated to be 272 MWe and 625 MWth, respectively. 

The SC-HTGR’s steam cycle-based concept is flexible, which can be used for power 

generation and seawater desalination. It also has a good load-following characteristic that 

production can be relatively easily and quickly increased or decreased. Figure 2.19 shows a 

single SC-HTGR reactor module. 

 
                 Fig. 2.19 Single SC-HTGR Reactor Module, Source: AREVA  
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Development Milestones: [6] 
 

Year Activity  
2009 Project Started 
2011 Concept Definition Completed 

2012 
NGNP Industry Alliance Selected the technology for Commercialization 
NGNP Industry Alliance Completed an initial Business Plan for SC-HTGR 
Commercialization 

2014 
NGNP Industry Alliance Updated the SC-HTGR Commercialization Plan 

Preparation for Pre-Licensing Application Started 

 

SC-HTGR consists of two-loop modular supply systems. Each modular comprises a reactor 

coupled to double helical coil steam generators.  Also, there are parallel steam generators. 

Each generator has a dedicated primary circulator. The steel vessel system, containing the 

entire main circuit, is filed with helium. The reactor is constructed underground to be 

protected against external threats and natural hazards. SC-HTGR adopts the passive safety 

system features to meet the next nuclear power generation requirements. 

Table 2.8 summarizes the main characteristics of SC-HTGR. 

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: AREVA 

Country of Origin: USA 

Reactor Type: Prismatic Block HTGR 

Electrical Capacity (MW(e)): 272 

Thermal Capacity (MW(th)): 625 

Design Life (years): 60 

Coolant/Moderator: Helium/Graphite 

Primary Circulation: Forced circulation 

Primary Coolant Pressure (MPa): 6 

Coolant Temperature, Core Outlet (°C): 750 

Coolant Temperature, Core Inlet (°C): 325 

Vessel Material: SA508/533 ( typical PWR vessel material) 

Secondary Coolant: Water/Steam 

Power Conversion Process: Rankine Cycle 
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Steam Generator Power (MW(th)): 315 (each) 

Main Circulator Power (MW(e)): 4 (each) 

Main Steam Temperature (°C): 566 

Main Steam Pressure (MPa): 16.7 

Net Electric Output in All Electric Mode 
(MW(e)): 

272 

High-Temp Process Heat: Yes 

Low-Temp Process Heat: Yes 

Cogeneration Capability: Yes 

Design Configured for Process Heat 
Applications: 

Yes 

Passive Safety Features: Yes 

Active Safety Features: No 

Fuel Type/Assembly Array: 
UCO TRISO Particle fuel in hexagonal 
graphite blocks 

Fuel Block Height (m): 0.8 

Number of Fuel Assemblies: 1020 (102 columns of 10 blocks each) 

Fuel Enrichment (%): < 20 

Fuel Burnup (FIMA) (%): ˂ 17 

Fuel Cycle (months): 18 – 24 

Emergency Safety Systems: Passive 

Residual Heat Removal Systems: Active/Passive 

Refueling Outage (days): 25 

Modules per Plant: 
Variable (Reference design is four 625 
MWth modules) 

Table 2.7 Characteristics of SC-HTGR [6] 

SC-HTGR is designed with a high safety features such as:  

• High-temperature accommodation of TRISO-coated fuel particles, 

• Passive heat removal capability of low power-density core, and 

• Un-insulated steel reactor vessel.  

The primary radionuclide retention barrier in the SC-HTGR consists of the three ceramic 

coating layers surrounding the fuel kernel forming a fuel element. The coating system creates 

a little pressure vessel around each kernel.  The vessel has been designed to withstand 

extremely high temperatures. Therefore, the high heat capacity and low power density of the 

core lead to very slow and predictable temperature transients even without cooling.  
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2.2.2 HTR-PM (Tsinghua University, China): 
 
HTR-PM is a Modular Pebble Bed High-Temperature Gas Reactor, developed by Tsinghua 

University, China. The anticipated power capacity of HTR-PM is 210 MWe and the thermal 

capacity is 500 MWth. HTR-PM uses helium as reactor coolant and graphite as a moderator. 

It uses passive safety features, such as Passive Residual Heat Removal Systems (PRHRS). 

Figure 2.19 illustrates the HTR-PM reactor configuration. 
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                                                 Fig. 2.20 Reactor Configuration of HTR-PM, 
                                                 Source: Tsinghua University 

HTR-PM utilizes a triple-coated isotropic (TRISO) ceramic coated particle fuel element, as 

illustrated in Figure 2.21. It contains fuel kernels of 200–600 μm UO2, UC2, and UCO.  In 

addition, thorium or plutonium can be used as a fuel. 
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            Fig. 2.21 TRISO Fuel Element, [6] 

 
Development Milestones: [6] 
 

Year Activity  
1995 Start construction of HTR-10 
2000 HTR-10 first criticality 
2001 Launch of commercial HTR-PM project 

2003 HTR-10 full power operation 

2004 
HTR-PM standard design was started jointly by INET 
and Chinergy Co. 

2006 Project approved as national key technology project 

2006 
Huaneng Shandong Shidaowan Nuclear Power Co., Ltd, the owner of the HTR-
PM, was established by the China Huaneng Group, the Nuclear Industry 
Construction Group and Tsinghua University 

2008 HTR-PM Basic design completed 

2009 Assessment of HTR-PM PSAR completed 

2012 Helium Test loop construction completed 

2012 HTR-PM First Pour of Concrete 

2013 Fuel plant construction completed with installation of equipment on-going 

2017 First operation expected 
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Table 2.9 summarizes the main characteristics of HTR-PM.  

MAJOR TECHNICAL PARAMETERS: 

Parameter Value 

Technology Developer: Tsinghua University 

Country of Origin: China 

Reactor Type: 
Modular Pebble bed High Temperature Gas 
Cooled Reactor 

Electrical Capacity (MW(e)): 210 

Thermal Capacity (MW(th)): 2x250 

Expected Capacity Factor (%): 85 

Design Life (years): 40 

Plant Footprint (m2): ~60,000 (site) 

Coolant/Moderator: Helium / Graphite 

Primary Circulation: Forced circulation 

System Pressure (MPa): 7 

Main Reactivity Control Mechanism: 
Negative temperature coefficient: control 
rod insertion 

RPV Height (m): 25 

RPV Diameter (m): 5.7 (inner) 

Coolant Temperature, Core Outlet 
(°C): 

750 

Coolant Temperature, Core Inlet (°C): 250 

Integral Design: No 

Power Conversion Process: Indirect Rankine Cycle 

High-Temp Process Heat: Yes, possible with different configuration 

Low-Temp Process Heat: Yes, possible with different configuration 

Cogeneration Capability: 
Electricity only: possible with different 
configuration 

Design Configured for Process Heat 
Applications: 

No 

Passive Safety Features: 
Yes, large negative temperature coefficients, 
large heat capacity 

Active Safety Features: 
Yes, control rod insertion with SCRAM: 
Turbine trip 

Fuel Type/Assembly Array: Pebble bed with coated particle fuel 

Fuel Pebble Diameter (cm): 6 

Number of Fuel Spheres: 420,000 

Fuel Enrichment (%): 8.5 
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Fuel Burnup (GWd/ton): 90 (average discharge) 

Fuel Cycle (months): 
N/A: Online / on-power refueling 
Fuel remain in the reactor for ~35 months 

Number of Safety Trains: N/A 

Emergency Safety Systems: 

Control rod insertion: Circulator trip: 
isolation of secondary circuit: drain of steam 
generator in the case of steam generator 
tube break 

Residual Heat Removal Systems: Passive 

Refueling Outage (days): N/A since online 

Distinguishing Features: Passive post-shutdown decay heat removal 

Modules per Plant: 
Two reactors with their own steam-
generator feeding one turbine-generator set 

Estimated Construction Schedule 
(months): 59 months for 1st unit under construction 

Seismic Design (g): 0.2 

Predicted Large Release Frequency: 

Core damage frequency not applicable to 
HTGRs No off-site shelter or evacuation plan 
needed 

Design Status: Under construction 

Table 2.9 Characteristics of HTR-PM [6] 

Figure 2.22 illustrates the HTR-PM twin-unit power conversion components and its flow 

diagram.  
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                Fig. 2.22 HTR-PM Twin Unit Power Conversion Components & Flow Diagram, 

                       Source: Tsinghua University 

The principal of HTR-PM’s operation is simple. HTR-PM has twin reactor units. Each unit has 

a steam generator (SG). As the helium coolant gas passes through the SG, the feed water 

temperature increases from 205o C to 566o C. As a result, superheated steam is generated 

inside the secondary loop. The generated steam spins the turbo-generator and thereby 

electricity is generated. 

It is worth mentioning that Saudi Arabia has signed an agreement with the Chinese 

government to construct an HTR-PM NPP in the Kingdom.  

 

Concluding Remark: 

The safety systems of generation III + PWRs have been drastically improved, especially after 

the Fukushima accident. AP 1000, APR 1400, and EPR are all safe and reliable reactors. 

Despite the differences in these technologies, their safety systems utilize defense in depth 

(DID) active and passive mechanisms to cope with abnormal operation and emergencies. 

This combination is the best technical strategy to withstand beyond-design hazards. 
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However, operators’ role remains crucial in the DID approach irrespective of the 

advancement in technology. The functionality of the heat sink to cool the containment shells 

in harsh weather conditions like in Saudi Arabia is questionable.  SMRs seem promising due 

to their efficiency, flexibility, economy, and safety. Nevertheless, the ambiguity of the impact 

of one module to another is still ongoing. USNRC has not decided yet on how to treat that 

challenging issue. Canadian Nuclear Safety Commission (CNSC) is ahead of others in that 

area. Thus, Saudi Arabia may need to consult with CNSC if it decide to go for SMRs in the near 

future. 
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CHAPTER 3 

NUCLEAR SAFETY SYSTEMS AND PERSPECTIVE 

This chapter presents an overview of nuclear safety perspectives, modern instrumentation 

and control (I&C) systems, and vital nuclear assets. The Fukushima accident has urged the 

global nuclear society to revisit and update the existing safety regulations and standards as 

several potential risks have been identified after the disaster. These risks and their remedies 

will be addressed in terms of the safety perspective and the advancement of the digital I&C 

system in the new reactor technologies.   

 

3.1 NUCLEAR SAFETY PERSPECTIVES: 

3.1.1 Defense In Depth: 

Defense in Depth (DID) is a fundamental design and operational concept in NPPs. The basic 

questions DID can address are: 

1. What if it goes wrong? 

2. Can we protect ourselves from an unknown "unknown?” 

DID integrates all safety activities, technologies, and human behavior in multiple layers. 

Hence, the DID components complement each other and prevent an accident or mitigate its 

consequences.  

The primary objective of DID in NPPs is to control and manage power generation, cooling 

the reactor, and contain the radioactive materials inside the reactor building. Figure 3.1 

illustrates the concept of defense in depth protection layers.  
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  Fig. 3.1 Defense in Depth Barriers and Levels of Protection, Source: IAEA 

It is noted in Figure 3.1 that there are multiple barriers and control levels to prevent a 

nuclear accident or at least mitigate its consequences. The radioactive fuel is secured by 

three different barriers: a fuel matrix, cladding, and the primary circuit boundary. In 

addition, there are three segregated control levels to manage the normal operation process, 

abnormal operation, and emergencies within the design basis. Let’s assume none of the 

previous systems work: the fourth barrier, confinement, exists to prevent radioactive release 

to the environment. Next, the fourth control level takes place to manage the accident on-site.  

