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Abstract: This paper presents a qualitative model based on system dynamics methodology to investigate the 
management of nuclear safety and availability in the operation of a nuclear power plant. By integrating human, 
technological, organizational, and environmental factors, the model aims to understand the complex dynamics that 
influence the prevention of nuclear accidents and the safe generation of electricity. Drawing on previous research, 
a literature review, and interviews with nuclear industry experts, the model identifies two causal reinforcement loops 
and six causal balance loops that capture the effective management of nuclear safety within power plant 
organizations. These findings offer valuable insights into the intricate dynamics of nuclear power plant operation, 
providing a comprehensive understanding of the factors that contribute to accident prevention. Furthermore, the 
analysis reveals potential tensions and trade-offs between nuclear safety and the electricity generation load factor. 
Balancing the pursuit of high availability with the imperative of maintaining safety poses significant challenges. 
The model sheds light on the interplay between these factors, offering insights into the dynamic trade-offs and 
emphasizing the need for careful decision-making and risk management strategies. Understanding and effectively 
managing these tensions and trade-offs are crucial for nuclear power plant operators. By leveraging the insights 
from this model, organizations can enhance their safety practices, optimize operational decisions, and proactively 
mitigate risks. This research contributes to the broader understanding of nuclear power plant operation dynamics 
and provides valuable guidance for maintaining a high nuclear safety and electricity generation performance. 
 
Keywords: nuclear safety management, nuclear power plant, system dynamics. 
 

1. Introduction 
The study of nuclear power plant safety 
management is of utmost importance due to the 
potential risks and consequences associated with 
nuclear energy. Traditionally, the factors 
influencing safety management have been studied 
in isolation, without considering their 
interconnectedness and integration into a 
systemic framework. This novel approach, as 
highlighted by NEA (2022) and Waterson et al. 

(2022), recognizes the need to understand the 
interactions and interdependencies among the 
factors that ensure effective safety management. 
The work of Acuña, Giménez, and Sánchez 
(2023a) addresses this gap by presenting a system 
dynamics conceptual model that captures the 
dynamics of the various factors involved in 
nuclear safety management. By utilizing the 
technique of system dynamics, the model 
provides a comprehensive and holistic 
understanding of the complex dynamics at play 
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within the nuclear power plant operating 
organization environment. 
This research contributes to the field of nuclear 
safety management by offering a detailed causal 
model that considers the interplay of factors such 
as human, technological, organizational and 
environmental ones. The utilization of causal 
loops enables the identification of feedback 
mechanisms and the examination of the system's 
behavior over time. By adopting a systems 
thinking perspective, this study enhances our 
understanding of nuclear safety management and 
provides insights for improving the overall safety 
performance of nuclear power plants. The model 
explores the dynamics of the tradeoffs between 
nuclear safety and availability for electricity 
generation in a nuclear power plant. Achieving 
and maintaining high performance in nuclear 
safety is of paramount importance to prevent 
accidents and protect the integrity of the reactor 
core. However, it is equally crucial to ensure the 
availability and efficient generation of electricity 
to meet the energy demands of society. 

2. Methodology and tools used. 

The methodology applied utilizes a qualitative 
approach based on Sterman (2000) causal loop 
diagram development. Additionally, systems 
mapping approach technique, as outlined by 

Barbrook-Johnson and Penn (2022), is used to 
identify causal elements within the model. 
Each conceptual causal loop from Acuña, 
Giménez, and Sánchez's (2023a) model is broken 
down into smaller causal units based on the 
postulated behavior. This breakdown is supported 
by a literature review and semi-structured 
interviews with nuclear industry experts, 
including operators, managers, regulators, and 
academics. For detailed interview questions, 
please refer to https://tinyurl.com/48f67rst.  
VENSIM PLE+ software is employed for 
graphical representation of the causal diagrams, 
following Sterman's (2000) notation guidelines. 

3. Conceptual model developed in previous 
works 

The conceptual model by Acuña, Giménez, and 
Sánchez (2023a) proposes the following 
hypothesis: "the safe generation of electrical 
energy is determined by the interaction of human, 
technological, organizational, and environmental 
subsystems." Eight causal loops were developed 
(see Fig. 1) to model these subsystems presented 
in Acuña et al (2021) (see details in Table 1). Also 
two key performance indicators (KPI) were 
identified to represent the integrated system 
behaviour: core damage probability (for nuclear 
safety performance) and electricity generation 
load factor (for availability performance).

