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Abstract: This article investigates how safety culture impacts the safety performance of
blue hydrogen projects. Blue hydrogen refers to decarbonized hydrogen, produced through
natural gas reforming with carbon capture and storage (CCS) technology. It is crucial
to decide on a suitable safety policy to avoid potential injuries, financial losses, and loss
of public goodwill. The system dynamics approach is a suitable tool for studying the
impact of factors controlling safety culture. This study examines the interactions between
influencing factors and implications of various strategies using what-if analyses. The
conventional risk and safety assessments fail to consider the interconnectedness between
the technical system and its social envelope. After identifying the key factors influencing
safety culture, a system dynamics model will be developed to evaluate the impact of those
factors on the safety performance of the facility. The emphasis on safety culture is directed
by the necessity to prevent major disasters that could threaten a company’s survival,
as well as to prevent minor yet disruptive incidents that may occur during day-to-day
operations. Enhanced focus on safety culture is essential for maintaining an organization’s
long-term viability. Hp-CCS is a complex socio-technical system comprising interconnected
subsystems and sub-subsystems. This study focuses on the safety culture sub-subsystem,
illustrating how human factors within the system contribute to the occurrence of incidents.
The findings from this research study can assist in creating effective strategies to improve
the sustainability of the operation. By doing so, strategies can be formulated that not only
enhance the integrity and reliability of an installation, as well as its availability within the
energy networks, but also contribute to earning a good reputation in the community that
it serves.

Keywords: safety culture; safety performance; blue hydrogen; system dynamics; safety policy

1. Introduction

Hydrogen is recognized as a technically feasible and environmentally friendly energy
carrier suitable for various industries, from providing fuel for rockets and fuel cells for
generating electricity and powering vehicles [1,2]. The goal of this energy transition is for
hydrogen to satisfy 10-18% of the global energy demand by 2050 [3]. Deep crustal hydrogen
(Hy) production shows potential as a primary energy source, provided there are significant
recoverable accumulations in geological formations. This naturally occurring hydrogen—
also known as geologic, white, or gold hydrogen—results from reactions between water
and iron-rich minerals. For instance, a high outgassing rate of 84% H; (by volume) has
been recorded from Albania’s deep underground Bulqizé chromite mine [4]. Traditionally,
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industries like oil refining and fertilizer manufacturing have produced hydrogen through
emission-intensive processes such as gasification and fossil fuel reforming [1].

Hydrogen holds promise as an alternative fuel due to its zero carbon emissions and
diverse production methods. Depending on how it is produced, hydrogen can be catego-
rized as grey, blue, or green, each with varying environmental impacts and technological
considerations [5]:

Grey hydrogen: It is produced from fossil fuels such as natural gas, without capturing
the carbon dioxide emitted during the synthesis process. This form of hydrogen, which is
widely accessible, is the most commonly available.

Blue hydrogen: It is generated using the same method as grey hydrogen, but the key dif-
ference is that the emitted carbon is captured and sequestered during the production process.

Green hydrogen: The most highly desired type of hydrogen is green hydrogen, which
is produced using green or renewable energy sources.

Figure 1 illustrates different hydrogen production processes. These processes can be
classified based on source of energy and different type of energy used.

Green Hydrogen -

Blue Hydrogen

Electrolyser P
= o ( \
i I—#-

Figure 1. Blue hydrogen production processes.

Blue hydrogen, generated from fossil fuels alongside CO, capture, is presently seen
as the transitional production between high-emission grey hydrogen and the scarce, zero-
emission green hydrogen [3]. However, integrating hydrogen into the global energy system
on a larger scale will pose significant complexities that must be addressed.

As indicated in the Introduction, the Hy-CCS system can be categorized into four
main subsystems: H, Production and Carbon Capture, Transportation, Storage, and Chain
Management. Each of these subsystems comprises multiple sub-subsystems.

