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Smelting projects often consist of similar process units, but there are noticeable differences
between HAZOP results. This thesis examines why comparable smelting projects produce
different HAZOP results and how the variation can be reduced. The aim is to assess the
significance of differences between HAZOP results, identify the factors that drive variability,
and propose ways to harmonize results across projects. The study was conducted as a qualitative
case study consisting of 15 interviews, observations from nine HAZOP workshops, and a
comparison of four completed HAZOP studies. The scope was limited to two units: the flash
smelting furnace and the concentrate burner. Interview and observation findings were analysed
by categorizing them using constructs identified from literature.

The results indicate that the variability is systematic. Differences arise, among other things,
from node boundary definitions, the choice of deviation sets, the selection of safeguards, and
documentation practices. In addition, a wide range of factors influencing variability were
identified, including scheduling challenges, insufficient ownership, the importance of
facilitation practices, resource pressure and workload-related factors, group dynamics,
interactions between nodes, and customer-driven changes. To reduce variability, the thesis
proposes approaches to harmonize HAZOP process. The key measures are a shared baseline
node structure for the flash smelting furnace and the concentrate burner, a deviation set
grounded in prior projects, and a standardized HAZOP worksheet that makes the recording of
HAZOP results consistent and traceable.
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Sulatuslaitosprojektit ~ koostuvat usein  samankaltaisista  prosessiyksikdistd, mutta
HAZOP-tulosten vililli on havaittavissa eroavaisuuksia. Téméa diplomityd selvittdd miksi
keskenddn vertailukelpoiset sulatusprojektit tuottavat erilaisia HAZOP-tuloksia ja miten
vaihtelua voidaan véhentdd. Tavoitteena on arvioida kuinka merkittdvid eroja HAZOPien
tulosten vélilld on ja tunnistaa vaihtelua aiheuttavia tekijoitd sekd esittdd keinoja tulosten
harmonisointiin projektien vélilld. Diplomityd toteutettiin laadullisena tapaustutkimuksena,
joka koostui 15 haastattelusta, yhdeksin HAZOP-tydpajan observoinnista seké neljdn valmiin
HAZOP-tutkimuksen vertailusta. Tarkastelu rajattiin kahteen yksikk6on: liekkisulatusuuniin ja
konsentraattipolttimeen. ~ Haastattelujen  ja  observoinnin  havaintoja  analysoitiin
kategorisoimalla niitd hyddyntéen kirjallisuudesta tunnistettuja kokonaisuuksia.

Tulokset osoittavat, ettd vaihtelu on systemaattista. Eroja syntyy muun muassa
noodirajauksista, deviaatiojoukon valinnasta, valittavista turvallistavista toimista ja
dokumentointikdytinndistd. Lisdksi tunnistettiin laaja joukko vaihteluun vaikuttavia tekijoita,
joihin liittyvat muun muassa ajoitushaasteet, puutteellinen omistajuus, fasilitointikdytdntdjen
merkitys, resurssipaine ja kuormitukseen liittyvit tekijat, ryhmiddynamiikka, noodien véliset
vuorovaikutukset sekd asiakkaiden ohjaamat muutokset. Tyo pyrkii vdhentiméédn vaihtelua
esittdmélld harmonisointikeinoja HAZOP-prosessiin. Keskeisimpidnd toimena on yhteinen
perusnoodirakenne liekkisulatusuuniin ja konsentraattipolttimeen, aiempiin projekteihin
pohjautuva deviaatiojoukko sekd yhtendinen HAZOP-lomake, joka tekee HAZOP-tulosten
kirjaamisesta yhdenmukaista ja jéljitettavaa.
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1 Introduction

Industrialization coupled with the ongoing global energy transition towards clean
technologies has driven an unprecedented demand for various minerals and metals (Penelas
& Pires 2021; UNEP 2024 pp. 2-3). According to recent studies, the demand for nearly all
major metals is expected to increase significantly due to evolving technologies and changing
consumption patterns. By the end of the century, the global need for aluminum may rise by
470%, copper by 330%, zinc by 130%, and iron by 100%. (Watari et al. 2021)
Simultaneously, the concentrations of metals in the soil are limited and decreasing, making
it difficult to extract them. This leads to the need to find continuously more advanced
innovations, and in particular the development of smelting and recycling technologies, in
order to ensure the availability of metals also from more complex and lower quality sources.
(Song et al. 2022) In order to avoid a gap between supply and demand for materials with
high scarcity rate, it is necessary to increase mining and processing capacity. Often, as
attention to materials increases, the number of new discoveries will also increase. (IRENA
2023 pp. 27-28) As the complexity of industrial processes increases, so too does the need

for robust safety management practices (Choudhuri et al. 2025).

Efforts to reduce energy consumption, increase operational flexibility, enhance product
quality and minimize buffer capacity have made modern process plants significantly more
complex. At the same time, these developments have pushed plants closer to their capacity
limits. In parallel, process control and safety systems have evolved into highly sophisticated
architectures. Although these advancements enable greater adaptability and provide a more
comprehensive overview of plant operations, they also introduce challenges, including an
elevated risk of human error and increased distance between operators and equipment.
(Knegtering & Pasham 2009 pp. 162-163) For these reasons, among others, robust safety
and risk management practices have become essential to ensure operational safety and
preventing incidents in such demanding environments. In order to prevent process-related
incidents and injuries, it is crucial to identify, understand and control risks. One commonly
used management system is Process Safety Management (PSM), shown in Figure 1, in which
the guiding concept is to actively monitor operations and take proactive actions to prevent

problems. (Amyotte et al. 2007 p. 13)
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Figure 1. Relationship between PSM, PHA, and HAZOP (author’s own work).

PSM is a comprehensive framework for managing risks in industrial processes. One of its
key elements is Process Hazard Analysis (PHA), which focuses on identifying and
evaluating potential hazards in process design and operation. PHA supports risk-based
decision-making by providing structured methods such as HAZOP. Relationships of these
terms are demonstrated in Figure 1. These methods help ensure that safety measures are
adequate and that risks are managed systematically. (Sutton 2015 pp. 8, 41; Baybutt 2021)
The HAZOP method is a widely used technique for examining both the safety and
operability of a system. It works by systematically exploring the effects of deviations from
the intended design conditions, helping to identify potential hazards and operational issues

that could arise during normal or abnormal process operations. (Dunjo et al. 2010)
1.1 Background

Smelting is a pyrometallurgical process used to extract metals from ore concentrates through
high-temperature chemical reactions, forming two phases: molten metal or matte, and slag,
which contains impurities (Gregurek et al. 2016; Faraji, Golmohammadzadeh & Pickles,
2022). Smelting is a cornerstone of modern manufacturing, yielding materials for
construction, transportation, electronics, and more. It is a widely used technology for copper,
iron, lead and nickel processing. For copper, flash smelting constitutes 43% of global
smelting capacity and about 50% of primary production. When considered together,
pyrometallurgical processes account for roughly 80% of total copper production. (Xie et al.