The fifth level is the off-site emergency response, which is activated if the site officials could 

not handle the accident. 

Failure modes and effects analysis (FMEA) is a powerful technique used in DID philosophy. 

FMEA is conducted on a component, system, or at a global functional level to determine the 
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effects of failures on a particular item, or on overall plant safety. Hence, it identifies other 

systems and functions necessary for promoting plant safety. 

 

3.1.2 Probabilistic Risk Assessment (PRA): 

The PRA is an engineering approach for establishing the risk profiles of NPPs. It identifies 

unrecognized deficiencies in a plant design or operation. The PRA is analogous to FMEAs but 

it is more quantitative. It is often used to relate the expected failure probabilities of the plant 

to specific regulatory goals. The PRA can simply answer the following questions: 

1. What can go wrong? 

2. How likely are these scenarios? 

3. What are their consequences? 

The PRA involves the identification and analysis of: initiating events, safety functions, and 

accidents’ sequences. Figure 3.2 illustrates a PRA model, which consists of three levels.  

 
Fig. 3.2 PRA Model Overview, Adopted from USNRC  

Level I

Plant Model 

• Result:
• Accident Sequencies leading to plant 

damage (CDF) 

Level II

Containment 
Model

• Result:
• Containment failure/release 

Seqences

Level III

Consequence 
Model

• Result:
• Public health 

effects
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The above PRA model is constructed to model the as-built and as-operated plant. The PRA 

model uses multiple sources of information, including: 

• Plant design data, 

• Thermal hydraulic analyses of plant response, 

• System drawings and performance criteria, 

• Operating experience data,  

• Abnormal and emergency operating procedures, and  

• Maintenance practices and procedures. 

The technical basis for the PRA model is based on the knowledge of the plant perturbation, 

the initiating event, such as the transient conditions. An example of transient conditions are: 

loss of off-site power, loss of feedwater, and loss of coolant accidents (LOCAs). This model 

also is based on the understanding of the plant response to that perturbation, such as the 

physical response, automatic responses, and operator responses. The results of this technical 

basis analysis are the definition of the end state, CDF and the determination of the system 

success measures for a given scenario, such as the time required to prevent the core damage.  

The building blocks of the PRA model are:  

• Event trees to model the sequences of the events from an initiating event to the 

end state, 

• Fault trees to model the failure of mitigating functions, and 

• Frequency and probability calculations for the initiating events.  

The outcome of the PRA model could be one of the following:  

 Core damage frequency (Level 1),  

 Radioactive release frequency (Level 2), or  
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 Radiological consequences to the public (Level 3).  

It is important to notice that the uncertainties of the PRA model accumulate as the PRA dives 

into Level II and Level III. Thus, most nuclear utilities do not bother themselves about Level 

II and Level III PRAs and conduct only Level I PRA.  [7] 

 

3.1.3 Design Basis Accidents: 

“Design Basis Accident (DBA) is a postulated accident that a nuclear facility must be designed 

and built to withstand without loss to the systems, structures, and components necessary to 

assure public health and safety.” [8] 

DBAs are affected by: 

• Plant Initial conditions such as LOCA, 

• Equipment failure, and 

• Loss of off-site power. 

The plant response to postulated initiating events (PIEs) has to be evaluated to acknowledge 

the accident sequences and determine the critical safety parameters. The safety parameters 

must be continuously monitored by console operators. The PIE acknowledgment helps the 

NPP task force in:  

• Mitigating design basis events, 

• Monitoring the accomplishment of plant safety functions,  

• Assessing the integrity of protection barriers, and 

• Ensuring that the critical safety parameters have not exceeded the design basis 

values. 
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After Fukushima’s accidents, regulators have incorporated severe accidents mitigation 

requirements in their standards. The severe accident can be defined as a beyond design 

accident at which a fuel meltdown is most likely to occur. In other words, it is the point when 

operators switch from emergency operating procedures to severe accident management 

guidelines. When the core outlet temperature reaches 1200o F or (650o C) it is considered 

the critical point that determines a severe accident condition.      

Regulators have also recommended adding qualification standards for natural hazards such 

as hurricane, tornado, heavy rain, flood, earthquake, and volcano. These hazards presents a 

high challenge to NPPs and regulators due to the high uncertainties and shortage of expert 

sources.  

 

3.1.4 Integrated Risk-Informed Decision Making Process: 

Integrated Risk-Informed Decision Making (IRIDM) is a systematic process that balances 

between the nuclear plant’s safety requirement and the plant’s operation optimization. The 

objective of IRIDM process is to ensure that any decision affecting nuclear safety is optimized 

without excessively limiting the plant’s production. Figure 3.2 illustrates the Risk-Informed 

approaches framework.     
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        Fig. 3.2 Risk-Informed Approaches Framework 

The risk-informed approach combines the traditional deterministic approach and risk-based 

approach through a deliberative process. The deterministic approach is a very conservative 

process, which focuses on unquantified probabilities, DBAs, DID, and safety margins. On the 

other hand, the risk-based approach is a very realistic approach that includes quantified 

probabilities and considers thousands of accident sequences. Both approaches are 

incomplete and have advantages and disadvantages. Figure 3.3 describes the IRIDM process, 

which is adopted by the USNRC.  

 

Deterministics
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Risk-Informed 
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Risk-Based 
Approach
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        Fig. 3.3 USNRC Decision-Making Process, NUREG-2150 

The process starts with identifying the issue and then identifying the possible options to 

solve that issue. The options then are analyzed and deliberated with the concerned parties. 

The conscious decision afterword is made and implemented. The regulatory body keeps 

monitoring the implementation of that decision and take corrective actions as needed by 

going through the same process over and over again.  Figure 3.4 illustrates the complexity of 

the deliberation in the IRIDM process. The biggest advantage of deliberation is the 

consideration of all concerned parties concerns and inputs to obtain a consensus decision 

and assure commitments to implement the decision.  
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                   Fig. 3.4 Risk-Informed Deliberation, NUREG-2150  

The beauty of the risk-informed approach is not only that it optimizes the unnecessary NPP 

inspection frequencies but also discovers overlooked systems.  

It is strongly recommended for the Saudi Regulatory Commission to adopt the Risk-Informed 

approach in making safety related decisions during and after the pre-plan phase.   

 
3.1.5 Seismic Analysis: 

NPPs’ resistance to earthquakes is analyzed by using a combination of engineering analysis 

and seismic PRA methods.  The Seismic Probabilistic Risk Assessment (SPRA) consists of the 

following: 

 Seismic Hazards analysis, 



75 
 

 Fragilities analysis, 

 Systems analysis, and 

 Convolution. 

The probabilistic seismic hazard analysis (PSHA) identifies seismic near and far sources at a 

given site. Also, it identifies the sizes of earthquakes for each source and their frequencies of 

occurrence. On the other hand, the fragility testing of a nuclear plant component is 

performed using shake-tables methodology. A plant component is placed on a table, which 

is shaking at incremental acceleration. The acceleration point at which the component flies 

away off the table determines the fragility of that component.  The system analysis uses the 

event-tree and fault-tree methodology, which is fed from the component fragility analysis. 

Next, the intersection of the mean core damage fragility curve with the mean hazard curve 

indicates the mean frequency of the core damage due to seismic hazard. Figure 3.5 illustrates 

the SPRA methodology. 

 
     Fig. 3.5 Seismic Probabilistic Risk Assessment, Source: Dr. Robert Budniz, 2016 MIT   
    Nuclear Plant Safety, Short Program, Presentation  
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This SPRA methodology has limitations such as: 

• Correlation among failures, 

• Post-Earthquake human error probabilities, especially in non-seismic regions like 

Saudi Arabia, 

• Uncertainties in the hazards, and 

• Uncertainties in the fragility analysis.  

Scientists have been conducting research to tackle these limitations.    

Saudi Arabia has experienced lately several weak earthquakes. This could be an indication 

for an upcoming catastrophic earthquake. Thus, it is a must to conduct a robust seismic study 

before constructing the NPPS. Also, Saudi Arabia has to learn from countries located in 

seismic regions such as Japan how to deal with earthquakes to prevent human response 

errors.  

 

3.1.6 Human Reliability Analysis: 

The human contribution to nuclear accidents has always been present. The new view of 

human error according to Sindney Dekker is that “human error is a symptom of trouble 

deeper inside a system. To explain the failure, don’t try to find where people went wrong. 

Instead, investigate how people’s assessments and actions would have made sense at the 

time, given the circumstances that surrounded them.”  

Human reliability analysis (HRA) is integrated with a PRA to provide risk data about human 

performance. The objective of the HRA is to support risk-informed decision-making on 

nuclear industries. Several HRA techniques are available in the market. All HRA techniques 

share the same objective. One of the well-defined HRA processes is the Technique for Human 
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Event Analysis (ATHEANA), which has been developed by the USNRC. The USNRC in 

collaboration with the Electrical Power Research Institute (EPRI) has embarked on a new 

HRA hybrid method called IDHEAS, standing for IntegrateD Human Event Analysis System. 

The purpose of IDHEAS is to reduce unnecessary and inappropriate variability in HRA results 

and improve the reliability of human error probability estimates. The IDHEAS method has a 

strong foundation in human performance and cognitive psychology theories and employs a 

cause-based quantification model. It carries out qualitative and quantitative analysis. The 

quantitative analysis involves: 

• Narrative: including crew response diagram and identifying their failure modes. 

• Context: considering possible complicating physical conditions and complicating 

human conditions.   

The quantitative analysis, on the other hand, uses cause-based-decision tree.  

Saudi Arabia should invest in those advanced HRA methods right at the design phase of the 

NPPs. Saudi Nuclear Regulatory Commission should adopt this systematic approach and 

encourage utilities to use it. Also, it is important to update HRA during every PRA interval to 

improve its credibility. 

 

3.1.7 FLEX: 

FLEX is an adopted US strategy to manage beyond design accidents. It was a US response to 

the Fukushima accident during which off-site power and reactor core cooling capability has 

been lost. FLEX provides another layer of safety to sustain NPPs’ critical safety functions by 

supplying reliable backup power sources and cooling capability during unexpected severe 

events. The FLEX strategy is flexible and relies on portable equipment that can be delivered 

by different transportation means to the targeted site within a maximum 24 hours 
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irrespective of the size of the event or the severity of weather conditions. It is also site-

specific in that it differentiate the NPP’s various designs and risk natures. Thus, FLEX ensures 

that each NPP focuses on having a designated contingency plan for the probable natural 

hazards at that site. For instance, the US West Coast is vulnerable to earthquake, so NPPs 

laying in that region should focus on the seismic risks. “One of the key lessons the nuclear 

industry has learned from previous accidents is that extreme natural disasters can damage 

and/or obstruct access to emergency equipment.” [9] Hence, it becomes mandatory to 

secure additional pumps, generators, battery banks, chargers, compressors and hoses at 

different locations. Moreover, extra emergency equipment shall be stationed in secure off-

site support centers. Saudi Arabia should adopt this robust strategy and pre-plan based on 

its local natural hazard PRAs. 