2. Materials and Methods

Most reported incidents are linked to the fourth subsystem, specifically due to human
factor contribution to risks. This paper examines a particular sub-subsystem within this
category: organizational culture. In a developing industry like Hy-CCS, there are many
uncertainties, including unknown unknowns. Human operators may make incorrect
decisions due to knowledge gaps, financial pressures, or reliance on outdated practices
from related industries.

2.1. Risk Review

Numerous technological and business challenges must be addressed throughout the
H,-CCS chain to facilitate the broader adoption of blue hydrogen. This section will examine
earlier studies that specifically address the identification and evaluation of hazards in
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CCS-hydrogen projects. Table 1 gives a sample of papers that focus on various threats to
part of the entire H,-CCS chain.

Table 1. Examples of blue hydrogen risk review papers.

Reference Synopsis (Quoted)

A comprehensive overview of all subsystems involved in the deployment of CCS technology,
[6] encompassing both technical and non-technical aspects, such as economic, social, and
technical challenges.
Insights from the study contribute to developing strategies for enhancing the safety performance of
carbon capture operations by focusing on the visible aspects of safety culture as established in
organizational practices, thereby promoting the integrity and reliability of these essential elements of
energy networks.
The document discusses how the hydrogen value chain has the potential to provide various
environmental, economic, and social advantages. It emphasizes the importance of ensuring that the
introduction of hydrogen aligns with societal expectations regarding risk management
and responsibility.
Discussion on safety measures throughout the hydrogen value chain, including production, storage,
[9] transport, and utilization, is conducted using the hydrogen square. This underscores the importance of a
well-rounded strategy to promote a sustainable and effective hydrogen economy.
The paper critically assesses the costs and carbon footprints of blue hydrogen production technologies,
[3] outlines requirements for achieving large-scale commercial production, and provides context for the
fossil fuels industry to actively participate in the current energy transition.
The paper illustrates that future strategies need to consider the interplay among political,
techno-economic, industrial, market, and social dimensions of the hydrogen transition.
The paper examined the recent literature on blue hydrogen as a promising low-carbon solution during
[11] the hydrogen transition phase. Due to its physical properties, hydrogen is prone to leakage from
transportation and storage facilities, presenting environmental and safety hazards.
There is an agreement among organizations that significant scaling up of hydrogen production is
[12] essential for global decarbonization. However, there is increasing discussion about the cost
competitiveness between green and blue hydrogen.
The expanding use of hydrogen in various sectors in recent years underscores the vital need for
[13] continuous dedication to improving operational safety. Ensuring safety is essential for gaining and
maintaining public acceptance.
Accidents and incidents offer insight into triggers, consequences, and containment effectiveness. Due to
hydrogen’s limited use, such incidents are relatively few. However, the paper highlights management
errors, operator mistakes, maintenance issues, and technical failures as key causes of loss of containment,
underscoring the need for improved safety measures.
The paper emphasizes the importance of continuous ventilation in hydrogen systems to prevent
[15] hazardous mixtures from forming during minor leaks. Modern electronic devices can detect gas leaks
within seconds, making it crucial to choose the right device and install it in an optimal location.
Recently, hydrogen has emerged as a practical energy carrier with several applications on the market.
However, safety concerns remain due to risks like explosions. The Accidental Risk Assessment
Methodology for Industries (ARAMIS) method offers a systematic approach to identifying major
accident scenarios and assessing safety barriers.
The paper offers an in-depth review of hydrogen’s use in the transport and energy sectors, with
particular attention to its storage, transmission, and associated safety challenges. Special focus is given
to Computational Fluid Dynamics (CFD) modelling as a reliable tool for predicting potential hazards in
hydrogen applications.
In hydrogen production via natural gas reforming, the primary risk is fire, often caused by material
[18] cracking that leads to hydrogen leaks. For electrolysis, the main risk is explosion. The paper examines
these risks and emphasizes prevention methods.