2023; Nirmal Kumar et al. 2023) Smelting has become increasingly complex due to
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interconnected processes, variable raw material quality, and strict environmental constraints.
Simultaneously, digital technologies have been adapted to operate the process more
efficiently. (Valdez-Navarro et al. 2025 pp. 109-110) Due to the interconnected and dynamic
nature of modern smelting process, numerous hazards arise from smelting facilities. Those
hazards include extreme heat leading to burns and fire risks, toxic fumes, exposure to fine
dust and particulates, and chemical burns from corrosive substances, among others. (Parnell

n.d. pp. 90-93)

Risks in smelting plants can be fatal. For example, in 2023, an explosion at a nickel smelter
furnace in Central Sulawesi, Indonesia, killed 18 workers and injured 41. (IndustriALL,
2024) In 2024, the Manyar smelter in East Java, Indonesia, suffered damage due to a fire
that broke out in the sulfuric acid plant (PwC, 2025). In the European Union similar hazards
are managed through Seveso III Directive (Directive 2012/18/EU), which is named after the
accident happened in Seveso in 1976. The Directive covers approximately 12,000 industrial
sites that store or use chemicals or are engaged in metal processing. (European Union 2018)
The aim of the Seveso III Directive is to prevent major accidents and limit their
consequences for human health and the environment. The Directive requires operators to
systematically identify and assess major accident hazards, maintain a safety management
system, and prepare safety reports. It also obliges companies to implement internal and
external emergency plans and ensure public access to risk information. (Directive

2012/18/EU)

Recent incidents across the process industries show that facilities continue to face complex
operational conditions that can lead to unforeseen events. Recurring accidents with varied
root causes highlight the ongoing need for robust process safety. (Almousa et al. 2025)
HAZOP is a well-established and widely used method in the process industry. It provides a
structured approach to evaluating the design and operational intent of facilities and serves as
a basis for further risk analysis (e.g. Crawley & Tyler 2015; Hatch 2018 p. 1; Elhosary,
Moselhi & Bucur 2024). For process purposes, HAZOP analysis is frequently used to
identify and manage risks associated with equipment, systems and operational procedures.
HAZQP analysis systematically examines the potential risks and hazards and by doing that,
helps to prevent accidents and ensure safety operations. (Almousa et al. 2025; Jain et al.
2017) The aim of HAZOP is to identify potential hazards and operational problems in system

level. Risks may relate both to local activities and to wider impacts such as environmental
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risks. In addition, HAZOP aims to find usability problems and causes of disturbances which
may lead to production abnormalities or non-compliant products. (IEC 2016 p. 9) In a
HAZOP study, the study leader employs guidewords to direct experts in a structured
evaluation of the system. The method seeks to introduce rigor and systematization into
otherwise subjective expert judgments. The system is examined step-by-step in a group
setting, with findings documented systematically. Nevertheless, the outcome of the study is
largely shaped by the leader’s approach and the group dynamics. (Almousa et al. 2025; IEC
2016 p. 39)

At the same time, Jain et al. (2017) underlines that it is not guaranteed that all the significant
hazards can be found by the application of technology. Although the HAZOP technique has
proven to be an excellent tool for hazard identification, it also has its shortcomings and
deficiencies that are not fully recognized (Hatch 2018, p. 1). Baybutt (2015) lists several
weaknesses of HAZOP, including its reliance on practitioners’ knowledge and expertise,
limitations in guidewords and difficulties in identifying and managing deviations. However,
it is essential to note that understanding the weaknesses and underlying causes is crucial as
it allows practitioners to compensate them when conducting HAZOP studies. Knowledge of
weaknesses and limitations of the method also helps in the development of the HAZOP
method. (Baybutt 2014; Baybutt 2015) As the composition of HAZOP groups varies from
project to project, the expertise and interaction may also vary significantly. This is why it is
vital to understand which factors are affecting that particular group in order to develop the
whole process. Although there seems to be general agreement on the essential factors
affecting the quality and result of HAZOP, the significance and order of these factors are not
well covered (Olsen 2020). Braarud and Simensen (2025) also highlight the need to study
the team's actions and behaviour in the future to improve the methods, practices, and

ultimately the results of hazard and risk analysis.

Some attempts have been made to harmonize HAZOP results to make the process less labor-
intensive and less time-consuming, among other reasons. Due to its labor-intensive nature,
numerous efforts have been made to automate HAZOP partially or fully, but none have
achieved significant success. (Pashman et al. 2017, p. 144) While there are digital tools
available to support HAZOP, their capabilities to support HAZOP’s core tasks, such as
hazard identification and analysis efficiency, are limited. Many tools focus primarily on

documentation and model-based input. In particular, Al-based tools are still in the
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development stage, and although they have significant potential, they suffer from a number
of challenges, such as generation of outputs that are incorrect and/or misleading, poor
accuracy in new scenarios, and time costs. In addition, in these tools, the outcome must be
further reviewed and audited by competent experts before it can be used as part of
operational decision-making. (Elhosary, Moselhi & Bucur 2024) According to Elhosary and
Moselhi (2020) existing Al solutions for HAZOP are still limited, as they do not offer
complete automation of report creation nor a robust database for detecting potential hazards
and operability issues. Sarveswar et al. (2023 p. 20) states that increasingly complex
processes place significant demands on experts, and it suggests that future developments are
likely to move toward a paradigm in which human expertise complements and supports
expert systems. These findings emphasize the need to identify an intermediate solution
which harmonizes the results and reduces variability. The gradual development of the

existing process can be seen as a possible alternative.

1.2 Objectives and research questions

The master’s thesis is carried out in collaboration with a large international corporation, with
a presence in the mining and technological industries. The corporation is a global leader in
technologies and services for aggregates, minerals processing and metals refining. Large-
scale and complex industrial processes such as smelting operations underline the importance
of understanding not only technical risks but also factors that influence the outcomes of risks
assessments like HAZOP. Thus, this thesis aims to identify the key factors contributing to
HAZQP variability, as well as those factors’ significance and to propose a harmonization
approach to tackle the variability. Due to limited resources, particularly time, the proposed
harmonized approach will be applied selectively to a few key technologies. The selection of
these technologies will be guided by expert insights within the company, ensuring that the
choices reflect both practical relevance and strategic importance. This targeted
implementation allows for a focused evaluation while keeping feasibility within the

constraints of the thesis.