 

3.1.8 Spent Fuel Storage Management: 

Spent fuel (SF) is a highly radioactive source, which generates significant decay heat. The 

level of radioactivity determines the SF storage management strategy. There are three 

storage-stages.  The first storage-stage is the SF pool in which the consumed fuel rods settle 

after being discharged from the reactor. The pool is covered with water to remove the decay 

heat from the SF. The typical storage period in these pools is between 3 to 10 years.  The 

second storage-stage is the dry cask, which stores the SF rods from 10 years to 60 years. The 

third stage is the geological disposal that is used to dispose the nuclear waste beyond 60 

years onward. All storage-stages mentioned above are associated with high radiation and 

toxicity threats. Also, SF rods can be destroyed by the decay heat if they are not adequately 
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cooled.  The following addresses the safety concerns and characteristics of each storage-

stage. 

 

3.1.8.1  Spent Fuel Pool: 

The spent fuel rods in water reactors must be initially stored in a water pool to remove the 

high initial decay heat. The primary functions of the pool are diminishing the decay heat, 

providing protective shielding, and maintaining sub-criticality below 0.95. Criticality is “The 

normal operating condition of a reactor, in which nuclear fuel sustains a fission chain 

reaction. A reactor achieves criticality (and is said to be critical) when each fission event 

releases a sufficient number of neutrons to sustain an ongoing series of reactions.”  [10] 

Figure 3.6 shows a spent fuel pool.    

 
                             Fig. 3.6 Spent Fuel Pool, Source: USNRC 

The Frontline safety requirements for SF pools are no different than the reactors. For 

instance, the pools shall be located in a building that withstands seismic, natural, and 

external hazards. They should be equipped with defense in depth instrumentation to 
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measure the level and water temperature. Good water chemistry is required to enhance the 

cooling efficiency and avoid corrosion. In LWRs, the SF rods are transferred under water 

from the react core to the storage pool to avoid decay heat accidents. Also, the refueling 

process is carried out under water to assure cooling.  If the SF is insufficiently cooled, a 

zirconium fire is likely to start. The modern water reactors have passive water cooling 

systems and large water volumes, such as NuScale. A centralized SF pool can be used for 

long-term storage like the one in the Swedish CLAB Facility. The facility is constructed 

underground to be protected from external threats. However, one of the disadvantages of 

the wet storage is that it requires high maintenance and manpower resources.         

 

3.1.8.2 Dry Casks: 

Dry Casks are used for SF storage as well as for SF transportation. The dry casks are designed 

to prevent the release of radioactive material into the environment. Also, they provide 

physical barriers shielding and containment of the SF. The casks are made of a concrete body 

and a metal layer. There are two types of dry casks, single piece cask and canister and casks. 

Figure 3.7 shows a single piece cask, which typically has a steel body with a lid and removes 

the decay heat by conduction through its steel body.  
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                    Fig. 3.7 Single Dry Cask, Source: USNRC 
Figure 3.8 shows the canister and cask type, which consists of two major pieces, a thin-wall 

canister housing the SF and a heavy shield cask. The heat removal in this type is carried out 

by the air flow between the canister and the cask. 
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                Fig. 3.8 NUHMS Canister and Casks, Source: Areva  

A newer technology, called HI-STROM UMAX, has being developed by Holtec International 

for a long-term dry storage application, as shown in Figure 3.9. HI-STROM UMAX is an 

underground vertical ventilated module that removes decay heat by thermo-siphon acting, 

which is a passive heat exchanging metrology, based on natural convection.  
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               Fig. 3.9 HI-STORM UMAX Technology, Source: Holtec International 

The transfer of the SF from a pool to a dry cask is associated with several risks that need to 

be taken care of. The most significant concerns during the transfer process are radiation 

shield, dry-cask heat transfer limits, and SF drying limits.  

 

3.1.8.3 Geological Waste Disposal, Repository:  

The geological nuclear waste disposal is the final SF storage-stage. This storage requires 

deep underground locations, which have not been changed for millions of years. The 

objective of this storage is to provide safe isolation of radiation from people for a very long 

time. It is recommended to store SF for a long period, 60 years, first to reduce the cost and 

risk of the nuclear waste disposal. Saudi Arabia has to preplan for the SF storage strategies. 

It should look toward the latest and safest storage technologies that suit its harsh 

environment. The safety and security of the storage locations and SF transportation require 

careful planning and studying by the Saudis.  
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3.2  I&C SYSTEMS OVERVEIW: 

3.2.1 Importance of I&C Systems in NPPs: 

Instrumentation and control (I&C) systems are the eyes and ears of plant operators. They 

play a vital role in providing safety and efficiency to NPPs if they are well maintained. I&C 

systems control the plant processes during normal operation conditions.  On the other hand, 

when the plant operation goes out of control, I&C safety systems protect the plant from 

catastrophic situations. NPPs are associated with many high risks in comparison with other 

conventional power plants. Therefore, I&C systems of the NPPs are more complex and 

diverse. It is essential to involve I&C experts in the early stage of an NPP project. I&C experts 

should have a role in the selection of the nuclear technology to assure the safety and 

reliability of the plant systems. The I&C systems and functions are categorized in accordance 

with their importance to safety. The I&C technologies have evolved from analog to digital 

over the past decades. The modern I&C systems (digital) have remarkably contributed to the 

optimization of the plant operations, increase the plant availability, and shortening the 

refueling cycles. Also, their contribution to the plant safety is tangible. 

 

3.2.2 I&C Defense-In-Depth Design Requirement: 

As mentioned earlier, the concept of defense in depth (DID) is a key safety feature of new 

NPPs. DID also is one of the major features of I&C safety systems. DID in I&C safety systems 

entails the following categories: redundancy, functional diversity, and separation of a 

system. These categories form multiple barriers to prevent, mitigate, or contain radioactive 

releases during abnormal operation modes or accidents. The control systems of a nuclear 

reactor are designed to maintain efficient power generation within the safe operational 



85 
 

limits. On the other hand, the reactor protection systems (RPS) or Emergency Shutdown 

Systems (ESD) along with safety actuation systems are designed to safely shut down the 

reactor when the reactor operation exceeds the allowable operation limits and hits the safety 

limits. As a measure of DID, safety limits for RPS actuation are set below actual limits to 

ensure that any unanticipated delay in protection system response will not cause 

unacceptable consequences. Safety instrumentation systems and components require 

periodic functional testing to confirm their functionality when needed. New digital 

instrumentation systems are designed with a self-testing capability that enhances the 

reliability of the systems. All I&C equipment whose failure can have an impact on safety 

functions must be qualified and quality assured. The I&C equipment should be designed to 

withstand harsh environmental conditions, earthquake, and fire.    

 

3.2.3 I&C Defense in Depth Categories: 

3.2.3.1 Redundancy: 

“Redundancy is the provision of two or more components or systems, which are each capable 

of performing the same necessary function, such that the loss of any one component or 

system does not result in the loss of the required function as a whole.” [11] The emergency 

shutdown (ESD) system typically consists of multiple trip channels to safely shut down the 

reactor under unsafe condition. Each trip channel has an independent power supply. The 

ESD system consists of stand-alone instruments (sensors), control logics, and final control 

elements (actuators). A majority voting approach, such as two out of three (2OO3) or two 

out of four (2OO4), is used to activate the ESD. This voting approach depends on the 
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calculated safety integrity level (SIL) for each trip channel.  The voting technique is applied 

to prevent unnecessary trips due to a false input signal.  

 

3.2.3.2 Diversity: 

“Diversity is the use of two or more physically or functionally different means of performing 

the same function.” [9] The aim of diversity is to avoid possible common mode failure (CMF) 

that may result from the same technologies. Therefore, failures due to errors in the design of 

one system do not affect the performance of the other. The use of different manufacturers or 

technology for the same equipment functions is a diversity methodology. Another method to 

ensure diversity is the use of different physical mechanisms to shut down the reactor. For 

instance, using control rods and high-pressure liquid poison injection to stop fission 

radiation are two diverse shut down systems.  

 

3.2.3.3 Separation: 

“Separation refers to the systematic use of physical separation, such as barriers or distance 

and of decoupling devices, such as isolation amplifiers and buffers to separate components 

or systems performing similar functions, thus preventing a failure or localized event 

affecting one component or system from affecting another.”[11] Separation protects against 

common mode failure (CMF) or cross-linked effects, such as fire or missiles. It also limits 

failure migration to other systems. Also, separation provides flexibility to perform 

maintenance on one system without affecting the plant operation or jeopardizing the plant 

safety.    
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3.2.3.4 Failure to Safety: 

The fail-safe principle is an essential design-basis for I&C systems during which a safety 

instrument or a control system fails.  The fail-safe mode should always lead to a safe 

shutdown state. For instance, the control rods should fail close to stopping radiation 

promptly when the ESD is activated. The failsafe modes (fail open, fail close, remain steady) 

for emergency actuators need to be carefully studied and determined during the design and 

selection of I&C systems. 

 

3.3 DIGITAL I&C CHALLENGES: 

There are tangible benefits realized from the deployment of digital I&C systems in new NPPs. 

However, there are some challenges related to the digital I&C’s qualifications and regulation 

that need to be addressed. Seventeen challenges have been reported to IAEA; however, only 

seven of those challenges are selected to be discussed due to their importance and 

applicability to the Saudi nuclear program. These challenges can be summarized as follows: 

1. Common cause failure (CCF), 

2. Safety classification schemes, 

3. Harmonization of standards, 

4. Independent verification and validation (IV&V), 

5. Cyber security, 

6. Impact of hardware description language programmable devices, and 

7. Environmental qualification of safety system platforms. 
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3.3.1 Common Cause Failure (CCF): 

The common cause failure (CCF) in digital I&C systems is a serious threat to NPPs that could 

compromise the concept of defense in depth. The CCF may affect multiple physical barriers 

simultaneously and thereby jeopardizing the plant’s safety. To overcome the NPP’s 

vulnerability to  CCFs, the following remedies can solve the problem:  

 Careful design of digital I&C systems based on segregation,  

 Diversity like the use of analog as a backup or using different technology for the 

same function, and  

 Defense in depth, such as redundancy.  

Determining the adequate measure to cope with a CCF in protection systems varies from 

country to country. Some countries consider the diversity of the actuation system (DAC) as 

a protection system backup while other countries require further demonstration of diversity 

existence. IAEA recommends member states to establish clear common requirements and 

acceptance criteria to mitigate a CCF in I&C systems design. Also, it encourages modern I&C 

systems developers to incorporate internal diversity within their design to tackle CCFs. 

Moreover, IAEA sees that it is necessary to demonstrate a signal of diversity between the 

DAC and the protection systems to make sure they are not subject to a CCF. 

 

3.3.2 Safety Classification Schemes: 

It is important to classify the functions, systems and equipment of NPPs into safety classes. 