[7]

(8]

[10]

[14]

[16]

[17]

Researchers working on hydrogen transition have identified several obstacles that
highlight the multi-sectoral complexities of scaling economies and gaining social acceptance.
Addressing these challenges requires a comprehensive understanding of socio-technical
factors across various levels of the hydrogen economy [10]. Key gaps in the study of the
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social aspect of the technology include the undefined societal value of hydrogen, insufficient
research on socio-political aspects such as geopolitics and well-being, limited application
of social life cycle assessment, and sparse studies addressing social practices and cultural
considerations [19].

2.2. Safety Culture

The concept of safety culture emerged following the 1986 Chernobyl incident [20]. In
this context, an “incident” is an occurrence that has happened unintentionally, which may
not lead to any damage, injuries, or any other harm, while an “accident” is an incident
that occurs unintentionally and may lead to damage, injury, or harm. The common thread
among major accidents is that all of them involved significant failures of complex socio-
technical systems. This pinpoints issues within the organization’s “safety culture” as a key
contributing factor, reflecting broader problems in the organizational culture. No widely
agreed-upon definition of safety culture comprehensively includes all viewpoints [21].
Despite this, identifiable elements allow for the formulation of a definition of safety cul-
ture as a collection of shared values [22]. Consensus in safety culture is an element of
organizational culture that is often defined as “the integration of the individual and group
values, attitudes, competencies and patterns of behaviour that determine the commitment
to, and the style and proficiency of, an organization’s health and safety programs” [23].
The safety culture within an organization is visible through the actions of its management
and employees in prioritizing the elimination or reduction in workplace hazards [24]. This
culture includes the following components:

Making safety and responsible work practices a top priority.
Safeguarding the well-being of the organization’s staff, equipment, and property.

Ensuring the safety and welfare of the public.

Preserving the environment.
e  Offering continuous education and training on key principles and optimal practices.

Social life cycle assessment (S-LCA) is a tool used to assess the social impacts, both
positive and negative, that a product may have throughout its entire life cycle [25]. The
social aspect of safety culture applies to the influence of organizational values, attitudes,
and behaviours regarding safety on individuals and groups in a workplace or community.
According to their research, poor performance in various industries can be attributed to
factors such as insufficient workers” engagement, inadequate personal risk evaluation,
excessive work pressure, lack of worker appreciation, financial constraints, high expenses,
inflated raw material costs, and communication breakdowns [26]. In the data provided, it
is shown that 1.8 million workers experienced work-related health issues in 2022 and 2023
in Britain, with about half of these instances attributed to stress, depression, or anxiety [27].
The mental health issues could stem from internal pressures within the organization.

The cultural environment shapes individuals’ assessments of the appropriateness of
their behaviour. An organization’s culture plays a significant role in shaping employee be-
haviour and performance in the workplace. Instances of significant incidents and personal
injuries have been linked to inadequate safety culture. It is essential to develop a secure
work environment with employees committed to safety due to the significant impact of
these issues.

Part of a broader approach to accident prevention, safety culture, along with elements
such as technical failures, and human mistakes, has gained increasing attention from var-
ious scientific fields over the past thirty years. This trend reflects a shift towards more
“socio-technical” and “systemic” safety approaches [28]. The focus on safety culture arises
from the aim to prevent major disasters that could greatly impact a company, alongside
minor yet disruptive incidents resulting from daily operations. Major multinational cor-
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porations seek to reduce their exposure to losses by promoting a consistent global “safety
culture,” which may occasionally conflict with their financial goals. This study applies to
the five dimensions of safety culture described as the primary framework for analysis. It
builds upon prior research on safety culture, providing insights into its evolution within
organizations. Previous safety models typically assessed the maturity of an organizational
safety culture through surveys. This paper identifies the principal dimensions of safety
culture based on its analysis [29]. Figure 2 illustrates the key dimensions of safety culture
and demonstrates how these elements are interconnected.

Management
Commitment to
Safety /

Open
Communication

Organizational /T{a.ining
Initiatives

Learning \\‘

2

Figure 2. Safety culture key dimensions.