This master’s thesis aims to investigate the variability of HAZOP results in smelting projects
and to explore approaches for harmonizing these outcomes. The foundation of this thesis

comes from a practical challenge named by the case company. Currently, HAZOP studies
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are conducted independently within project organizations, leading to inconsistent outcomes
and varying safety requirements for identical equipment. These differences affect equipment
design, Safety Integrity Level (SIL) classification, and other safety requirements, often
resulting in project-specific modifications that extend engineering and delivery schedules.
Although earlier projects provide valuable information, this knowledge is not systematically
utilized across new projects, even though many hazards and auxiliary systems are recurrent.
From product point of view, minimizing such variabilities is seen essential as it improves

safety and save time, among other reasons.

In order to support the objectives of this thesis, the following research questions are

presented:

1. How significant are the differences between HAZOP results in smelting projects?

2. What factors contribute to the variability of HAZOP studies across different

smelting projects?

3. How can HAZOP results be harmonized across different smelting projects?

These questions form the foundation for a structured investigation into the variability of
HAZOP results in selected smelting projects and their potential for harmonization. The thesis
aims to conduct a comprehensive analysis of existing HAZOP documentation to assess the
extent of inconsistencies and to identify the key factors contributing to them across HAZOP
study. The goal is to develop an applicable solution that can improve the consistency of
HAZQOP projects across certain smelting projects and improve the understanding on factors
that might result on inconsistencies. To support this aim, the theoretical framework of the
thesis will provide understanding on the industry and HAZOP in general, while

simultaneously highlighting potential research gaps and scientific debate around the topic.

1.3 Structure of the thesis

The structure of the thesis is divided into two main sections. The first section serves as a

literature review and provides the theoretical basis for the empirical part. The second section
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forms the empirical study, which aims to answer the research questions. Both sections are
further divided into chapters that follow a clear progression. The literature review consists
of three chapters. The first chapter introduces the metal industry and the smelting process,
with particular emphasis on the flash smelting furnace and the concentrate burner, to
establish the technological context in which HAZOP studies are conducted. The second
chapter presents the HAZOP methodology in detail, including its conceptual foundation,
preparation requirements, execution, and documentation practices. The third chapter
examines the variability and harmonization of HAZOP results, summarizing findings from

prior research and identifying the key challenges that motivate further analysis.

The second section of the thesis, comprising chapters five to seven, presents the empirical
study. Its purpose is to answer the research questions by examining how HAZOP results
differ across smelting projects, identifying the factors that drive this variability, and
developing a harmonized approach that the case company can apply in future projects. The
first chapter of the empirical section defines the scope of the analysis and outlines the
methodological choices, including the use of interviews, observations, and document
analysis. The following chapter presents the empirical findings by analysing expert
interviews, observations from HAZOP workshops, and differences identified in previous
HAZOP reports. The final chapter discusses these findings in relation to the existing
literature and, based on this synthesis, proposes a harmonized approach tailored for the case
company to improve the consistency of future HAZOP studies. Figure 2 illustrates how each
research method is linked to the three research questions and how the resulting insights shape
the overall understanding of the current situation. The diagram shows that semi-structured
interviews, observation, and template content analysis each contribute to answering different
aspects of the research questions, with several methods informing more than one question.
These method—question connections yield two main outcomes: a synthesized understanding
of the reasons behind variability and a proposal for a harmonized approach. Together, these

outcomes form the basis for an improved and more consistent HAZOP process.
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Figure 2. Logical flow of the empirical part of the thesis (author’s own work).

The final chapter of the thesis, the conclusions section, synthesizes the main findings and
presents the answers to the research questions. It provides an overall picture of the types of
variability that occur in smelting-project HAZOPs and the factors that contribute to this
variation. In addition, it offers the case company a harmonization approach that can be used
to reduce the observed inconsistencies in future studies. The chapter concludes by outlining

potential directions for further research.
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2 Metal industry and smelting processes

Metal industry constitutes a foundational pillar in national economic growth, offering
support to a wide range of downstream industries including construction, machinery
manufacturing, automotive, shipbuilding and transportation, among others (Feng et al. 2018;
Industrial Union 2025). In 2024, global production volume of aluminum was approximately
72 million metric tons, followed by copper with 23 million metric tons. Zinc production
volume was 12 million metric tons, lead 4.3 million metric tons, nickel 3.7 million metric
tons and tin 300 thousand metric tons. The market volume of base metals, including copper,
zinc, lead, nickel, aluminum and tin, is estimated to grow by an average of 3.72 percent per
year between 2024 and 2029. (Statista 2025a; Statista 2025b) By 2040, the metal industry is
expected to undergo significant transition in response to mounting environmental, political,
and societal pressures. Key drivers for this shift include the response for sustainability crisis,
accelerated digitalization and data utilization as well as evolving consumer expectations.
(Immonen et al. 2025 pp. 1-4) Metal supply chains account for approximately 10-17 percent
of global greenhouse gas (GHG) emissions and contribute approximately 12 percent of the
health impacts associated with particulate matter. It is estimated that emissions per kilogram
of metal may decrease, but the increase in total demand is likely to outweigh the benefits

achieved, leading to an increase in total emissions. (Harpprecht et al. 2024)

Addressing these challenges has increased the momentum behind new technologies and
disruptive innovations. Sanchez and Hartlieb (2020 p. 1) argue that metal industry in general
is entering a significant transitional period as digital technologies begin to reshape core
operations. Similarly, Conner et al. (2019 p. 651) highlight accelerating technological
developments, together with the raw material supply, as one of the forces of change that are
contributing to the development of the metal industry. Digital technologies provide
operational changes throughout the value chain. For example, automation, robotics and
remote operations can improve occupational safety by reducing the need for personnel to be
close to the operations. Intelligent sensors can be used to harness the Internet of Things (IoT),
where data can be collected in real time and used across the operations for planning and
control, among other things. The data collected can be also used for digital twinning, which

allows simulating scenarios and predicting failures and downturns at the equipment level.
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(Sanchez & Hartlieb 2020 pp. 6-7) Key factor in process development is that new

technologies seek to improve safety and process management (Madariaga et al. 2022).