The purpose of the classification is to guarantee that each object in the NPP is getting the 

required attention based on its importance to safety. Different regulatory bodies have 

different I&C Systems classifications schemes, as shown in Table 3.1.   
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Standard 

Classification of the Importance to Safety 

Systems Important to Safety 

Systems 
not 

Important 
to Safety 

IAEA NS-R-1 Safety Safety related 
Systems not 
important to 

safety 

International 
Electro-Technical 

Commission 61226 
Functions Systems 

Category A 
Class 1 

Category B 
Class 2 

Category C 
Class 3 

Unclassified 

Canada Category 1 Category 2 Category 3 Category 4 

France N4 1E 2E SH 
Important 
to safety 

Systems not 
important to 

safety 

European Utility 
Requirements 

F1A 
(automatic) 

F1B 
(automatic and 

manual) 
F2 Unclassified 

Japan PS1/MS1 PS2/MS2 PS3/MS3 
Non-nuclear 

safety 

Republic of Korea IC-I IC-II IC-III 

Russian Federation, 
Ukraine 

Class 2 Class 3 

Class 4 
(systems not 
important to 

safety) 

Switzerland Category A Category B Category C 
Not 

important to 
safety 

UK Functions 
Systems 

Category A 
Class 1 

Category B 
Class 2 

Category C 
Class 3 

Unclassified 
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USA 

Systems important to safety 

Non-nuclear 
safety Safety related, 

safety or Class 
1E 

(No name assigned) 

 Table 3.1 Safety Classification Schemes Applied To Instrumentation and Control Systems [11] 

It is evident that there is a variety of safety classification schemes among international 

regulators. The USA for instance, has only two categories: systems important to safety 

(Safety related, safety or Class 1E) and none-nuclear safety.  Canada, on the other hand, has 

four safety categories: category 1, category 2, category 3, and category 4. Category 1 is 

designated for the most safety critical systems whereas category 4 is for the least critical. 

IAEA urges to have an international classification standard that can be used by all regulators. 

Saudi Arabia should follow the classification of the nuclear technology licensors to ease the 

coordination and collaboration between the two countries. This advice is valid if Saudi 

Arabia decides to unify their reactor technologies. However, if the Saudi government decides 

to mix reactor technologies, it may use the International Electro-Technical Commission 

61226.  

 

3.3.3 Harmonization of Standards: 

IEC, ISO, IEEE, and International Society for Automation (ISA) are the I&C primary standard 

organizations. Although they share same safety fundamentals, they have different technical 

specifications and requirements. The lack of harmonization of standards makes it 

challenging for vendors to comply with various standards during developing and qualifying 

equipment.  Having one set of harmonized standards would:  

 Reduce the development and qualification process and its associated cost,  
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 Minimize the risk of ambiguity and low quality product, and  

 Make it much easier for engineers and regulators to review the testing performance.  

IAEA recommends the standard organizations to work together and develop an integrated 

I&C standard that can be used by all concerned parties.  

 

3.3.4 Independent Verification and Validation (IV&V): 

The modern digital I&C systems consist of a hardware part and a software part. The software 

of the digital I&C system practically the category ‘A’ functions, safety protection systems, 

must be verified and validated. The verification and validation process should be performed 

by an independent team other than the designers. However, the IV&V team shall report to a 

different management. The aim of IV&V is to ensure the software robustness and 

compatibility with the regulation standards. Different regulators have different guidelines 

for the IV&V performance. Some regulators call for an absolutely independent validation 

organization, a third party, to perform V&V while other regulators call for an independent 

group within the organization but the group should report to a different management. The 

latter approach is acceptable by the International standard since there is no pressure on the 

validation group from the designing management. 

 

3.3.5 Cyber Security: 

The growth of using computers in NPPs for communication, control, and data management 

mandates the increase of the computer security level. Computer security protects the plant 

from cyber-attack and intentionally sabotage acts. Figure 3.10shows the cyber threat actors.  
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 Fig. 3.10 Cyber Actors, Adapted from Source: William Gross, 2016 MIT Nuclear Plant  
Safety, Short Program, Presentation 

Different cyber actors have different objectives, ranging from theft of intellectual property 

to sabotage that could have casualties. Figure 3.11 illustrates the largest sabotage cyber-

attacks targeting two significant industries: Saudi Aramco and Natanz, Iran. 

Cyber 
Actors

Advanced 
Threat 
Actors

Crimnals

HackivistsNation

Extremist 
Groups
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  Fig. 3.11 Cyber-attacks Examples, Source: William Gross, 2016 MIT Nuclear Plant Safety, Short     
  Program, Presentation  

Saudi Aramco’s (the largest oil company) cyber-attack was performed by hacktivists who 

were targeting the business’s operation. The damage consequences of the attack were 

limited to the personal computers (PCs) that about 30,000 PCs were destroyed. Hence, the 

attack failed to achieve its objective, which was the interruption of the oil production. On the 

other hand, the Stuxnet’s cyber-attack on Natanz nuclear plant was a nation’s action. That 

nation targeted the Natanz’s control system with the objective of destroying its nuclear fuel 

enrichment systems. The damage consequences of the attack met the objective that 1000 

centrifuges were destroyed. These two incidents have alerted all nuclear facilities of the 

severity of the cyber threats. NPP's safety and cyber security are indeed two serious threats 

that have been separately handled by different groups for a long time. Nevertheless, cyber 

security shall be integrated with the overall security and safety programs of the NPP. Two 

international standards can be referred to with regards to the integration of the cyber 
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security and safety of NPPs, IEC 62859 and IEC 62645. The IEC 62859 standard concentrates 

on the coordination between the cyber security and safety requirements. On the other hand, 

the IEC 62645 provides a detailed guidelines for the NPP computer security. Several 

techniques are enforced to identify the cyber threats, such as virus scanners, firewalls, 

intrusion detection, and encryption. The goal of these techniques is to mitigate the NPP's 

computer security vulnerability to cyber-attack. With regards to the safety risks, some 

administrative tools are applied, such as security zone application, security management 

systems, and access control, including passwords and biometric identification. The safety 

systems in NPPs require a higher level of safety to protect their data. Therefore, it is highly 

recommended to use defense-in-depth and unidirectional physical devices, like diodes or 

Opto-Isolators. Figure 3.12 illustrates a defense-in-depth example of computer security 

architecture, used to protect the critical digital assets (CDAs) from cyber-attack.      

 
    FIG. 3.12 Simplified Computer Security Defensive Architecture, Source: Prioritization and         
    Modeling Division, Homeland Security 
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Level 4 includes the data of the CDAs associated with safety, safety related, security related, 

and support systems and equipment. The level 4 data must be protected from all lower 

levels. Thus, the data at level 4 flows only in one direction, to level 3, and from level 3 to level 

2. It is prohibited to start reversing communication from lower security, level 0, to the high 

security level 4 & 3, as illustrated in Figure 3.10. Currently, this architecture is the most 

effective technique to protect safety control systems data from cyber-attack.   

 

3.3.6 Impact of Hardware Description Language Programmable Devices: 

The deployment of digital I&C technology using computer-based digital technology has 

enormous economy and safety benefits. However, it is associated with many challenges such 

as CCFs, qualifications, licensing, and computer security vulnerabilities. Therefore, I&C 

devices, using Hardware Description Language (HDL) configuration could be considered to 

avoid the issues mentioned above. The HDL’s configurations include Complex Programmable 

Logic Devices (CPLDs) and Field Programmable Gate Arrays (FPGAs). The HDL 

Programmable Devices (HPDs) have been already utilized widely in other industries. The 

potential benefits of those devices have been already realized. An example of those benefits 

are the testability and diverse demonstration of computer-based systems,. HPDs I&C devices, 

mainly FPGAs, have been recently deployed in new NPPs. Therefore, their reliability 

database, operation experience, best practices, and lessons learned are relatively limited in 

comparison with computer-based digital I&C applications 
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3.3.7 Environmental Qualification of Safety System Platforms: 

International Regulators confront new challenges to qualify digital safety I&C systems 

against environmental, seismic, and electromagnetic interference/radiofrequency 

interference (EMI/RFI) requirements.  The modern digital technologies are equipped with 

faster clock speeds and lower logic voltage processors, which makes them vulnerable to 

EMI/RFI noise effects and electrical surges. Thus, electromagnetic compatibility (EMC) along 

with environmental and seismic requirements should be included in the qualification of the 

digital I&Cs equipment. IAEA recommends the standard organizations to jointly develop 

standards for environmental, seismic, and EMI/RFI qualifications.  

 

3.4 MANAGEMENT SYSTEMS FOR I&C DESIGN: 

The asset management system (AMS) for I&C design is a process to ensure that the plant’s 

asset, including the systems and equipment important to safety, have the appropriate safety 

design characteristics. Additionally, it sustains reliability of the I&C assets and guarantees 

their safety functions throughout the plan’s life cycle. The ASM process comprises four steps: 

establishment, implementation, assessment, and continuous improvement.  All these steps 

have to be properly documented for future assessments. The use of life cycle models is one 

of the ASM methodologies that will be addressed next. 

 

3.4.1 Use of Lifecycle Models: 

The use of lifecycle model is an ASM methodology to be implemented in a NPP to achieve 

its desired safety goal. The modern digital I&C systems in NPPs are complex and require 

systematic design qualification approaches. In Lifecycle models, the Human Factor 
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Engineering (HFE) and computer security are the two main contributors to the integrity of 

I&C systems that have an influence on their development. Incorporating security features 

at a design phase is more cost effective and easier for implementation. Changes afterward 

could be very difficult, costly, or perhaps impossible. Figure 3.13 shows an example of an 

I&C lifecycle development model. 

 

   FIG. 3.13. Typical I&C Life Cycle Activities and Interfaces with HFE and Computer Security  
  Programs [11] 
 
The process shown in Figure 3.13 illustrates the fundamental ASM process sequences: data 

collection, analysis, assessment, implementation, monitoring, and periodic review. It is 



98 
 

worth noting that the interactions of the HFE and cyber security are taken in consideration 

throughout all stages.   

The V-model shown in Figure 3.14 is an alternative lifecycle development model example. 

This model illustrates the relationship between requirements’ specification, design, 

integration, and system validation activities as well as how V&V activities relate to 

development activities.  

 

      FIG. 3.14 Typical Relationship between I&C Lifecycle Processes and V&V Activities [11] 
 
Figure 3.14 is self-explanatory. This model includes two common tasks that are frequently 

performed, validation and verification. When there are any changes in the plant operation, 

verification is carried out to check the plant safety and reliability requirements. Then, the 

system design requirement, including the hardware and software requirements, is verified. 

Next, the implementation of the hardware and software changes are verified and compared 

with the systems design. Once the system has been integrated, another verification is carried 

out to ensure the system design compliance. Finally, before and after the installation of the 

integrated system, a system validation is performed against the system requirements. All 
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these development processes have to properly documented and shelved for future use.  This 

process is complex and through.  The V&V process is a compelling technical to manage and 

improve the reliability, functionality, and safety of the I&C assets throughout their lifetime.    

 

3.5  IMPORTANT NUCLEAR PLANT ASSETS: 

3.5.1 Main Control Room: 

The Main Control Room (MCR) is the brain of an NPP at which all the control systems and 

the console operators are stationed. The MCR is 24/7 manned by console operators who 

monitor and control the plant processes. In addition, the MCR is the center for managing the 

plant operation during abnormal operations and emergencies. Thus, it has to be well-

facilitated and equipped with sufficient tools and equipment to be used by the emergency 

response team during emergencies or an accident. The accident monitoring tools require 

special instruments that are independent from normal plant operation instrumentation. 

They have to be qualified to survive the severe conditions, specified in design basis accidents. 

Four process variables are mandatory to be always displayed in MCRs: core integrity, reactor 

coolant system integrity, containment integrity, and radioactivity state. 

 

3.5.1.1 Communications: 

The advancement of communication goes hand in hand with the revolution of I&C systems. 