2.2.1. Management Commitment to Safety

Management’s dedication to safety is the key aspect of safety culture, as it serves
as a significant predictor of worker safety behaviours and incidents across various job
types [30]. Management commitment results in all members of the management team
collectively embracing a consistent safety mindset and integrating this view into their
day-to-day decision-making processes [31].

2.2.2. Open Communication

Communication enables individuals, tasks, processes, and systems to interact purpose-
fully and collaboratively to accomplish health, safety, and environmental (HSE) goals [32].
Safety communication involves effectively conveying various hazards and risks to all
staff members in a workplace. The objective is to minimize the occurrence of accidents
by ensuring that employees are informed about the risks they may encounter during
operations [33].

2.2.3. Training Initiatives

The presentation of realistic workplace hazards appears crucial for safety training.
From a neuropsychological perception, effectively engaging safety training participants
could impact their indirect attitudes, strengthening natural safe behaviours [34].
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2.2.4. Organizational Learning

A learning organization positively impacts work safety performance and safety cul-
ture [35]. Gaining awareness from failures is a valuable process that enhances organizational
performance by generating new knowledge through identifying errors and comprehending
their causes and consequences [36]. Organizational training is crucial for safety success and
should be continuously improved to enhance safety culture and performance.

2.2.5. Employee Dedication

Employees” general satisfaction with safety culture is primarily influenced by their
commitment. This commitment, in turn, relies significantly on the commitment of top
management, which is influenced by supervisor commitment and safety training [22].

In general, blue hydrogen is considered a transitional solution aimed at cutting carbon
emissions within industries presently dependent on fossil fuels. The future sustainability
and social acceptance of these technological solutions will rely on various factors such as
safety, environmental impact, regulatory compliance, and economic feasibility [37]. Public
perception, influenced by trust in technology, environmental effects, and economic viability,
is key. As awareness of climate change and technology advances, views on blue hydrogen’s
role in the energy transition may change. Effective stakeholder engagement, communi-
cation, and education regarding both the advantages and obstacles of blue hydrogen are
crucial to fostering broad acceptance of this technology. This paper employs a system
dynamics approach to analyze how various identified parameters of safety culture impact
the number of incidents. By modelling the interactions and feedback loops within the
system, this method allows for a comprehensive understanding of how changes in safety
culture elements influence incident rates over time. The study aims to identify key factors
and influence points within the system that can lead to improved safety outcomes and
reduced incident frequency.

3. Results
3.1. System Dynamics Model

The influence of safety culture on Hp-CCS plant performance is evaluated using system
dynamics. System dynamics proves to be an effective tool as it enables the modelling of
complex system interactions and feedback loops present within the system to show how
variables are causally related. By utilizing this method, various scenarios, cause-and-effect
relationships, and strategic areas can be simulated to enhance safety culture and plant
performance in the long run. The safety culture of an organization is shaped by a range of
social, organizational, and operational factors, which in turn influence how employees and
managers view, prioritize, and implement safety protocols.

System dynamics is an effective tool for understanding complex system behaviours,
evaluating decision outcomes, and developing strategies for better performance. It uses a
structured approach to analyze, model, and simulate the dynamic interactions within these
systems. System dynamics helps analyze complex systems through a structured approach:

i Identify the problem within a dynamic system.

ii ~ Define system boundaries by identifying key components and interactions.
iii ~Categorize key variables as stocks (quantities) or flows (rates of change).

iv  Create a causal loop diagram to visualize feedback loops and relationships.
v Develop a stock and flow diagram to show changes in stocks over time.

vi  Formulate mathematical equations to describe system behaviour.

vii  Assign values to parameters in the model.

viii Run simulations to analyze system behaviour under different scenarios.

ix  Evaluate the system’s responses and refine the model for accuracy.
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Readiness to
disclose
information to
stakeholders

Spreading knowledge about
the risks and uncertainties

x  Test and identify strategies to improve system performance.
xi  Communicate results clearly to stakeholders and decision-makers.
Figure 3 illustrates the system dynamics model representing how safety culture im-

pacts safety performance in a blue hydrogen plant. Appendix A contains all the equations
used for the Vensim model.