2.1 Smelting process

Pyrometallurgy refers to a high-temperature metallurgical method for extracting metals or
their compounds from raw materials (Shiqi 2024 p. 1712). High-temperature processes are
used to extract metals from their mineral sources through smelting and refining (Anderson
n.d. p. 1). Typical production process is shown in Figure 3. In raw material pretreatment,
minerals are treated with different measures or combinations of measures. These measures
include, for example, minerals processing, calcination, roasting and sintering, all of which
prepare suitable raw materials for the next stage of the process. (Shigi 2024 p. 1713)
Smelting involves placing the furnace burden into a high-temperature furnace to melt and
extract metals. The intention is to reduce metals from their compound forms to crude metal
or concentrate them in intermediate products like matte, while separating impurities into
slag. (Gregurek et al. 2016) Fire refining is a high-temperature process used to purify crude
metals by removing impurities. Fire refining uses physiochemical properties to separate
impurities. Additives are added to produce stable compound, from where impurities are

separated by adjusting temperature, pressure, and chemical conditions. (Shiqi 2024 p. 1713)

Primary raw material acquisition

= L=

Raw material pretreatment

< &
Smelting

< g

Fire refining

o =N= /

Fabrication and application

General production process

Figure 3. General production process of metals (adapted from Shiqi 2024 p. 1713).
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Smelting is a thermally intensive, pyrometallurgical process that facilitates the separation of
valuable metals from their ores through a combination of melting and chemical reduction
reactions. The process typically results in the formation of two distinct molten phases: a
metal-rich or matte phase, which contains the majority of the target metals, and a slag phase,
which primarily consists of impurities removed during processing. (Faraji,

Golmohammadzadeh & Pickles 2022 pp. 9-10)

2.1.1 Flash smelting furnace

Flash smelting has become a leading technology for copper and nickel sulphide processing
due to its high operational availability and metal recovery, minimal external energy demand,
effective sulphur capture, and low carbon footprint (Taskinen & Jokilaakso 2021; Nirmal
Kumar et al. 2023). Flash smelting was originally developed for copper sulphide
concentrates but soon extended to nickel, iron, and lead sulphides, adding new complexity
to the process chemistry (Taskinen et al. 2020). Many changes for the design of smelting
equipment and its feeding system have been made during the last 70 years to improve
smelting efficiency. Most smelters worldwide operate as custom smelters, sourcing
concentrates from multiple sources and blending them to achieve desired composition.
Fluctuations in raw material composition cause variations in process parameters, making it
essential in flash smelting to ensure stable furnace operation through a steady feed rate and
consistent matte grade. (Nirmal Kumar et al. 2023) Figure 4. illustrates flash smelting

furnace with typical process inputs and outputs.
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Figure 4. Flash smelting furnace (Jylhi, Khan & Jokilaakso 2020).

Flash smelting furnace (FSF) consists of three main components: reaction shaft, settler, and
uptake (Taskinen & Jokilaakso 2021). In the process, a blend of concentrate and flux is
continuously fed into the reaction shaft through a concentrate burner. In the reaction shaft,
concentrate and flux are mixed with pre-heated oxygen enriched air. Average temperature
in shaft is about 1400 °C (Jorgensen & Koh 2001 p. 16; Jylhd, Khan & Jokilaakso 2020) Air
injection drives the oxidation of sulphides, releasing heat through an exothermic reaction
that supplies the energy required to melt the feed. As a result, molten slag and matte separate
into distinct layers in the settler, with the less dense slag floating above the matte (Jylh4,
Khan & Jokilaakso 2020). In copper and nickel matte smelting, silica serves as a flux,
reacting with iron oxides generated in the oxidation stage and promoting their incorporation
into slag. The silica source can be high-purity quartz or silica sand, which often contains
potassium and sodium feldspars. These together with gangue from the concentrate,
contribute alumina and alkali oxides to the slag, slightly altering its characteristics.

(Taskinen & Jokilaakso 2021)

Slag has three main functions. Firstly, it shields matte from direct contact with oxygen.
Secondly, it captures unwanted impurities and thirdly it provides thermal insulation to reduce
heat losses. Flash smelting furnace has tapping holes in its walls from which slag and matte

are tapped through. (Jylhd, Khan & Jokilaakso 2020) In the process, SO, is generated which
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is collected through uptake and treated in the acid plant. The gas contains dust, which is
captured and recycled back into the process. (Jylhd, Khan & Jokilaakso 2020; Taskinen &
Jokilaakso 2021)

2.1.2 Concentrate burner

The core device of flash smelting is concentrate burner, which is designated to deliver finely
ground metal concentrate, often a copper, nickel, or ferrosulphide-based concentrate into
FSF. During the flash smelting, the powdered feed mixture, consisting of concentrate, fluxes
and additional fine solid components, is introduced into a reaction gas through the
concentrate burner positioned in the upper part of the FSF reaction shaft. (Sipild et al. 2010;
Krupnov et al. 2025 pp. 1-2; Khamkhash et al. 2023 p. 629) Figure 5 illustrates both the
position of the burner relative to the furnace and the internal arrangement of its components.
The most common burner configuration incorporates a single inlet for the solid feed and two
separate inlets for process-air supply, as shown on the right side of Figure 5. (Khamkhash et
al. 2023 p. 629 Krupnov et al. 2025 p. 1) Within the burner, the turbulent mixing of
oxygen-enriched air with the descending concentrate enhances the rate of exothermic
oxidation reactions. This intensified mixing enables rapid heating, decomposition, and
oxidation of the feed particles, which supports the high reaction rate and throughput of the
process. (Krupnov et al. 2025 p. 1)
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Figure 5. Structure of concentrate burner and placement in relation to flash smelting furnace

(adapted from Khamkhash et al. 2023 pp. 628-629).

The concentrate burner is engineered to generate a uniform suspension of concentrate and
reaction gas as they enter the reaction shaft (Schlesinger et al. 2011 p. 90-91). Figure 6 shows
the main elements that support stable and homogeneous mixing of the solid feed with the
process gas. First, an outer annulus supplies an oxygen-enriched blast into the reaction shaft,
supplying the oxidant required for rapid suspension smelting. Second, a central pipe delivers
the dry concentrate mixture into the burner. Finally, a distributor cone located at the burner
tip directs horizontal air jets through the falling solids stream, ensuring that the particles

spread outward as they enter the furnace. (Schlesinger et al. 2011 p. 91)
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Figure 6. Schematic of the concentrate burner structure (Schlesinger et al. 2011 p. 95).

Maintaining an even distribution of both solid feed and oxidizing gas is important for
achieving uniform reaction conditions throughout the shaft. This is accomplished by guiding
the blast and solids both vertically and radially so that they are evenly distributed into the
furnace. (Schlesinger et al. 2011 p. 91) Variations in feed characteristics and operating
parameters directly affect jet formation and gas dynamics in the reaction shaft. Therefore,
precise control of burner design and process conditions is important for maintaining stable
and efficient smelting. (Krupnov et al. 2025 p. 2) Based on the produced matte and slag,
inputs to concentrate burner can be adjusted. Three main parameters that can be adjusted are
flux feed rate, total oxygen input rate, and nitrogen-oxygen ratio in blast. (Schlesinger et al.