The modern I&C systems require a reliable and high-speed data transfer between control 

systems. Thus, fiber optics is broadly used for that purpose. The advantage of the fiber optic 

is the swift data transfer between control systems irrespective of their physical locations or 

amount of the transferred data. In NPPs, local area networks (LANs), using fiber optic 
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technology, have been recently used to interconnect different control systems and provide 

more convenient access to the plant data. 

 

3.5.1.2 Control Operating System Architecture: 

Figure 3.15 illustrates the NPP control operating system architecture, which is divided into 

four levels. Level 0 is the interface level that encompasses sensors and actuators. Level 1 

comprises an automation control and protection systems. Level 2 is the human-machine 

interfaces (HMIs). And, level 3 is the remote and technical management systems.  

 
  Fig. 3.15 Architecture of  I&C System [11] 
 

3.5.2 Technical Support Center: 

The technical support center (TSC) is a place in an NPP at which multidisciplinary specialists 

assist the operators during emergencies and following an accident. The whole plant 



101 
 

documentation and essential information about the condition of the plant shall be available 

in the TSC. 

 

3.5.3 Emergency Operations Facility: 

The emergency operations facility (EOF) is an off-site emergency response center where 

senior NPP officials manage all NPP activities during emergencies. The officials from the EOF 

also provide logistics, direction, and technical support to the designated operation shift 

superintendent at the MCR and the designated professionals in the TSC. The EOF is also used 

to coordinate between the NPP, safety authorities, and other concerned agencies.  Moreover, 

the EOF is used to evaluate the magnitude and effects of the actual or potential radioactive 

releases to set action plans to protect the public and the environment. The EOF facility is 

empowered with plant live data systems, displaying the integrity of the reactor and the other 

critical plant asst. It is essential to have reliable voice communications between the TSC, 

MCR, safety authority, governmental agencies, and EOF. 

 

3.5.4 Simulator: 

The human reliability has become a hot issue in NPPs. One of the powerful techniques to 

tackle this problem is the role of the NPP simulators. The purpose of the simulator is to be 

used for: 

 Developing and validating human-machine interactions,  

 Developing and validating requirements for operating and emergency 

procedures,  

 Training and qualifying plant operators, and 
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 Improving the human reliability by simulating unpredicted plant upsets.   

NPP simulators range from partial plant emulation to full scope simulators, mimicking the 

real control room functions. Simulator training is a unique opportunity for NPP operators to 

cope with different operational sceneries, including emergencies and beyond design 

accidents. It could be also used to identify the operators’ competency gaps, and evaluating 

the behavior and performance of the operator throughout the training program. The benefits 

of these simulation training programs can be realized in the aviation sector. The airplane 

crashes due to pilot errors have drastically declined due to the intensive and robust 

simulation programs. Saudi Arabia is encouraged to invest in the full scope simulator to 

qualify its operators. The simulation programs should be periodically updated and certified 

to include all potential operational risks that may occur after the installation. They should 

incorporate tools for software functional testing, verification, fault insertion, and evaluation.   

 
Concluding Remark: 

Saudi Arabia should adhere to all nuclear safety perspectives. The mentioned perspectives 

in this thesis represent the hot topics that have been globally deliberated. Saudi Arabia is 

going to confront many challenges in developing its nuclear program. In my opinion, cyber 

security and potential natural and external hazards assessments are the most complicated 

challenge. These risks are associated with high uncertainties and the access to the experts in 

these fields are limited due to their high global demand. The lack of standards harmonization 

may put the Saudi regulatory body under stress during the construction of the nuclear plants. 

They may need to hire a third party consulting company to help develop Saudi standards 

that suit the region’s harsh environmental requirements. Saudi Arabia also is urged to invest 

in the latest technologies that improve the safety and reliability of the NPPs.  
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CHAPTER 4 

SAFETY CULTURE  
 

The objective of this chapter is to acknowledge the importance of safety culture in NPPs.  

Culture is a set of shared beliefs, values, and behavior of individuals in a certain society, 

organization, or nation. It is shaped by many factors, such as the climate, geography, 

education, government, and religions. Therefore, there is no a good or bad culture. The 

importance of highlighting the culture here is to understand the pros and cons that an 

organizational culture feature when it comes to safety. In other words, we need to 

understand the safety culture of an organization. The concept of safety culture has been first 

introduced by the International Nuclear Safety Advisory Group (INSAG) post the Chernobyl 

nuclear accident in 1986. The Institute of Nuclear Power Operations (INOP) defines safety 

culture as “the core values and behaviors resulting from a collective commitment by leaders 

and individuals to emphasize safety over competing goals to ensure the protection of people 

and the environment.” [12] 

The safety culture encompasses three main components: human, organization, and 

technology. The human and organizational factors are dominant. Technology, on the other 

hand, is an essential part that complements the other components to promote the safety of 

the plant. The technology factor is covered in the previous chapters. This chapter will focus 

on human and organizational attributes. 

 

4.1 SAFETY CULTURE MODEL: 

Figure 4.1 illustrates the safety culture model, which was developed by Edgar Schein. The 

model consists of three levels: artifacts, espoused values, and basic assumption. 
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        Fig. 4.1 Schein’s Three Level Culture Model 

 
The above model is used to assess an organizational safety culture. The artifacts level is very 

obvious, tangible, and visible to a person who is visiting an organization. Artifacts are what 

you see, hear, or feel. They include objects, language, rituals, and behavior. The examples of 

the artifact level are: safety policy statement, zero lost time accidents, safety award 

presentations, and use of safety equipment. Although this level is very apparent, it is not easy 

to be fully understood unless you move to the next level.  

The next level is the espoused values, such as goals and philosophies. This level is not 

noticeable, but it can be elicited. Examples of espoused values are: teamwork, safety’s 

priority, zero tolerance toward safety deficiencies, no-blame work environment, and 

mistakes consideration as excellent learning opportunities. It requires some analytical 

thinking to understand the links between an observed behavior and a contradicting 

espoused value. For instance, the absence of teamwork as an adopted value in an 

organization could result from a reward program that is highly competitive and 
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individualistic. Sometimes, it is not that simple to relate an espoused value to behavior. For 

instance, an operator may take risks to meet production targets while ignoring the safety 

priority espoused value. This problem requires deeper thinking and analysis that takes you 

to the third level.  

The third level is the basic assumption, which entails the human nature. Examples of the 

basic assumption in a nuclear organization are: risks have to be taken to achieve targets, 

carelessness causes accidents, some people are accident-prone, and accidents are always 

preventable. Unlike the previous two levels, this level is invisible and implicit. Most of the 

times, the basic assumptions are influenced by the deeper national culture. The basic 

assumptions at the management level translate their views of employees. Leaders who 

inhabit positive assumptions drive their employees to be self-directed. On the other hand, 

leaders who inhabit negative assumptions influence their employees to be self-controlled.   

The culture model presents an evidence that the organizational culture is deep and broad. 

Culture is unchangeable, but it can be transformable if it is properly handled and given the 

adequate time. Experts in organizational sociology and psychology are the best people who 

can professionally assess a corporate culture. Though, they should use a systematic scientific 

methodology to attain accurate and precise data. 

 

4.2 CHARACTERISTICS OF SAFETY CULTURE: 

4.2.1 Artifacts Associated with Espoused Values: 

The safety culture characteristics of the artifacts are linked to espoused values that can be 

demonstrated under three categories: leadership, Frontline employees, and organizations.    
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4.2.1.1 Leadership Characteristics: 

The role of leaders in a nuclear organization is significant. It impacts the individuals and the 

organization culture, in general. Successful leaders are trustworthy and fair. Also, they are 

team players who create an adoption culture, encourage, and motivate others. Successful 

leaders are committed to the organizational goals. They help, support, and coaches other 

talents to promote the corporate culture to the highest tier. The senior managements’ 

commitment to safety in a nuclear facility is crucial. The commitment must be exposed in 

their attitude, behavior, and directions. They require conducting frequent planned and 

unplanned visits to workplaces to assure the obligation of the safety rules. They should be 

visible to their colleagues and Frontline workers. Leaders should act as a role model so that 

they positively influence their employees to perform well and achieve more. Good leaders 

influence the workforce to respect the rules, follow the safety procedures, and improve the 

safety level in the organization. They maintain a healthy relationship with all stakeholders 

and their employees. This relationship is based on respect, motivation, and cooperation.  

 

4.2.1.2 Frontline Employees Characteristics:  

4.2.1.2.1 Motivation and job satisfaction: 

The motivation and job satisfaction are apparent at the Frontline employee’s level. They 

reflect the positive leadership and organizational influences on individuals. Employees, in a 

healthy work environment, deliver the best out of them if they are motivated and satisfied 

with their jobs. The management style and the organization’s reward system are the most 

influential contributors to the overall employee’s performance.   
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4.2.1.2.2 Inheriting a safety questioning attitude: 

 The Frontline employees (operators & technicians) in an NPP should inherit a safety 

questioning attitude to assess the potential risks before starting any tasks. The questions 

that should come to their minds are: 

 Do I understand the task? 

 What are my responsibilities? 

 How do they relate to safety? 

 Do I have the necessary knowledge to proceed? 

 What are the responsibilities of others? 

 Are there any unusual circumstances? 

 Do I need any assistance? 

 What can go wrong? 

 What could be the consequences of failure or error? 

 What should be done to prevent failures? 

 What do I do if a fault occurs? 

The questioning attitude expresses the individual commitment to safety. It is also a good 

practice to explore unforeseen risks associated with routine tasks. [13] 

 

4.2.1.2.3 Continuous self-education and awareness of work process and changes: 

The continuous self-education empowers employees with the right skills and competence to 

overcome unanticipated abnormal operations or accidents.  The taskforce’s awareness of: 

the work processes, plant operations, safety limits, standards, and procedures is reflected in 

their quality of work. Also, the workforce shall be aware of all changes in the plant’s process, 
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operation, and design. They need to understand the impacts of those changes on their work. 

If an individual identify a concern during the management of change process, he or she must 

immediately raise it and get it cleared prior the implementation. 

 

4.2.1.2.4 Collaboration and teamwork: 

Complex technological systems, such as NPPs, rely on collaboration and teamwork efforts.  

Taskforce should never work solely. They should work collaboratively and jointly to achieve 

the organization’s goals. The reward system in the organization is a good mechanism to 

encourage teamwork by imposing individuals to help each other as a prerequisite to 

obtaining the maximum credit. The employees should bear in their mind that the success of 

the organization is only achieved by the contribution of all employees and vice versa.        

 

4.2.1.2.5 Improvisation and resilience: 

Improvisation describes the unprepared individual performance in a critical situation. 

Improvisation in complex technological systems, such as an NPP could lead to a positive 

outcome. It could prevent a catastrophic accident or at least mitigate the accident's 

consequences. Several factors assist operators to be resilient during emergencies or 

accidents. These factors are: long work experience, awareness of the plant characteristics, 

intensive training, frequent disaster drills, and actual event’s information communication 

between the designated personnel.  The successful restoration of the Fukushima NPP in 2011 

is an example of the resilience of the plant employees in a hardship. It is acknowledged that 

human is the first and last line of defense in complex technological systems. The reason 

behind that acknowledgment is that when an NPP switches from normal to abnormal 
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operation, ambiguity and unpredictability of the emergency development are the key 

features of the situation. No matter how well the design and safety systems are, there is 

always a limitation in considering all unforeseen scenarios. Therefore, the only resort that 

might help with this dilemma is the creativity and adaptability of the human brain to get out 

of that difficult situation.  