Systemn -
Pl d Quality
pru?:lrll.lncttaio capacity tandards
Comprehensive ha‘;;r.d'—.___-“h‘\
identification Output targets Incident

situation

LN

Efficiency in
engaging with Identfied hazards
the public incidents m Incidents
neiden = : Proficien
I"cr"_fgnt Correlation stopped oy
between safety
culture and
incident
Target \\ reduction
Communication Significant The gap between delay
hazards managed actual and target
/ Necessary Deployment of Safety
components system
"“"-.._____...—-"'
Le:_sou-mnsp::rnt Orgamsatl onal safety ’___/

incidents behaviour
Training and development of new safety

|nf|uenoe systems
Organ |3at|onal
nvirgnment Errpluyee
//V K ’\ bﬂhatr

COI’FSISIE'I'?C}’

Safety Trainin Cost of needed
Integration Safety Leaders' Employee P“‘s't'“’ a

with the engagement  continuous r*a:u'tfckes continuos inspection  expenditure technology pru-tu-cul
business goal improvment improvement “ﬁ't

Figure 3. System dynamics model of the effect of safety culture on safety performance on blue
hydrogen plant.

Initiating measurements is just the beginning. Acting upon the results and providing
feedback to employees is crucial. Organizations have discovered the value of conducting
regular measurements to monitor progress. The model repeats and simulates this process
over time. A recommended initial step is to assess the current safety culture, possibly by
analyzing the number of initial incidents occurring within the organization. It is assumed
that there were initially 40 incidents, and the impact of different factors on the number of
incidents over 35 years is examined. The initial figure of 40 incidents per year serves as a
baseline assumption derived from prior historical data within similar organizations and
industries. This value represents an estimate of the typical incident frequency before any
changes or interventions are made to the safety culture. It provides a starting point for the
system dynamics analysis, allowing the study to explore how various safety culture factors
influence incident rates over 35 years.

A process of cultural change may require several years to complete. This requires
releasing old operational methods and progressively adopting a new culture with new
expectations for employee performance [38]. This is considered in the model by adding a
deferred variable to study the effect of training and the development of safety equipment
in the model. Focusing only on the employees below the managers is a common error.
Senior managers must be willing to have their perceptions and behaviours examined and
questioned. In the model, organizational safety behaviour depends on both managers
and employees.
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Production pressure is acknowledged as a major factor leading to accidents within
modern complex socio-technical organizations. Increased production demands may result
in a heavier workload for employees, reduced well-being, higher error rates, decreased
attention to detail, a compromised safety culture, acceptance of different behaviours as the
norm, and an increase in adverse incidents [39]. In the model, this pressure is referred to
as “output targets” which depend on planned production, system capacity, and quality
standards. Figure 4 shows the primary constants in the model while Table 2 represents
the numerical values assigned to these primary constants, which are derived based on

experts judgement.
Safety
| Culture
| I . — 1
Organization Trainingand | Output
safety behaviour Communication development targets
I | of new safety Pi 5
—— anne
< cats Employee . | system — .
Organisational behl;vi}:)ur Lessonslearnt | production
environent from past . Safety Svete
Safe work incidents .inspection | JYystem
Safety . capacity
. practices , - ..
consistency : | Spreading | Training Qualit
. Employee _ knowledge about expenditure “stan darZS
Integration [ ., tinuous therisks and ‘
| w_lth improvement | uncertainities Cost of
business ' needed
goal Positive Efficiencyin technology
— safety — engaging with
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| continuous informationto
. stakeholders
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Figure 4. The primary constants that rule the safety culture model.

Table 2. Numerical values of primary constants based on expert opinion (averaged).