2011 p. 96)

2.2 Hazards in the smelting process

Emergency scenarios represent the most severe hazards in smelting operations. Water
ingress into molten baths, whether through wet charge materials or refractory moisture, can
discharge molten metal and can result in production stoppage, damage in plant, and workers

being severely injured. (Lowery 2024 p. 1) Explosions from water ingress into molten metal
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or hot charge materials are among the most catastrophic hazards in smelting operations. Even
small amounts of water can instantly vaporize at temperatures above 1600 °C, expanding up
to 1,700 times its volume and generating explosive forces that eject molten metal and debris

at high velocity. (Tveit et al. 2008 p. 4; Ferguson & Zsamboky 2015 p. 4)

Beyond water-related hazards, smelting operations also face risks from dust explosions and
combustible gas eruptions. Fine particulate matter generated during charging or tapping can
form explosive dust clouds if dispersed and ignited, while combustible gases such as
hydrogen may accumulate following primary explosions, leading to secondary events that
are often more severe than the initial incident (Tveit et al. 2008 pp. 5-6) Chemical hazards
are particularly significant because smelting releases a wide range of toxic substances.
During high-temperature steps, metals and other compounds volatilize or oxidize, generating
hazardous fumes, vapours, and fine particulate matter. Common contaminants include
arsenic, lead, cadmium, antimony, mercury, and thallium, which may occur in both soluble

and insoluble forms. (ILO 2011; World Bank Group 2007 p. 10)

Smelting processes also pose risks to those working with them. The most frequent accident
type involves skin burns caused by contact with hot gas from the tapping hole or molten
silicon during tapping, refining, or casting operations. (Tveit et al. 2008 p. 6; World Bank
Group 2007 p. 11) During maintenance, it is possible to be exposed to, for example, dust or
metal fumes. In addition, sulphur dioxide is produced in large quantities when smelting
sulfide ores and during combustion processes. (ILO 2011) Exposure to different toxic
substances causes acute effects, such as respiratory and eye symptoms, as well as possible

chronic diseases. (World Bank Group 2007 p. 3; ILO 2011)

Wang and Kanter (2014) highlighted the location of smelting facilities from a geographical
perspective. In their study, they point out that 29 percent of the facilities that were the subject
of the study are in an area with a relatively high risk of a natural disaster, such as an
earthquake, flood or hurricane. These can cause toxic compounds to spread. (Wang & Kanter
2014) Environmental risks can be caused, for example, by particulate emissions containing
metal oxides released through faulty seals or by defective gas cleaning systems that can lead
to sulphur dioxide emissions. Wastewater streams from gas purification, coal granulation
and cooling often contain dissolved metals, fluorine and hydrocarbons, which require
advanced treatment as they may pose a risk of contamination. (World Bank Group 2007 pp.

3,8 & 20)
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3 Analysing process hazards

Process Hazard Analysis (PHA) is a formal requirement under several major regulatory
frameworks. In United States, Occupational Safety and Health Administration’s (OSHA)
product safety management standard (29 CFR 1910.119) requires that facilities handling
hazardous chemicals perform a PHA that addresses toxic, fire and explosion hazards, as well
as consequences these may have to workers and environment. (Occupational Safety and
Health Administration 2019) Similarly, the U.S. Environmental Protection Agency (EPA)
Risk Management Program requires the use of PHA as part of its Risk Management Program
rule (40 CFR Part 68), which states that the analysis must be appropriate to the complexity
of the process and must systematically identify, evaluate, and control the hazards involved.
EPA specifies a set of acceptable methodologies such as HAZOP, Failure Modes and Effects
Analysis (FMEA), and Fault Tree Analysis (FTA). (Environmental Protection Agency 2004)
Within the European Union, comparable obligations arise from the Seveso III Directive
(2012/18/EU). The directive requires operators of facilities with dangerous substances to
identify major accident hazards, analyze potential accident scenarios, and implement

appropriate preventive and mitigating measures (Directive 2012/18/EU).

PHA techniques are systematic approaches used to identify potential hazards in both new
and existing process facilities. These techniques are designed not only for ensuring the safe
design and operation of intended system, but also for enabling comprehensive risk evaluation
and the implementation of adequate protective measures. (Dunjo et al. 2011; Cameron et al.
2017) PHA methods consider only credible initiating events and realistic consequences,
meaning that the analysis focuses on scenarios that could reasonably be expected to occur
under the actual operating conditions of the process (Baybutt 2003a). There are several PHA
methods available including checklists, what-if analysis, FMEA, FTA and HAZOP. Each
method has its strengths and is applicable at different stages of the system life cycle. For
instance, checklists and what-if analyses are particularly useful during the early design
phases when detailed system information is limited. In contrast, HAZOP study requires more
comprehensive knowledge of the system under analysis, but yields a deeper and more

structured understanding of potential design flaws and hazards. (IEC 2016, p. 9)
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3.1 HAZOP study process

Among the various PHA techniques available, the HAZOP study stands out as one of the
most widely adopted techniques globally (Dunj6 et al. 2011). Originally, the methodology
for HAZOP studies was developed by Imperial Chemical Industries (ICI) during 1960s to
identify potential hazards and operational problems in chemical processes (Limb 2009, p.
120; Crawley & Tyler 2015 p. 1-2). The technique was originally based on systematic critical
examination, serving as a method for generating alternatives throughout structured
questions. Over time, it evolved to focus more specifically on identifying deviations from
design intent, thereby enabling the systematic detection of hazards and operability issues
within complex systems. (Kletz 1997) In the 1980s, the introduction of personal computers
enabled software that could record HAZOPs, while in 1990s the likelihood-severity matrix
was introduced to prioritise identified issues. Nowadays, the draft HAZOP report is usually
prepared live during the meeting, and it has gained notable legal significance as regulatory

requirements have tightened. (Limb 2009, p. 120)

HAZOP studies have consistently demonstrated their value across various sectors of the
process industry. This is particularly important as process industries increasingly implement
large-scale, complex, and automated systems to meet rising demands in terms of product
quality and production efficiency among others. (Mokhtarname 2022; Penelas & Pires 2021)
However, it 1s important to highlight that according to IEC 61882 (2016 p. 9), the suitability
of HAZOP must be confirmed before its selection. This confirmation should consider the
purpose of the study, the possible severity of any consequences, the appropriate level of
detail, and the availability of relevant data and resources (IEC 2016 p. 9). The HAZOP study
is a very rigorous methodology designed to identify how the process can differ from its
design purpose. The study involves a critical review of the process and the engineering
objectives, aiming to uncover possible equipment malfunctions and their broader impact on

the system. (Dunj6 et al. 2010)

The effectiveness of HAZOP lies in its methodology, which follows the system’s Process
Flow Diagrams (PFDs) and Piping and Instrumentation Diagrams (P&IDs). When dividing
the system into clearly defined sections, nodes, the study ensures that each part of the process
is thoroughly examined. (Dunj6 et al. 2010) Whitty and Ford (2009) further emphasize that

a HAZOP study requires a precise and complete design representation, including both
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schematic diagrams, usually P&IDs and physical layout drawings. Their view also reinforces
that HAZOP is inherently dependent on finalized engineering documents, and therefore not
suitable for phases where such materials are not yet available. The HAZOP process can be
divided into four stages: definition, preparation, examination, and documentation and
follow-up (IEC 2016 p. 17). In Table 1, the four stages of the HAZOP process and the

activities associated with each stage are presented.