Three behaviors affect improvisation situations; skill-based, rule-based, and knowledge-

based. The skill-based behavior represents the genuine actions of the individual during an 

event, which are driven by the default skills and talents of that individual. On the other hand, 

the rule-based behavior is defined as “the composition of a sequence of skill-based 

subroutines that are typically consciously controlled by a stored rule or procedure.” [12] The 

rule-based behavior most likely influenced by a previous experience, instruction from 

experienced persons, or training. The knowledge-based behavior relies on events and 

human response analysis. The skill-based and rule-based are considered conceptual 

behaviors, whereas knowledge-based is considered an analytical character. Work 

experience is dominant in making a prompt and most effective decision in a very stressful 

environment, like in NPP accidents. 

 

4.2.1.3 Organization Characteristics: 

The following organizational characteristics are the responsibility of all staff, including 

leaders, regulatory inspectors, Frontline employees, and contractors. 

 

 

 



110 
 

4.2.1.3.1 Compliance with regulations and procedures: 

The compliance with safety regulations and procedures is a sign of a strong safety culture. It 

is the responsibility of the management, employees and the regulators. Thus, they are all 

held accountable for the success or failure of the safety performance. They should cooperate 

and help each other to ensure that safety is the operational objective for a given organization.  

 

4.2.1.3.2 No conflict between safety and production (safety first): 

There should be no conflict between production and safety. Safety must always become the 

priority, even if it leads to the plant shutdown and loss of production. The maturity of the 

plant management and operators about the priority of safety implies their genuine attitude. 

The facility management is accountable for the operator’s actions as they are the one who 

influence them with what is more important, safety or production. Regulators are held 

accountable to observe the operator’s actions and report any violations to the higher 

management. 

 

4.2.1.3.3 Proper resource allocation: 

The proper resource allocation is the responsibility of the plant management to sustain the 

safety of the plant. The facility management must secure the plant manpower requirements. 

They also have to acquire adequate staff and competent talents. 

 

4.2.1.3.4 Risk assessment: 

The analysis of risks and their consequences is crucial to improving the safety level in an 

organization. Organizations with strong safety culture, first, conduct risk assessments for 
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their critical activities on a regular basis. Next, they identify control measures to eliminate 

or mitigate the assessed risks. Finally, they integrate control measures with their pre-work 

activities. 

 

4.2.1.3.5 Systematic in-depth approach to identify a problem and resolve it: 

Safety culture in an organization mandates adoption of a proactive and long-term planning 

strategy. It also requires the use of a systemic approach in identifying issues and conflicts as 

well as finding the proper solutions to close the gaps. The strategy of business development 

shall be driven by the importance of safety not only by the economy. 

 

4.2.1.3.6 Openness and transparency: 

Openness and transparency are two essential characteristics of the organizational safely 

culture. They strengthen the relationship among the manpower, including the management, 

and all shareholders. Openness and transparency reflect the eagerness of the plant 

management to seek safety improvement. In an open and transparent work environment, all 

employees have the right to raise their concerns with neither fear nor pressure.    

 

4.2.1.3.7 Solid training program: 

Solid organizational training programs are essential to promote the organizational safety 

culture. They also contribute to enhancing the safety awareness and developing required 

skills for a given organization. The most effective training program is the in-house training, 

which is carried out by local subject matter experts (SMEs). The local SMEs can share their 

experiences and discuss the relevant operational and organizational issues with the trainees. 
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The quality of the in-house training program is mostly governed by the interest of the experts 

to transfer their knowledge and experience to junior talents, and the management support 

and appreciation of this type of knowledge transfer approach. Also, sending professionals to 

a well-established knowledge sharing venues, like conferences and seminars, helps the 

organization gain new skills and knowledge. 

 

4.2.1.3.8 Involvement of contractors in safety programs: 

Contractors are a key resource in many organizations and their efforts and suggestions to 

improve the safety level should always be encouraged. The contractors should receive the 

same attention and training in safety culture as the directly hired employees. 

 

4.2.1.3.9 Clear roles, responsibilities and accountabilities: 

All individuals in the organization should have clear roles and know their designated 

responsibility. They are held accountable for their assigned tasks. The leaders of the 

organization are responsible for assigning tasks to their direct reported staff.  Also, they 

should make sure that there is no conflict or ambiguity between the roles and assigned tasks.     

 

4.2.1.3.10 Measurement of safety performance: 

Safety performance cannot be determined without the proper use of the major performance 

indicators (KPIs). There are two types of KPIs, lagging and leading. The lagging KPIs are 

widely used in many organizations, but they are not effective since corrective actions are 

taken in a reactive mode. Also, the taskforce may focus on achieving the highest KPIs by 

unethical means, especially when the safety reward system is designed based on lagging 
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indicators achievements. Regulatory inspectors should monitor the NPP’s KPIs and take 

immediate action when there are attempts to violate safety by manipulating the indicators. 

The leading indicators, on the other hand, are more complex and detailed. They proactively 

measure the plant safety performance by identifying the competency and system gaps, and 

thereby help the plant officials take remedial actions in advance.  

To understand the lagging and leading indicators let’s take an example. The pressure relief 

valves (PRVs) in NPPs are considered safety-important equipment. Their availability and 

functionality must always be 100%. They have to be periodically tested, calibrated, and 

maintained. So, the lagging indicator would show the compliance of the PRV’s calibration 

record as 100%. One the other hand, the leading indicators would display the number of the 

qualified and certified technicians who perform the test, the number of the test and 

calibration equipment, the number of PRVs that can be tested by each certified technician 

and so on. Therefore, the leading indicators reflect utmost the reality. They help to take 

proactive actions to resolve potential safety system deficiencies. So, if the KPI indicates there 

is a shortage of the RVP certified technicians, it alerts that there’s a safety concern about the 

pressure relief valves integrity. Hence, the plant management should take a proactive action 

and hire more certified technicians or certify new technicians. The development of the 

leading indicators requires adequate time and involvement of the SMEs who know the job 

and task requirements. In addition, the leading indicators shall be designed in such a way 

that they reflect the reality of the plant safety status. It might be expensive. But, it is worth 

the investment.    
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4.2.1.3.11 Self-assessment for safety improvement: 

Safety always has an area of improvement. Conducting safety culture self-assessment on a 

regular basis is a good safety culture practice to achieve safety excellence. The purpose of 

self-assessment is to promote the plant safety performance. The methodology of conducting 

self-assessment is by involving various individuals from all key areas in a critical through 

examination to identify competencies and artifact gaps, and propose remedies to close the 

identified gaps. The self-assessment has to be comprehensive and inclusive to the three 

safety culture levels, artifacts, espoused values, and basic assumption. This exercise analyzes 

the general organizational culture and investigates its influences. It is better to be led by a 

facilitator who is familiar with the concept of safety culture. It is preferable that the facilitator 

is not a member of the organization. 

 

4.2.1.3.12 Man, technology, and organization interface knowledge: 

NPPs are complex technological systems that require a good knowledge of the human, 

technology, and organization interfaces to avoid complicated safety problems. Human 

behavior in NPPs is a primary attribute to safety and hence must be intensively analyzed and 

studied. It is essential to have an expert within the organization, who has a respectful 

background in human factors in complex organizations, to conduct that analysis and 

provides recommendations to management, accordingly.     

 

4.2.1.3.13 Good working environment: 

The good work environment should become a target for a safety culture organization.  It 

assures good working conditions to employees in terms of time pressure, workload and 
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stress. Safety could be compromised if the Frontline employees are extremely stressed and 

overloaded with many tasks that cannot be accomplished within a given time. It is the 

responsibility of the leaders to distribute fairly the workload between the employees based 

on their experience and capabilities and not to overload them with tasks that cannot be 

achieved for a given time. Having said that, it does mean leaders should not positively 

challenge the workers with tasks that promote their learning skills. However, the amount of 

load should be tolerable and accomplishable. The Frontline employees, particularly who 

perform critical tasks, such as control room operators are responsible to mentally and 

physically fit their duty when they report to work.  

 

4.2.1.3.14 Quality of documentation and procedures: 

Safety culture organizations feature proper documentations and quality procedures that are 

used for daily activities and as a reference in the future. The quality of documentation is an 

indication of the maturity and professionalism of the plant staff who cares about their 

organization during and after their career life. The documentation is the linkage between the 

former and succeeding employees to learn about the facility historical record.   

 

4.2.1.3.15 Good housekeeping: 

Good housekeeping is a very clear indicator that shows the employees’ ownership.  Poor 

housekeeping reveals the low morals of the employees and lack of interest among the plant 

management. It is a warning sign of a deficient safety culture that mandates a deep 

investigation to identify its root causes. 
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4.2.2 Espoused Values: 

4.2.2.1 High priority to safety adoption: 

Many organizations allege that “safety is a top priority” is their slogan. However, the actions 

and behaviors of the management and employees do not always represent that espoused 

value in reality. No credibility should be given to an organization, which espouses top 

priority to safety as adopted value, with no real tangible practice. The behavior and actions 

of employees are the only proof that the organization is committed to the adopted safety 

goal.   

 

4.2.2.2 Safety can always be improved: 

The belief that, safety can always be improved, is an important espoused value. 

Organizations should always think of and seek new approaches to improve their safety 

performance through self-assessments, learning from others mistakes, and exchanging and 

implementing best safety practices. 

 

4.2.2.3 Organizational learning: 

Organizational learning is a philosophy, replicating the eagerness, and willingness of an 

organization to learn from errors and mistakes. It is a compelling character to overcome 

unforeseen obstacles and challenges and hence improve the plant’s safety performance. 

Organizational learning philosophy looks at mistakes and errors as an opportunity to 

improve the safety condition. A safety culture organization is a learning organization that: 

• Creates a free environment that all individuals can raise their concerns with no 

fear,  
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• Encourages employees to share their thoughts and ideas,  

• Seeks and values employees contributions and feedback, 

• Considers errors as a learning opportunity to improve the safety system 

performance, 

• Creates no blame climate and doesn’t punch individuals for their mistakes,   

• Learns from other organizations and adopts best practices, 

• Encourages innovation to solve problems, 

• Conducts regularly safety self-assessments to identify the gaps and finds the best 

solutions to close them, and 

• Has courage always to improve their safety performance. 

The learning organization characteristics needed to be developed at the beginning of the pre-

operational phases and maintained throughout all nuclear stages. Leaders have a vital role 

in enforcing the learning organization concept in the organization. The learning organization 

shall be cultivated to all participating organizations. 

 

4.2.3 Basic Assumption Level:  

4.2.3.1 View of safety: 

The view of safety in an NPP entails a shared safety vision of an organization. The 

responsibility for safety falls on every single employee in the organization. Safety in an NPP 

is the vehicle to produce a clean and reliable energy. Nuclear safety isn’t only an interest of 

nuclear organizations, but also the nation and the whole world, as well. 
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4.2.3.2 View of people: 

The view of people at the senior management capacity level in an organization translates 

how the employees are treated. It has a substantial influence on the moral and behavior of 

individuals. The positive view of people provides them with self-estimation, confidence, and 

motivation to achieve excellence. It drives employees to be self-directed and empowers them 

to take greater responsibilities. On the other hand, the negative view of people entails more 

controlling on employees who may not feel comfortable. It demotivates employees and 

prevents them from accepting more responsibilities because they feel they are not 

trustworthy. Most of the times, the view of people is inherited from the nation’s cultural 

environment. Successful leaders who inhabit the positive view of people as a basic 

assumption and balance between delegation and control upon the situation. 