Variable Definition of Language Numerical Values Initial Condition
Training and development of a new Minimal 0-0.25
Moderate 0.26-0.50
safety system Sienifi 0.51-0.75 0.525
(on a scale of 0 to 1) ignificant S
Extreme 0.76-1.0
Substandard 0-0.25
Organization’s safety behaviour Mediocre 0.26-0.50 0.6
(on ascaleof 0to 1) Satisfactory 0.51-0.75 )
Outstanding 0.76-1.00
Minimal 0-0.25
Output targets Conservative 0.26-0.50 ”
(on a scale of 0 to 10) Typical 0.51-0.75

Excessive 0.76-1.00




Gases 2025, 5,2 9of 18

Table 2. Cont.

Variable Definition of Language Numerical Values Initial Condition
Unacceptable 0.00-0.2
C icati Poor 0.21-0.4 05
ommunication Average 0.41-0.8 ’
Excellent 0.81-1.00

Safety is often linked to the attitude of an industry, organization, or individual [40].
The events that escalate to near-misses or accidents, while undesirable, present oppor-
tunities to gain awareness from past experiences, develop procedures, and decrease the
probability of similar incidents occurring in the future [41]. The number of incidents and
cumulative incidents stopped in 15 years are illustrated in Figures 5 and 6, respectively.
The Figures 5 and 6 provide an estimation of the incidents for the entire Hy-CCS chain.

Incidents

100

50

0 2 4 6 8 10 12 14
Time (Year)
—— Benchmark

Figure 5. Number of incidents in 15 years.

Incidents stopped

1000

/-

0 2 4 6 8 10 12 14
Time (Year)

—— Benchmark

Figure 6. Cumulative incidents stopped in 15 years.

The model calculates the yearly incident count by subtracting the correlation between
safety culture and incident reduction from the incident rate. The incident rate is directly
dependent on significant hazards managed which is influenced by the organization’s safety
behaviour and recorded risk through efficient communication. Figure 7 shows the incident

rate in the next 15 years.
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Incident rate

60

40\

N

20

0 2 4 6 8 10 12 14
Time (Year)
—— Benchmark
Figure 7. Incident rate in the next 15 years.

The effect of safety culture on the correlation between safety culture and incident
reduction over the next 15 years is shown in Figure 8.

Correlation between safety culture and incident reduction

40
el
yd
20 /
S/
S
/
0
0 2 4 6 8 10 12 14
Time (Year)
—— Benchmark

Figure 8. Correlation between safety culture and incident reduction in 15 years.

The data serve as an early warning system for potential accidents, helping to proac-
tively identify safety vulnerabilities and prevent disasters [40].

3.2. Scenario Analysis

The impact of safety culture on blue hydrogen production is crucial for protecting the
health of workers, preserving the environment, and supporting operational reliability. A
strong safety culture facilitates the adoption of hard safety measures, comprehensive risk
assessments, and effective emergency response plans across all stages of hydrogen produc-
tion. Highlighting safety enables organizations to prevent incidents, reduce operational
disruptions, and encourage confidence among stakeholders. Ultimately, a positive safety
culture promotes a sustainable and responsible approach to producing blue hydrogen.
The what-if analysis will help in determining which of the safety culture dimensions has
the most influence on safety performance and the number of incidents in blue hydrogen.
The what-if analysis aims to identify which dimension of safety culture exerts the greatest
influence on safety performance and incident frequency in blue hydrogen production. The
scenarios are shown in Figure 9.
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Figure 9. Scenarios to evaluate the impact of various dimensions on the number of incidents.
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In the analysis, the benchmark scenario is a reference or baseline scenario used to

compare with other scenarios. It provides a standard for assessing the impact of various

variables, strategies, or interventions within a system. Detailed descriptions of these

scenarios and the graphs of incidents can be found in Figures 10-13.

100

so/
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(2]
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—— Organisational safety behaviour o
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Figure 10. Impact of improvement in organizational safety behaviour on the number of incidents.
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Figure 11. Effect of improvement in the training and development of a new safety system on the
number of incidents.
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Figure 12. Impact of decrease in the output target on the number of incidents.

Incidents
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Figure 13. Impact of increase in communication on number of incidents.