Table 1. Stages and activities of the HAZOP process (IEC 2016 p. 17).

Stages in HAZOP process Activities included

Definition - Define scope and objective
- Define responsibility
- Select team

Preparation - Plan the study
- Collect data
- Agree the style of recording
- Estimate the time
- Arrange a schedule

Examination - Divide system into parts
- Select a part and define design intent
- Identify deviation by using guide words on each element
- Identify consequences and causes
- Identify whether a significant problem exists
- Identify protection, detection, and indication mechanisms
- Identify possible remedial/mitigating measures (optional)
- Agree actions
- Repeat for each element and then each part of the system

Documentation and follow-up - Record the examination
- Sign off the documentation
- Produce the report of the study
- Follow up that actions are implemented
- Re-study any parts of system if necessary
- Produce final output report

A HAZOP study begins with the definition phase, where the scope, objectives,
responsibilities, and team are established. The preparation phase involves planning the study,
collecting the necessary information, agreeing on the recording method, and scheduling the
sessions. (Crawley & Tyler 2015 pp. 30, 36) During the examination phase, the system is

divided into parts and guide words are systematically applied to identify deviations together
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with their causes, consequences, safeguards and required actions. Finally, the documentation
and follow-up phase ensures that results are recorded, approved, reported and that all actions

are implemented or revisited if necessary. (IEC 2016 pp. 15-17)

3.1.1 Preparation of HAZOP study

Establishing a clear scope and well-defined objectives is a foundational step in preparing a
HAZOP (Crawley & Tyler 2015 pp. 41). The scope of a HAZOP study depends on several
considerations, such as the defined system boundaries, the required level of detail, the
availability and quality of technical documentation, the extent of any prior analyses, and
applicable regulatory frameworks, standards, and industry norms (Mocellin et al. 2022; IEC
2016 p. 9). The scope outlines the physical and functional boundaries of the system under
review, including which parts of the process are included and how interactions with adjacent
systems are addressed. A common objective of a HAZOP study is the identification of
health, safety and environmental (HSE) risks, including those affecting people, assets, and
the environment both on-site and off-site. Additional objectives may include operability
issues that do not directly pose HSE risks but can impact plant performance. (Crawley &

Tyler 2015 pp. 41-42)

Organizing HAZOP studies typically begins with the defining of the necessary input data
and determining which results are required to ensure proper organization of the study. The
successful implementation of the HAZOP study relies on several key documents. (Mocellin
etal. 2022) A process description is needed to outline the main steps and operating principles
of the process, while process flow diagrams illustrate the connections and process flows
between the process plant’s main components. Piping and instrumentation diagrams provide
a more detailed representation of the relationships between process equipment and control
instruments, while the plot plan shows the physical layout of the equipment. If the same
process has been analyzed in previous HAZOP studies, those reports should be reviewed.
Furthermore, company-level guidelines for conducting HAZOP should be applied where
available. However, it should be noted that the company-specific guidance is not mandatory

and is not universally applied. (Dunjo et al. 2011; Signoret 2021 pp. 157-158)

One of the most critical elements in preparing for a HAZOP study is the formation of a

competent and well-functioning team. While there is no clear rule or approach about the
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number or specific roles of participants, the composition should reflect the scope and
complexity of the study. (Moosemiller 2025 p. 4) Although flexibility in team structure is
often emphasized, established practice suggests that an effective HAZOP team typically
consists of four to seven members, which is considered optimal for maintaining balance
between expertise and efficiency. Larger teams may hinder progress due to increased
coordination demands. Furthermore, in cases where the system under review has been
designed by an external contractor, it is recommended that the team include representatives
from both the contractor and the client organization. (IEC 2016 p. 31) In terms of overall
team size, Nolan (2012 p. 28) notes that the size of the group should be between four and
eight people and that more than eight people can be acceptable when extra people are just
observers. A typical HAZOP team includes a study leader, a recorder, a designer, a
user/operator, relevant specialists and, where appropriate, a maintainer (IEC 2016 p. 31;
Rachchad n.d.). To ensure adequate attention to human and operational factors, Choi and
Byeon (2020) emphasize that personnel from HSE operations should also be included, noting
that process plants are generally designed around seven core engineering disciplines. These

seven disciplines and their associated activities are presented in Table 2.

Table 2. Main disciplines and their activities in process plant design (Choi & Byeon 2020).

Discipline Activity

Process Overall process system design

Equipment and mechanical ~ Mechanical item design and technical safety design

HSE Fire safety design
Civil Civil factors related to design
Plant layout, plant piping layout, 3D piping modeling,
Piping . .
piping material
Instrument and control Instrument and control design
Electrical Electrical design

A team composed of individuals with varied backgrounds and viewpoints contributes to a
more comprehensive analysis by combining unique knowledge and experience. The

advantages of diversity include the generation of more creative and original solutions, and
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the identification of a broader range of risks and operability issues. (Elion n.d.) The duration
of the HAZOP study is influenced by factors such as the type of plant, the number and
complexity of the equipment, the size of the team, and the activity level of participants. For
an experienced team, processing one HAZOP node is estimated to take about two hours. It
is recommended that work periods include short breaks every 1-2 hours or after completing
a diagram. If the analysis takes less than five working days, daily working time can be eight
hours. For evaluations lasting more than a week, five-hour workdays are recommended, as

longer periods reduce the team's concentration and productivity. (Nolan 2012 pp. 100-101)

Although hazard identification in HAZOP relies on P&IDs, reviewing the entire facility or
process at once is ineffective and risks overlooking many hazards (Dunjo et al. 2011). Prior
to starting the safety review, the team leader, and in some situations the recorder, should
identify and document the process nodes to be examined in accordance with the guidelines
in Figure 7. This preliminary list helps the team estimate the duration of the review, although
adjustments may still be required during the study itself. (Nolan 2012 pp. 54-55) In the
preparation phase, the study leader is also responsible for preparing a study plan that
organizes the design into distinct sections, each with a clear purpose. For every element,
there is a detailed list of its parts, materials used, and related tasks, along with their specific
features included. (IEC 2016, p.31). Nolan (2012 p. 54) furthermore clarifies the node
identification process, stating that the facility under scope should be broken down into
systems and subsystems. Each subsystem typically includes one or two components, which
are the nodes to be examined (Nolan 2012 p. 54). However, HAZOP does not contain

instructions on how to delimit nodes (Penelas & Pires 2021).