 

4.2.3.3 View of mistakes: 

The view of mistakes as a learning opportunity is a good basic assumption in a safety culture 

that adopts the “no blame and no fear of punishment” value. Individuals who make a mistake 

shall be encouraged to explain freely: what happens, what goes wrong, and what they could 

have done to avoid the mistakes. Also, they should be recognized if they make a mistake and 

take an immediate corrective action to prevent a problem from escalating to a dangerous 

level. However, frequent careless errors are a poor safety culture indication that mandates a 

firm action from the regulatory body and the senior management. The regulators shall 

investigate and identify the root causes of the carelessness and share their findings with the 

senior management to take action, accordingly.     
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4.2.3.4 View of accidents: 

“All accidents are preventable” is a crucial basic assumption in the safety culture. Nuclear 

utilities must learn from previous accidents. Also, they should re-evaluate their safety 

systems periodically. It has been realized that all severe nuclear accidents, Three Mile Island, 

Chernobyl, and Fukushima, occurred because none of them took lessons learned from the 

previous accidents. Accidents could happen anytime, anywhere, and anyhow. Therefore, all 

nuclear plants must be alert to safety vulnerabilities and act proactively to prevent accident 

reoccurrences.  

 

It is evident from the above three level characteristics of the safety culture that the role of 

leadership is apparent at each level. Indeed, it is the most influential factor in an 

organizational safety culture.  The commitment of the senior management to safety, their 

eagerness to continuously improve the safety performance of the organization, their positive 

view of people, and healthy relationship with employees are dominant for safety culture. 

Thus, the recruiting process for management positions in a nuclear facility must be very 

selective and prudent. Only the most talent and caliber leaders who have a respected safety 

and managerial record shall occupy administrative positions, including executives. It is also 

recommended that the leaders equipped with a strong technical background in nuclear filed. 

 

4.3 SAFETY CULTURE DEVELOPMENT:  

The revolution development of an organizational safety culture passes through three stages 

at which:  

1. Safety is based on rules and regulations,  
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2. Safety is considered an organizational goal, and  

3. Safety can always be improved. Each stage has its characteristics, which involves 

broad awareness of human factors influence on safety.     

 

Stage 1. Safety Based on Rules and Regulation: 

The nuclear facility at this stage considers safety as governmental and regulatory 

requirements. Human factors (behavior and attitude) are not considered at this point. The 

aim of this stage is the fulfillment of rules and regulation. The characteristics of this stage are 

as follows:  

 Lack of pro-activeness to solve problems before they occur, 

 Poor cross-organizational communication, 

 No collaboration and sole decision making, 

 Blame environment for making mistakes, 

 Short-comes are not welcomed, 

 Mechanistic view of people as they are a component of the system, 

 Unhealthy relationship between management and employees,   

 Management role is just to enforce rules, and 

 Reward system is based on following the rules and short-term achievements 

regardless of their long-term consequences. [12] 

 

Stage 2. Safety Becomes Organizational Goal: 

The organization at this stage espouses safety as an organizational goal. There is slight 

awareness of the human factors of safety at this stage. Safety is dealt with as a target that 
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mandates accountability and commitment to achieve that target.  The characteristics of the 

organization at this stage are:  

 Lack of understanding the cultural issues influences on safety even with the 

existing rules and relegation enforcement,   

 Interdepartmental and inter-functional communications are encouraged by the 

management,  

 Management introduces more controls and procedures as a reaction to mistakes, 

 Management role is ensuring that the objective of safety is clear to employees and 

hence the goal is achieved, 

 Interest and willingness to learn from others best practices are exposed,  

 Adversarial relationship between management and employees with a minor 

improvement of common goals discussion,  

 Employees are rewarded for exceeding goals regardless of long-term 

consequences, 

 Human-machine interface is considered for improving the efficiency of the 

machine only,  

 Teamwork is getting better at this stage, and 

 Despite the anticipation of potential problems during the planning, the 

organization still uses a reactive mode to solve a problem. [12] 

 

Stage 3. Safety Can Always Be Improved: 

The organization at this stage adopts the concept of continuous safety improvement. 

Therefore, it puts emphasis on effective communications, training, management style, and 
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efficiency improvement. At this stage, the impact of human factors on safety is well 

understood by the employees. The organization characteristics of this stage are as follows:  

 Problems are anticipated and proactively dealt with, 

 Good collaboration between functions and department, 

 No conflict between safety and production, 

 No blame environment when an employee makes mistakes, 

 Errors are considered as an opportunity to learn and to improve the organization 

safety performance, 

 Management acts as a role model by coaching employees to improve their 

performance,  

 Organizational learning, 

 Healthy relationship between management and employees,  

 Decision-making process considers the impact of the culture of influences, 

 The reward system is based on the improvement of the safety, results, and their 

long-term consequences, and 

 The view of people is considered as a valued asset to the organization that their 

satisfaction and requirement is a target to achieve safety excellence. [12] 

The above characteristics of the three stages are samples of the most important 

characteristics for each stage. It is difficult to predict the time frame for an organization to 

go through each stage. It is influenced by various organizational cultures and circumstantial 

influencing factors. It is essential that adequate time is given to each stage to guarantee the 

effectiveness of the change. The diversity of different nations and organization cultures 

mandates flexibility for the implementation of a safety culture. What could be applied to one 
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country may not be applicable to another. As long as the goal is the same, no matter what 

methodologies and means are used to achieve the goal.   

 

4.4 INFLUENCE OF THE REGULATORY BODY ON SAFETY CULTURE: 

Regulatory bodies play a vital role in monitoring, assessing, and promoting safety culture in 

a nuclear facility. Their role is to issue regulations, safety procedures, and safety policies to 

be complied with by the operating facilities. The responsibilities of regulatory inspectors are 

as follows:  

• Monitoring the overall organization safety performance,  

• Participating in inspecting and testing the integrity of the safety critical systems, 

• Participating in conducting critical self-assessments, and 

• Monitoring the operators’ behaviors and actions, and take immediate actions 

whenever they feel the plant safety is jeopardized. [12] 

Regulatory inspectors should be technically competent and well trained in managing safety 

culture conflicts, safety management systems, and management of change systems. The 

regulatory body needs to establish its safety culture and recognizes the influence of its safety 

culture on other participants. The impact of the regulatory body’s safety culture on other 

parties could be either positive or negative. Regulators should not use blame and obsessive 

enforcement actions. Instead, they should establish a healthy relationship with their 

participants and use human-based approaches for remedial actions. They also need to 

understand and realize the potential consequences of their remedial actions before issuing 

them to assure practicality. It is mandatory for a strong safety culture to acquire an 

independent regulatory body. The regulatory body shall be free from organizational 
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influences, governmental agencies pressure, or political or economic changing conditions. 

They shall attain the authority to independently and freely speak up, give safety judgments, 

and take a critical operational decision based on their belief. Furthermore, the regulatory 

body shall be able to share their evaluation and recommendations with the concerned 

governmental agencies on the potential safety performance deficiencies with no pressure.   

 

4.5 SAFETY CULTURE IN PRE-OPERATIONAL PHASE 

Safety culture in an NPP starts right at the beginning of the project proposal phase. The 

existence of a strong safety culture throughout the project lifetime helps discover 

variabilities at an early stage and thereby avoid future deficiencies. Concentration during 

project phases usually is dedicated to technicalities and project schedules and budgets. 

However, human and organizational facts are not given the proper attention. The application 

of safety culture principles in new NPP projects may prevent subsequent operational issues 

and accidents. [14] 

Saudi Arabia may confront the following challenges during the pre-operational phases: 

• Inadequate knowledge and lack of experience of nuclear safety requirements, 

• Coordination and effectively communication with diverse stakeholders,  

• Conflicts between project schedule, budget, and safety objectives that may affect 

decision-making process and lead to long-term deficiencies. 

• Inadequacy regulatory oversight due to immaturity and inexperience of the 

regulatory body,  

• Overwhelming by constructing multiple NPPs within a limited time, 

• Inadequate contractors experience in the nuclear field, 
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• Lack of nuclear safety training for subcontractors, and 

• Owners over-rely on contractors to perform all tasks.  [14] 

 

4.5.1 Nuclear Pre-Operational Phases: 

Nuclear pre-operational projects are divided into three phases, as illustrates in Figure 4.2. 

 
     Fig. 4.2 Nuclear Pre-operational Project Phases 
 
Phase I is the pre-project, which takes place before deciding on launching a nuclear power 

program. The first milestone in Phase I is a feasibility study. Phase II is the project decision-

making process, which involves the preliminary work following the decision-making to 

proceed in the nuclear power program such as the development of the conceptual design 

packages and prepare for the bidding process. Phase III is the construction, concerning all 

activities associated with an NPP completion and commissioning. The timeframe for a 

nuclear power project from the nuclear program consideration until the commissioning is 

between 10 to 15 years. Many factors contribute to that such as the maturity of technology 

type, funding process, contractor proficiency, experience, and other related issues. It is an 
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opportunity to apply defense in depth concepts during the pre-operational phases to make 

sure safety priority is considered first. 

  

4.5.2 Initiation Nuclear Power Program Challenges: 

Saudi Arabia would experience substantial challenges regarding the infrastructures of the 

nuclear program. Those challenges can be summarized as follows:  

 Establishment of an independent nuclear regulatory commission to develop a 

regulatory framework based on safety culture principles,  

 Insufficient nuclear experience represented in research capabilities, technical 

support organizations, and scarcity of local university nuclear programs,  

 Difficulty of hiring international expertise due to the high global competition to 

acquire them, 

 Requirement of training of a large number of national professionals in multi-

disciplines related to the nuclear power field, and 

 Development of sophisticated and integrated long-term strategies for managing the 

nuclear power program right from the decision-making plan until the 

decommissioning phase, including a strategy for nuclear waste management. [14] 

 

4.5.3 Tactics to Overcome First NPP Challenges: 

Saudi Arabia as a newcomer country has an excellent opportunity to learn from other nuclear 

nations and adopt the best practice to develop its robust and effective safety culture. The 

following are some tactics to be followed by Saudi Arabia to overcome the first NPP 

challenges: 
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• Joining and becoming an active member of the IAEA and other international 

nuclear organizations,  

 Engaging in international conventions, cooperation, and exchange forums, 

• Signing cooperation agreement with licensor and vendors' countries to facilitate 

the contract process and share experiences, 

• Establishing an independent nuclear regulatory commission to develop a 

regulatory framework.  

• Hiring leaders based on their rich safety background, management skills, and 

solid technical experience to promote the safety culture within the organization, 

• Hiring International experts, specializing in nuclear safety culture, human 

performance, organizational design, management system design, and regulatory 

development and engage them with the national staff at the beginning of the 

nuclear power project, 

• Being transparent and open with regards their nuclear power program to get the 

maximum help and support from all partners, 

• Conducting a preliminary national safety culture assessment to determine its 

strength and weakness as a first step toward the development of a strong safety 

culture program, suiting the national and local culture,     

• Establishing local competitive academic and professional nuclear programs, 

including safety culture and nuclear research at universities and institutes to meet 

the market and industry need,   

• Procuring both international and national technical professionals, capable of 

selecting the best nuclear technology that suits the country requirement, and 
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 Developing the competencies of the technical staff throughout the project 

phases.[14] 

It is worth mentioning that the UAE has been successfully overcome their first NPP 

challenges by following the above tactics.   