 
Fig. 1 Conceptual causal model. Source: Acuña, Giménez and Sánchez (2023a) 

Table 1 Conceptual model developed in previous works. Source: Acuña, Giménez and Sánchez (2023a) 

Subsystems 
Causal 
loops 

Denomination Comprises a set of actions and decisions regarding 

Environmental EL.R1 
Nuclear industry 
regulations 

National regulator, the nuclear industry international organizations 
(International Atomic Energy Agency - IAEA, World Association 
of Nuclear Operators – WANO mainly) and the nuclear reactor 
operating organization (NROO) to establish, monitor, and comply 
with safety standards. 
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EL.B1 
Electricity market 
dependency 

The wholesale electricity market and the NROO to demand and 
supply electricity. 

EL.B2 
Supplier market 
dependency 

The supplier market agents (employment, materials and, services 
market) and the NROO. 

Organizational 

OL.B1 
Safety culture and 
leadership 

The development and sustainability of individual’s behaviour 
related to safety and the commitment to it. 

OL.B2 
Human resources 
development 

Training and recruitment of qualified staff to perform operations, 
maintenance, managerial and support activities. 

OL.R1 
Safety Management 
System 

The safety management system processes and programmes taken by 
the managerial and support staff. 

Human HL.B1 Human reliability The plant operation carried out by operations and maintenance staff. 

Technological TL.B1 
Systems plant 
availability 

A set of actions (passive or active) taken (automatically or 
manually) by the nuclear reactor normal operation systems and, 
safety systems. 

4. Results 

In this section, we present the outcomes of the 
modeling process and demonstrate its alignment 
with the underlying framework that serves as the 
foundation for its architecture. The conceptual 
causal loops introduced earlier are meticulously 
analyzed and deconstructed into their constituent 
causal elements, allowing for a comprehensive 
understanding of the dynamic behavior within 
each loop. This breakdown enables us to trace the 
causal relationships and interactions that drive the 

system dynamics, shedding light on the intricate 
mechanisms at play. By dissecting these causal 
elements, we gain insights into the underlying 
factors and feedback loops that influence the 
behavior of the system, facilitating a deeper 
exploration of its complexity. Through this 
detailed examination, we enhance our 
understanding of the intricate dynamics within 
each conceptual causal loop and further establish 
the traceability of the model to the overarching 
framework. For more details, please see Fig. 2.   

 
Fig. 2   Model architecture and traceability. Note: This paper aboard the “detailed causal loop level”.

 

4.1. Environmental causal loops 
The detail of three conceptual causal loops is 
developed: EL.R1 nuclear industry regulations, 
EL.B1 electricity market dependency and EL.B2 
supplier market dependency. 

4.1.1. Nuclear industry regulations causal loop 

This section addresses modelling a distinctive 
feature of the nuclear industry, its high level of 
regulation, and external control.  Based on the 
archetype of goal seeking of Sterman (2000) the 
causal loop developed models the nuclear power 
plant compliance of the mentioned requirements. 
Please see dynamics details in Fig. 33.  

Fig. 3 EL.R1 Nuclear industry regulations causal loop. 
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Nuclear activities are controlled by national 
regulatory bodies and international organizations. 
Regulatory bodies have authority over permits 
and licenses based on national laws, while 
international organizations develops standards 
and conduct inspections according to 
international agreements. This ensures 
continuous pursuit of operational excellence 
through various control and verification 
measures. Loops R1, R2, and R5 represent the 
processes of development, updating, and 
compliance verification with nuclear safety 
requirements, primarily informed by industry 
operational experience and the latest academic 
knowledge. Conversely, loops R3, R4, R6, and 
R7 demonstrate how the operating organization 
incorporates necessary corrective actions to meet 
those requirements, based on regulator or 
international organization inspections and peer 
reviews. 
 

4.1.2. Electricity market dependency causal loop 
In this section, we model another environmental 
factor that influences the overall behavior of the 
model: the interaction between the operating 
organization of the nuclear power plant and the 
electricity market. It is important to note that 
nuclear power plants are considered base 
generators, similar to hydroelectric and thermal 
plants. Therefore, the detailed modeling of the 
conceptual causal loop EL.B1 follows the 
archetype of goal-seeking behavior. The 
availability and generation of other base plants, as 
well as the historical availability of the specific 
nuclear power plant under analysis, determine the 
goal for plant availability and generation. 
Therefore, the EL.B1 loop is broken down into a 
single balance loop (B1). Please see dynamics 
details in Fig. 4. 
 