Break the facility into logical systems and subsystems
N
Trace the operational flow within the system
N

Identify components that perform a distinct function
(e.g. water removal or gas separation)

Figure 7. Guidelines for identifying nodes for HAZOP (Adapted from Nolan 2021 pp. 54-55).



33

The HAZOP technique applies guidewords to promote creative thinking during study
sessions and to identify ways in which hazardous situations and operability issues might
occur (Lhannaoui, Kabbaj & Bakkoury 2013). The study leader is responsible for defining
the nodes and selecting suitable guidewords for the HAZOP review. These choices must be
made with care, as nodes should represent clear functional sections of the process, and
guidewords must be specific enough to support focused analysis without limiting discussion
(IEC 2016 p. 31). Some examples of guidewords as well as their detailed meaning are
presented in Table 3. Guidewords are applied together with process parameters to identify

deviations from normal operating conditions (Mocellin et al. 2022).

Table 3. Examples of guidewords and their detailed meanings (IEC 2016 pp. 19-21; Lhannaoui,
Kabbaj & Bakkoury 2013).

Guideword Detailed meaning
No No part of the intention is achieved
More A quantitative increase
Less A quantitative decrease
As well as Intention is achieved with additions
Part of Some of the intention is achieved
Reverse The logical opposite of the intention
Other than The complete substitution, where result other than the original
intention is achieved
Early Something happens earlier than expected relative to clock time
Late Something happens later than expected relative to clock time
Before Something happens before it is expected, relating to order or sequence
After Something happens after it is expected, relating to order or sequence

The identification of deviations from the design intent is facilitated through a systematic
questioning approach that employs predefined guidewords (Product Quality Research
Institute 2015). Guidewords are combined with process parameters to derive deviations,
which are then applied to specific nodes to identify potential departures from the intended
operation of the plant. For example, the guideword “No” can be paired with the process
parameter “Flow” to generate the deviation “No flow”. (Center for Chemical Process Safety

2010 pp. 127-128)
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3.1.2 Conducting the HAZOP study

HAZOP study is typically carried out when the P&IDs are sufficiently developed but not yet
locked, allowing potential process hazards to be identified before design decisions are
finalized (Cui, Zhao & Zhang 2010 p. 327). HAZOP studies must thoroughly address every
element of the design intent where deviations could lead to scenarios relevant to the study’s
scope and objectives (Baybutt 2016 p. 1). This further highlights the role of the study leader
who is leading the study session. The study sessions should be structured and follow the
study plan. (IEC 2016 p. 37) At the beginning of the study, the team should have a
comprehensive understanding of the system under review. This ensures that they either know
the current state or have enough data to build a suitable conceptual model of the process.
(e.g. Crawley & Tyler 2015 p. 13; IEC 2016 p. 37; Rossing et al. 2010) Ensuring that this
understanding exists falls under the study leaders’ responsibility. At the start of the first
HAZOP meeting, the leader reviews the HAZOP technique and states the scope of the study,
followed by an introduction to the facility (Rossing et al. 2010). As part of this introduction,
the leader also presents the design basis, the proposed nodes and the guidewords that will be
used during the study. Known hazards, operational issues and previous incidents are also

reviewed at the start of the study. (IEC 2016 pp. 37-39; Macdonald 2004 p. 106)

After the initial briefing, the team begins examining each part of the plant using process
documentation, particularly P&IDs (Rossing et al. 2010). The examination process is further
described in Figure 8, which illustrates the overall HAZOP examination phase in detail. The
study leader first selects a node, which refers to a defined part of the design. The review then
starts with an overview of the process within that node, including start-up and shut-down
procedures and key operational details such as temperature and pressure. (IEC 2016 p. 39;
Malik 2018) Next, the study leader selects an element or process parameter within the node
and assesses, together with the team, whether the standard guidewords can be applied
directly to that element. Applicable guidewords are then systematically combined with the
element to determine whether credible deviations arise from the guideword—element pairing.
For each credible deviation, the team identifies possible causes and consequences. (IEC 2016
p- 39) As illustrated in Figure 8, this structured reasoning is repeated until all relevant
combinations of guidewords and elements within the node have been evaluated. Once all

guidewords have been applied to the element, the team proceeds to the next element within
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the same node. After all elements are covered, the study moves to the next node. The process

continues until every node defined in the study scope has been examined. (IEC 2016 p. 39)
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Figure 8. Flow chart of the HAZOP examination procedure (adapted from IEC 2016 p. 43).

For each credible deviation, the team identifies the protection, detection and indication
mechanisms already present in the system. These existing safeguards aim either to reduce
the probability of deviation or to mitigate its consequences. (IEC 2016 p. 39) Typical

safeguards already implemented in the system include process alarms, standard operating
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procedures and pressure safety valves. After identifying the existing safeguards, the team
evaluates whether they are adequate, and if not, proposes additional measures as HAZOP
recommendations. (Gillis 2025) After each deviation has been analyzed, the study leader
summarizes the results documented by the recorder. Where follow-up actions are required,
the person responsible for implementing each action is explicitly recorded that the actions

are completed. (IEC 2016 p. 39)

3.1.3 HAZOP study documentation and follow-up

HAZOP recording is a central part of a HAZOP study. HAZOP can be documented using
two different styles: full recording and by-exception recording. Full recording means that
for every guideword and process element combination, all information is documented in a
way that it should satisfy the most stringent requirements of audit. By-exception recording
is based on documenting only those cases where the guideword—process element
combination produces an identified hazard or operability issue. However, it does not provide
the same level of visibility into the completeness of the analysis as full recording. (IEC 2016
p. 45) By-exception recording is considered the minimum requirement, and its use should
be carefully considered, with a preference given to full recording whenever possible (IEC
2016 p. 45; Verna, Fernandez & Stevens 2009 p. 135). The required output of a HAZOP
study includes a clear summary of all identified hazards, operability issues, recommended

actions, and the reference documentation and team members involved (IEC 2016 pp. 45-47).

A HAZOP worksheet is the document used to record the observations made during a
HAZOP session. Typically, the information entered into a HAZOP worksheet includes,
among other things, a reference number linking to the specific P&ID, the guidewords
applied, the deviation, its possible causes and consequences, the relevant safeguards, and
any required follow-up actions. (Ramzan, Compart & Witt 2007 p. 37) Consistent with this,
the IEC standard (2016 p. 51) states that the worksheet should include at least columns for
reference number, element, guideword, deviation, cause, consequence, and recommended
actions. Additional columns such as safeguards, severity, frequency, and comments may also
be added (IEC 2016 p. 51). Severity of consequences and likelihood of causes are commonly
classified on a scale from one to five, where higher values correspond to increasing severity

and probability. The combination of these two values forms the overall risk level. (Feng et
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al. 2021 p. 42) Figure 9 provides an illustrative example of how a HAZOP worksheet may

be structured.