 

4.5.3.1 Management System Process to Support Safety Culture: 

The integrated framework model is a systematic thinking process that incorporates the 

organizational systems, human systems, work processes, and sophisticated technologies. 

The purpose of this model is to help understand the relationship between those systems and 

their effects on each other to be parts of an integrated system. Figure 4.3 illustrates an 

integrated framework segment for management systems. 

 
FIG. 4.3 Integrated Framework Segment for Management Systems  
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The integrated management system shown in Figure 4.3 comprises three essential elements:  

• Human system, including leadership, taskforce competencies, organization 

structure, and safety culture. The human system is complex, dynamic, and 

dominant in determining the quality integrated management system,  

• Management systems, involving work processes, regulations, policies, and 

standards, and 

• Physical and financial resources, including budget and complex technologies.   

The systematic thinking approach also considers the external influences, impacting the 

interactions between the systems. The following are the external factors that influence the 

organizational safety culture:  

• Cultures including national, organization, and multicultural extents, 

• Environment, including business climate and resources and commercial 

availability,    

• International obligations and expectations, and 

• Government, regional and corporate governance. [14] 

NPP projects can benefit from the application of the scheme thinking since they involve 

dynamic interactions between various systems and human. It also encompasses the 

contributory organizational factors. Nuclear Safety is only a segment of the entire system. 

The system’s thinking approach in a nuclear project can be clearly explained by having an 

example of the consideration of the capability and competency of a regulatory body to 

perform oversight tasks on the given resource. Nuclear power projects consist of various 

management systems, such as design, construction, vendors, regulations, and 

commissioning. Saudi Arabia may partially lack the experience of these management 
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systems. Thus, it should develop at an early stage an integrated management system based 

on its best understanding of the relationship and interfaces of the participating 

organizations. It is necessary that the nuclear operating organization capture data from all 

project phases to be fed into the evolved operating management system. This documentation 

process guarantees the smooth data preservation and transfer of data related to the design, 

construction, procurement, and commissioning to the operating phase. 

 

4.5.4 Importance of Safety Culture at Pre-Operational Phase to Prevent Accidents: 

Figure 4.4 illustrates the safety culture barrier model during the pre-operational and 

operational phases. The pre-operational phase consists of multiple barriers to prevent a 

poor NPP design. Therefore, the regulatory body, plant management, site subject matter 

experts (SMEs), project management, design office, vendors, and contractors are all 

countable for the development and construction of a nuclear plant. Each of these entities has 

its defensive role, but they merely work toward the same objective to assure a safe and 

proper design of an NPP.   
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    Fig. 4.4 Nuclear Plant Safety Culture Barrier Model  

It is worth noting that regulatory bodies, plant management, and SMEs continue to support 

the plant’s operation after commissioning. Those parties with the integration of Human 

Resource (HR) system, Safety Management Systems, and organization structure forms the 

basis of the organizational safety culture, as presented in Figure 4.4. Thus, regulators, plant 

managements, and SMEs are the dominant forces behind the existence and cultivation of 

safety culture during the project and the operational stages. The strong safety culture among 

those three parties is crucial. The following describes the roles of the dominant safety culture 

barriers. 

 

Regulatory Role: 

It is important for a regulatory body to be independent from the nuclear plant proponents 

and government interference. The regulators should be empowered with the legislative 

authority to oversight all nuclear power activities during and after the pre-operational 

nuclear project phase. Regulators shall be technically competent and knowledgeable of 
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human and organizational contributions to safety culture. They shall also be independent 

from the governmental and operational organization’s influences when taking decisions. The 

relationship between the regulatory body and all stakeholders should be maintained 

healthy. Despite the attained authority to access all the data related to the nuclear safety and 

give directions, regulators need to respect and hear from other individuals when a safety 

concern arises. The use of the integrated risk-informed decision making (IRIDM) approach, 

based on deliberation is the best strategy to be followed by the regulatory commission. The 

role of the regulatory body in nuclear plant project depends on the adopted strategies, which 

have huge impacts on the safety culture of the nuclear organization. The regulator policy 

outlines the responsibilities and boundaries of the regulatory body and other agencies. For 

example, the perspective strategy holds regulatory inspectors accountable for the safety 

performance and quality assurance of a nuclear plant. Hence, licensees may become entirely 

dependent on the regulator to perform critical assessments. The self-assessment based 

strategy, on the other hand, features that the proponents are solely accountable for their 

safety performance with minimal interference of regulators. It boosts the learning and 

adoption of best practices of the licensees by conducting safety self-assessments. The 

process-based strategy requires regulators to identify the critical processes and holds 

proponents accountable for the development and implementation. The process-based 

strategy for the long run promotes continuous improvement of the safety culture. However, 

it requires a system thinking talent, which might not be easily gained through training. The 

best approach is the combination of all above strategies so that both the regulator body and 

licensees are equally accountable for the safety performance. The regulators and proponents 
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have to collectively identify and implement the critical processes and regularly perform 

safety culture self-assessments to enhance the plant design and safety performance.   

 

Plant Management Role: 

The role of plant (site) managements in nuclear power station projects is significant. It 

impacts the individual and the entire organizational culture. The facility administrators are 

the ones who are responsible for procurement, budget control, and supporting SMEs to 

assure quality and safety of the plant design. The pre-operational phases require dynamic 

leadership skills that can adopt a rapidly changing environment. The pre-operation leaders 

should acquire the following skills:  

• Projects and pre-operational phase’s management skills,  

• Demonstrating nuclear safety awareness and commitment,  

• Awareness of human and organization factors,  

• Envisioned and open to new ideas,  

• Creating a healthy and open learning work environment engaging all individuals 

to achieve the set goals,  

• Having the ability to identify and resolve conflicts, ambiguity, and issues,  

• Capable of working under pressure, have good decision-making skill, and  

• Maintaining good relations with all participating parties. Leaders also should 

assist workers to understand their role in nuclear safety,  

• Coaching other talents, and 

• Positively challenge employees to show their innovation to solve problems.  
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The site management after commissioning should: continue assisting workers to understand 

their roles, coach other talents, and positively challenge employees to exert their creativity 

to solve problems. 

 

Subject Matter Experts (SMEs) Role: 

The role of the SMEs in pre-optional phase is very important. The SMEs’ responsibilities 

include but not limited to:  

 Review and approve the plant design, 

 Be aware of all potential risks and hazards,  

 Conduct critical probability risk assessments (PRA) and human reliability 

analysis, 

 Negotiate with the design office and vendors, 

 Monitor the performance of the contractors during the construction, and  

 Test and approve the functionality of the safety systems and equipment.  

 

The roles of regulatory, plant management, and SMEs are crucial to the safety culture at and 

post the pre-operational phase. Their roles are complementing and supporting each other. 

So, all of them should get the blame when there is a design deficiency or safety culture 

weakness. The nuclear corporate’s staff will inherit the plant management, regulators, and 

the SMEs’ culture, which is, in fact, going to be the organizational culture for many years. The 

attempts to changing the organizational culture is very hard. Thus, the best approach to 

maintain the highest plant’s safety state throughout its lifecycle and thereby prevent 

accidents is to focus on the safety culture of the three parties at the beginning of the nuclear 
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project. The conclusion of the past major nuclear power plant accidents; Three Mile Island, 

Chernobyl, and Fukushima, presents their common root causes, the poor design and 

deficient safety culture since the pre-operational phase until then. All severe nuclear 

accidents were preventable if the regulators, plant management, and the technical experts 

were empowered with a strong safety culture at the pre-operational phase. We have seen 

how the safety culture at Onagawa nuclear power plant saved it from the destructive 

tsunami. The leaders of an NPP have the full responsibility to assign and support the qualified 

engineering staff to review the design of the safety systems, ensure the compliance of 

international standards, and implement the lessons learned from previous nuclear accidents. 

In our opinion, they have more weight due to their significant influence. Regulators, as well, 

have responsibility to strengthen the safety culture of NPPs if they are independent and their 

strategy is properly put into the design. 

 

Concluding Remark: 

Safety culture is the essence of nuclear power plants. It is concluded from this chapter that 

safety culture is very intensive and complex. The implementation of safety culture in Saudi 

Arabia is not easy and requires a lot of effort, time, and money. It mandates a full commitment 

from the government, the regulatory body, and plant management. Safety culture degrades 

with time and without the willingness of the individuals to improve it throughout the life 

cycle of the plant, the plant will be vulnerable to unanticipated failures. Safety culture starts 

with the establishment of a strong, independent nuclear regulatory commission supported 

by the right selection of managements at the nuclear organization. The establishment of 

safety culture in a pre-operational nuclear power plant is mandatory to ensure that safety 
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has always been given the priority. We see how the poor design and the deficient safety 

cultures at the preoperational phase led to the severe nuclear accidents.   

Saudi Arabia as an ambitious country, embarking on the first nuclear power program, has an 

excellent opportunity to learn from other nuclear safety leading countries. It can adopt the 

best safety practices and takes lessons learned from deficient safety cultures in the major 

nuclear power plant accidents. Thereby, Saudi Arabia is able to develop its strong 

organizational safety culture under no time pressure. The early development of the safety 

culture in an organization, the better and more effective.  In my opinion, the greatest 

challenges Saudi Arabia would have is the establishment of an independent nuclear 

regulatory commission, procurement and development of leadership talents, and acquiring 

nuclear-skilled professionals. The best approach to overcome these challenges is seeking 

vendors and licensor countries support through bilateral agreements besides the 

consultation agreement. Saudi Arabia has to be open to criticisms and transparent about 

their nuclear power program deficiencies to get the maximum support from the leading 

countries and vendors.  
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CHAPTER 5 

CONCLUSION 
 

This thesis provided an overview of the essential nuclear safety areas, including lessons 

learned from severe nuclear accidents, reactor technologies, safety perspectives, safety 

systems, and safety culture. Saudi Arabia is urged to focus on these essential areas during 

the development of its nuclear power program. The thesis also delivered an evidence on how 

nuclear safety is complicated and dense. Despite the advancement of the nuclear 

technologies, potential risks are always available. The western countries have learned the 

hard way from the severe accidents. However, they still have been deliberating with the 

global nuclear society means to improve their NPPs’ safety. Nuclear knowledge sharing has 

been promoted among nuclear international organizations. Nuclear safety becomes a global 

concern due to the high demand on the utilization of nuclear energy to help reduce the 

realized global warming threats. Nuclear energy remains the only safe, clean, and reliable 

based-load source if all safety precautions are followed. The IAEA provides a greater nuclear 

safety information that this report has been referred to. Massachusetts Institute of 

Technology, MIT, offers an informative and fruitful short program concerning nuclear plant 

safety. The program is an excellent opportunity to learn about the recent nuclear safety 

topics, discussed by high level experts and authorities in the nuclear field. I highly 

recommend the Saudi concerned entities to participate in that course and other equivalent 

knowledge sharing venues. Finally, I would like to give a credit to all multidisciplinary 

scientists and professionals who are innovative and work hard to make the aggressive 

nuclear nature a peaceful and useful source of energy.  
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