 
Fig. 4 EL.B1 Electricity market dependency causal 
loop. 
 

4.1.3. Supplier market dependency causal loop 

The EL.B1 causal loop establishes that the plant's 
availability and generation goals determine the 
need for material and human resources. Following 
Sterman's goal-seeking model (2000), the 
developed causal loop represents the resource 
acquisition process based on the discrepancy 
between staffing capabilities (refer to IAEA 
2023) and material inventory (refer to IAEA, 
2016a), influenced by budget availability (as 
shown in causal loops B2 and B4). Additionally, 
the budget availability is influenced by the 
economic income obtained in the previous 
production cycle. Please see dynamics details in 
Fig. 5. 
 

 
Fig. 5 EL.B2 Supplier market dependency causal loop. 
 

4.2. Organizational causal loops 
Three conceptual causal loops are detailed: 
OL.B1 (safety culture and leadership), OL.B2 
(human resources development) and OL.R1 
(safety management system). This model section 
does not provide a specific detailed modeling of 
the OL.B2 causal loop because its dynamics was 
included in EL.B2 causal loop. 

4.2.1. Safety culture and leadership 
management causal loop 
This section models how the organization's safety 
culture programme influences staff behavior. The 
aim is to adopt industry-best safety practices 
(Rollenhagen and Wahlström, 2007). The OL.B1 
loop exhibits goal-seeking behaviour, because the 
organization assesses its safety culture 
performance against international best practices 
through self-assessments and independent 
reviews (R9 loop) (IAEA, 2016b; Nelson, 2010). 
The differences between the organization safety 
culture performance and the international best 
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practices states pressure for safety that pushes the 
commitment to safety, leadership practices and 
decisions to drive safety that improves safety 
climate and staff commitment to safety (refers to 
Acuña, Giménez, and Sánchez (2023b)).  Please 
see dynamics details in Fig. 6. 

 
Fig. 6 OL.B1 Safety culture and leadership causal loop. 
 

4.2.2. Safety management system process and 
programmes causal loop 
This section details the OL.R1 causal loop, 
addressing the key elements of continuous 
improvement management identified by IAEA 
(2006). Three balanced causal loops are utilized: 
event management process (B7), corrective 
actions programme (B8), and its restrictions (B9). 
Please see dynamics details in Fig. 7. 
 

 
Fig. 7 OL.B2 Management system causal loop. 

In Fig. 7, the B7 causal loop models the event 
management process, encompassing the detection 
and reporting of safety-significant deviations or 
operational events, and the organizational 
learning associated with event prevention 
(Baumont et al., 2000; Di Nardo et al., 2016; Vital 
T., 2021). The B8 loop captures the dynamics of 

the corrective actions programme, involving audit 
programmes and documentation management 
(Paradies, 2007). In the B9 loop, the effectiveness 
of the corrective action programme is considered, 
with the main determining factor being the 
efficacy of support staff (engineering, 
management, etc.), as postulated by Paradies and 
Skompski (2002). 
 
4.3. Human causal loop – Human reliability 
causal loop  
The detailed conceptual causal loop of HL.B1 
delves into the crucial role of human factors, 
specifically focusing on human reliability 
management. The carefully constructed causal 
loops provide a comprehensive model for 
effectively managing human reliability among 
operators and maintenance personnel. These 
loops acknowledge the significant impact of 
performance shaping factors (PFS) on the 
probability of human error, as demonstrated in 
B10, B11, B12, and B13 loops. For further 
insights, consult the works of Di Nardo et al. 
(2015), Park, Jung, and Kim (2020), and Liu et al. 
(2021). It is pertinent to clarify that the dynamics 
of the PFS come from the detail causal loops of 
the conceptual causal loops (EL.B2, OL.B1 and, 
OL.R1).  
Please see HL.B1 dynamics details in Fig. 8. 

 
Fig. 8 HL.B1 Human reliability management causal 
loop. 

4.4. Technological causal loop - Systems plant 
availability causal loop 
This section provides a detailed breakdown of the 
TL.B1 causal loop into three balanced causal 
loops: B14, B15, and B16. Causal loop B14 
explores the impact of operational performance 
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on reactor availability. Causal loop B15 examines 
the connection between the human reliability 
(described in the HL.B1 causal loop) and system 
failures, as well as the performance of the systems 
reliability programme. Causal loop B16 illustrates 
the causal relationship between human error 
probability in operations and maintenance and the 
occurrence of transient states and unplanned 
SCRAM events (Chen, 2005). 
 