4. Discussion

Organizational commitment has been identified as a crucial factor positively influ-
encing job performance, as it is widely recognized as a key determinant of achieving high
performance levels. Additionally, the implementation of effective safety procedures and
risk management practices has also been shown to significantly enhance job performance.
This highlights the importance of encouraging a strong organizational commitment and
prioritizing safety measures to optimize overall performance in the workplace [42]. En-
hancing employees’ views of management’s actual care for their well-being by prioritizing
safety can lead to favourable results beyond just better safety performance. These outcomes
suggest a form of social interaction between employees and management that could im-
pact employees in a way, such as apparent organizational support. A company’s leader
must show that they care about safety. Businesses that focus on safety could have fewer
accidents and notice better employee moods and actions [43]. The impact of improvement
in organizational safety behaviour on the number of incidents is shown in Figure 10.

The literature review conducted by Cavazza and Serpe highlights the positive impact
of worker training on accident rates and safe behaviours [44]. The findings consistently
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show a significant decrease in accidents among trained personnel and an increase in safe
behaviour among workers who participate in safety training courses. This suggests that
investing in worker training can contribute to a safer work environment and reduce the
likelihood of accidents [44]. This is also shown in the model outcome as shown in Figure 11.

When workers are rushed, they are more likely to make errors that require rework in
their projects [45]. Based on research by Mohammadi and Tavakolian, pressure to produce
more can lead to safety issues due to mistakes that require rework and fatigue [39]. Their
study found that more rework due to mistakes is linked to a higher risk of injuries because it
involves extra tasks, demolitions, time constraints, and unstable processes. Employees who
feel significant production pressure not only encountered a higher number of accidents,
in general, but also reported fewer of these incidents to the organization [46]. Moreover,
external pressure exerted by government policies, regulators, and various stakeholders
significantly influences the occurrence of production safety accidents [47]. This pressure
can stem from regulatory requirements, public expectations, industry standards, and other
external factors, all of which contribute to shaping and influencing safety practices within
production environments. This is reflected in the model outcome, as illustrated in Figure 12.

As mentioned earlier, improving the organizational communication machinery is
crucial, and this can be achieved by strengthening the commitment of management and
supervisors to keep all channels of communication open. Viewing the significance of man-
agement and supervisor dedication through the lens of employees’ well-being is essential.
Simply using communication to reach safety objectives is inadequate; management must
also raise social connections and engage with their employees more actively [48]. Using
safety communication methods not only improves working conditions but also positively
influences employee behaviour and attitudes towards safety, ultimately resulting in fewer
incidents in the workplace [49]. This is also shown in Figure 13.

5. Conclusions

H,-CCS is a complex socio-technical system. This study focuses specifically on the
human factors contributing to accidents within the Hy-CCS framework. Stakeholders’
commitment, effective safety procedures, and investment in worker training play vital
roles in enhancing safety outcomes and reducing accidents in the workplace. Prioritizing
employee well-being, fostering a strong organizational commitment, and promoting safety
measures are key factors in optimizing overall performance. Additionally, addressing
issues such as production pressure, rework (due to poor execution), as well as external
influences can further contribute to a safer work environment and fewer incidents. Improv-
ing organizational communication and actively engaging with employees can also lead to
better safety outcomes. By focusing on these aspects, organizations can create a culture
of safety, improve employee safety behaviour, and thus enhance the overall performance
of the blue hydrogen plant. Future research should examine the entire H,-CCS system,
including the technical aspects influencing safety.
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Abbreviations

ARAMIS  Accidental Risk Assessment Methodology for Industries

CCS Carbon Capture and Storage

CFD Computational Fluid Dynamics
CHy Methane

CO, Carbon Dioxide

H, Hydrogen

HSE Health, Safety, and Environmental
S-LCA Social Life Cycle Assessment
Appendix A

FINAL TIME = 15 years. The final time for the simulation.
INITIAL TIME = 0 (year). The initial time for the simulation.

TIME STEP = 0.125
Stocks, Flows, and Variables

Name Equation Description
=INTEG (Incident rate — Correlation
. between safety culture and incident The annual number of incidents. The
Incidents . . .
reduction), initial value is assumed to be 40.
Initial = 40
=INTEG (Incidents — Correlation The number of incidents arrested by the
. between safety culture and incident system; procedures and instruments. It
Incidents stopped . . . . -
reduction), is assumed in the first year no incident
Initial = 40 progressed into an accident.

Incident rate

=(1/Significant hazards managed)

The incident emergence rate.

Correlation between Safety
culture and incident reduction

=Proficiency X incident situation

The impact of safety culture on the
number of incidents.

Communication

=Readiness to disclose information to
stakeholders + Lessons learnt from past
incidents + Spreading knowledge about
the risks and uncertainties + Efficiency
in engaging with the public)/4

This variable represents the effectiveness
of conveying various hazards and risks
to others openly. That is the openness of
communication channels.

Comprehensive hazard
identification

=(Incidents/100)/Output targets

The thoroughness of hazard identified
and hazards of operation.

Deployment of safety system

=Training and development of new
safety systems x Necessary components

Represents the impact of training as well
as the availability of safety devices.

Employee behaviour

=Employee continuous improvement +
Peer influence + Positive safety attitude
+ Safe work practices

A measure of employees” adherence to
the safety protocols.

The gap between actual and
target

=Incidents — Target

Measures the gap between the reality
and the objective.

Incident situation

=(Gap between actual and
target) /Output targets)

Indication of risky situation.
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Name

Equation

Description

Necessary components

=Incident situation x Organization
safety behaviour

Needed for the safety system.

Organizational safety
behaviour

=min (Employee behaviour,
Organizational environment)

The change in attitude of employee
regarding the importance of safety.

Organizational environment

=Integration with business goal +
Leaders’ continuous improvement +
Safety consistency + Safety engagement

Effect of the organization’s goals and
objectives.

Output targets

=System capacity x ((Planned
production + Quality standards)/2)

Productivity requirement.

Proficiency

=SMOOTH (Deployment of safety
system, Defer)

Change in employees’ competency level.

Recorded risks

=Communication x Comprehensive
hazard identification

An indicator of risks that are monitored
continuously.

Significant hazards managed

=Recorded risks x Organization safety
behaviour

Hazards that cannot be eliminated, must
be managed.

Training and development of
new safety systems

=((Cost of needed technology + Training
expenditure + Safety protocol + Safety
inspection)/4)

Cost of developing a new safety system.

Constants: These are user inputs. Values given in this table are for one realization only.

See Table 1 for the complete range.

Name Value
Cost of needed technology =0.6 A fraction between 0 and 1.
Defer 5 Time required for improvement to take hold
in years.
Efficiency in engaging with the public =0.5 A fraction between 0 and 1.
Employee continuous improvement =0.1 A fraction between 0 and 1.
Integration with the business goal =0.2 A fraction between 0 and 1.
Leaders’ continuous improvement =0.1 A fraction between 0 and 1.
Lessons learnt from past incidents =0.5 A fraction between 0 and 1.
Peer influence =0.15 A fraction between 0 and 1.
Planned production =1
Positive safety attitude =0.25 A fraction between 0 and 1.
Quality standards =0.4 A fraction between 0 and 1.
Readiness to disclose information to stakeholders =0.5 A fraction between 0 and 1.
Safe work practices =0.2 A fraction between 0 and 1.
Safety consistency =0.1 A fraction between 0 and 1.
Safety engagement =0.2 A fraction between 0 and 1.
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Name Value
Safety inspection =0.5 A fraction between 0 and 1.
Safety protocol =0.6 A fraction between 0 and 1.

Spreading knowledge about the risks

=0.5 A fraction between 0 and 1.

and uncertainties

Varies between 1 and 10. 10 is the

System capacity =10 maximum capacity.

The number of incidents that can be tolerated
Target =12 .

until later.
Training expenditure =0.4 A fraction between 0 and 1.
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