 
Fig. 9 TL.B1 Systems plant availability causal loop. 
 

4.5. System key performance indicators 
In this section, the model postulates the 
convergence of the dynamics presented 
previously in the two (KPI) resulting feedback 
within the system. 
Firstly, we provide an analysis of the "electricity 
generation load factor" key performance indicator 
is examined, taking into account the influence of 
regulatory and international standards, as well as 
the occurrence of unplanned SCRAM events. 
This provides a comprehensive perspective on 
ensuring safe electricity generation. Please see 
details in Fig. 10. 

 
Fig. 10 Electricity safe generation performance. 

Following the "core damage probability" KPI is 
detailed. In addition to the conventional approach 
(as described by Beutler et al., 2001, and Chen, 
2005), our proposal takes into account the 
influence of organizational performance on the 
impact of technology failures that compromise 
safety barriers and human errors that pose 

challenges to these barriers (refer to Fig. 10). 
Organizational performance, represented in the 
model by the safety culture programme 
performance and safety management 
performence (sintetized in the corrective actions 
programme performance and human reliability 
programme performance), is hypothesized to 
amplify or mitigate the effects of technological 
failures and human errors. The model 
incorporates organizational performance, 
enhancing the understanding of core damage 
probability and highlighting the interplay between 
technology, human factors, and organizational 
factors in nuclear plant safety presented in 
previous causal loops. Please see details in Fig. 
11. 

 
Fig. 11 Core damage frequency. 

By taking into account the impact of regulatory 
and international standards, the research 
underscores the significance of adhering to these 
guidelines to ensure the secure generation of 
electricity. 
Moreover, in line with WANO's operational 
nuclear safety performance indicators (see 
(WANO 2020)), the study acknowledges the 
importance of unplanned SCRAMS events, which 
entail the abrupt shutdown of a reactor. By 
integrating the consequences of these events into 
the performance variable, the research 
emphasizes the necessity for effective measures 
to handle and mitigate such incidents. This 
encompasses the maintenance and enhancement 
of the reliability and functionality of safety 
systems and processes to guarantee the safe 
generation of electricity. 

5. Conclusions 
A detailed causal model was presented to explore 
nuclear safety management in the operation of a 
nuclear power plant. The model highlighted the 
significance of loops related to regulatory 
compliance, verification processes (inspections 
and audits), safety management systems, and 
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continuous improvement programs in reinforcing 
nuclear safety and facilitating its management. 
Taking a broader perspective, it can be inferred 
that the nuclear industry's safety levels are not 
solely reliant on robust technological design and 
system reliability. Solid organizational and 
institutional mechanisms, coupled with constant 
monitoring, play a crucial role in enhancing 
nuclear safety performance. The model also 
underscores the dependency of nuclear power 
plants on highly specialized staff, whose 
replacement is not immediate due to labor market 
constraints and the time required for training. 
The model reveals a relationship between the key 
performance indicators "core damage 
probability" and "electricity generation load 
factor" in nuclear power plants, highlighting a 
trade-off between safety and availability in 
electricity generation. the core damage 
probability KPI focuses on evaluating the nuclear 
power plant safety and represents the likelihood 
of events that could cause damage the reactor 
core. Its objective is to minimize risks and ensure 
that necessary measures are taken to prevent core 
damage. 
On the other hand, the electricity generation load 
factor KPI emphasizes operational efficiency and 
maximizing electricity production. It measures 
the proportion of a nuclear plant's total generation 
capacity effectively utilized over a specific 
period. A high load factor indicates efficient 
operation and high performance in electricity 
generation. 
However, there exists an inherent trade-off 
between these two KPIs. In some cases, 
maximizing the electricity generation load factor 
may require more intensive operations, which can 
increase the risk of accidents or situations that 
could compromise plant safety and consequently 
raise the core damage probability. Conversely, 
solely focusing on minimizing core damage 
probability may lead to a reduction in the 
electricity generation load factor due to more 
stringent safety measures and operational 
limitations. 
The strength of this research lies in its 
comprehensive and systemic approach, 
integrating various elements such as human 
factors, technology, organization, and the 
environment to prevent core damage and ensure 
safe electricity generation. However, it is 
important to acknowledge the limitations of this 

study. The qualitative approach employed may 
not capture the full complexity of system 
dynamics. Additionally, other crucial aspects of 
nuclear safety management, such as plant 
modifications and fuel management are not 
analyzed. 
Future research could benefit from incorporating 
quantitative analysis methods to enhance the 
understanding of nuclear safety management. 
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