Study title: Page: of

Drawing no: Rev.no:  |Date

HAZOP team: Meeting date:

Part considered:

Design intent: Material: Activity:

Source: Destination:
No. | Guide- | Element | Deviation | Possible | Conse- | Safeguards | Comments | Actions | Action
word causes |quences required | Allocated

to

Figure 9. Example of a HAZOP worksheet used for documenting findings (Ramzan, Compart & Witt
2007 p. 37).

At the end of the study, a HAZOP study report is compiled and formally agreed upon by the
team, and any disagreements or differing views must also be documented in the report (IEC
2016 p. 47; Crawley & Tyler 2015 pp. 34-35). The HAZOP study report serves as the final
deliverable and should include at least a summary of the study, the scope and objectives, the
conclusions, the completed HAZOP worksheets, and a list of the documents and drawings
used (IEC 2016 p. 53). The purpose of the report is to ensure that a person who did not
participate in the HAZOP study can understand the reasoning behind the recommendations
and, when necessary, implement the proposed measures to address the identified issues.
Inadequately documented HAZOP studies may result in identified risks remaining

unaddressed. (Moosemiller 2025 p. 16)

The recommendations generated during the HAZOP analysis are assigned to responsible
persons, who evaluate their feasibility and provide the necessary approvals, rejections, or
clarifications before the actions proceed to implementation. Once all recommendations have
been addressed, the HAZOP report can be formally signed off. (Crawley & Tyler 2015 pp.
59-60) According to the IEC standard, once the recommendations have been implemented,

the HAZOP study may be revisited to confirm that no new hazards or operability issues have



38

emerged (IEC 2016 p. 47). If required, a re-study may be carried out for those parts of the
system where changes have occurred (Bridges, Tew & Massello 2018). Furthermore, before
the plant is put into operation, a formal pre-startup review should be conducted to confirm
that all identified actions have been completed or otherwise resolved (Crawley & Tyler 2015

pp- 59-60)

3.2 Alternative and complementary methods

Several alternative methods can be used either in place of HAZOP or to supplement it.
Crawley and Tyler (2015 p. 7) highlight a range of alternative techniques, including fault
trees, Failure Mode and Effects Analysis (FMEA), Layer of Protection Analysis (LOPA),
various checklists, and risk rankings. At the same time, they note that HAZOP is one of the
most flexible techniques available, meaning that these alternative approaches can also be
used to complement a HAZOP study rather than replace it (Crawley & Tyler 2015 p. 7).
Similarly, Popov, Lyon and Hollcroft (2022) identify several methodological alternatives,
such as What-If analysis, FMEA, Bowtie, and LOPA. Additionally, OSHA’s PSM standard
(29 CFR 1910.119) requires the use of an appropriate method for identifying process
hazards. The standard list includes What-If analysis, checklists, HAZOP, FMEA, or an
equivalent methodology. Moosemiller (2025 p. 2) further emphasizes the importance of
applying the Bowtie method in their discussion, underscoring its relevance as a
complementary or alternative technique. It is also possible to extend the HAZOP session to

include SIL allocation as part of the same review (Bridges & Dowell 2016).

FMEA is a systematic and preventive risk-assessment method used to identify potential
failures in systems, processes, or components before they occur. The central objective of
FMEA is to anticipate failure modes, analyze their causes and consequences, and prioritize
actions that reduce the likelihood or severity of adverse events. (Qin, Xi & Pedrych 2020 p.
1; Popov, Lyon & Hollcroft 2022 pp. 173-174) FMEA evaluates each failure mode using
three factors: Occurrence, Severity and Detection, which are typically rated on a 1-10 scale.
These numbers are multiplied with each other to give risk priority number, which then guides
the ranking of risks for mitigation efforts. Some limitations for this method include that the
method does not consider the relative importance of those three factors and identical values

can be generated for different risk profiles. Also, expert judgement is subjective and
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uncertain, especially in complex environments. (Qin, Xi & Pedrych 2020 pp. 1-2) LOPA, on
the other hand, is a semi-quantitative method to assess the effectiveness of the independent
protection layers used to manage risk scenarios. LOPA examines the extent to which
independent safeguards reduce the likelihood of a hazardous event. The method considers
only safeguards that are sufficiently independent and reliable, which excludes administrative
controls as they do not qualify as stand-alone protection layers. (Popov, Lyon & Hollcroft
2022 pp. 212-214) One limitation of LOPA is that different organizations use different

risk-tolerance criteria, reducing the comparability of the results (Premkumar n.d. p. 18).

The What-If analysis is a risk assessment method in which a team discusses and challenges
potential hazards and their impacts on systems. The purpose of the What-If analysis is to
identify and analyze sources of risk, possible causes, consequences, and existing control
measures. The method is qualitative and is based on “what-if” -questions to identify ways in
which a process might deviate from its intended operation. The outcome of a What-If
analysis is a document in which each element is examined through specific questions, along
with their possible causes, consequences, existing safeguards and recommended actions.
(Popov, Lyon & Hollcroft 2022 pp. 158-162) FTA is a system-oriented and deductive
method used to evaluate the factors that may lead to the failure of a system or component
(Clifford Benjamin 2024 pp. 9-11). The analysis begins with a defined top event and
proceeds backward toward its possible causes. FTA uses logical gates such as AND and OR
gates to model causal relationships between different events. The goal is to construct a fault
tree that helps identify possible failure paths and evaluate their likelithood. The method is
particularly suitable for complex technical systems in which failures may result from

multiple simultaneous or sequential causes. (Clifford Benjamin 2024 p. 11; Pan et al. 2022)

Bowtie analysis is a visual and structural risk management method that illustrates how a
given threat can lead to a top event and what consequences may result from it. In the method,
the top event is placed at the center of the diagram, with threats depicted on the left side and
possible consequences on the right. (Popov, Lyon & Hollcroft 2022 pp. 187-188) In a
Bowtie, preventive barriers located between threats and the top event and mitigative barriers
located between the top event and its consequences are identified and described. The method
helps visualize how overall risk is formed and ensures that both preventive and corrective
control measures are recognized and assessed. (Wolters Kluwer n.d.; Popov, Lyon &

Hollcroft 2022 p. 188)
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SIL allocation is the process of determining how reliable a risk-reducing protection measure
must be in order to bring a hazardous scenario to a tolerable level of risk. The allocation
process begins with a hazard analysis, where potential deviations, their causes,
consequences, and existing protective measures are systematically identified. (SynergenOG
2025; Bridges & Dowell 2016 pp. 1-2) Based on this analysis, the required degree of risk
reduction is evaluated, and a corresponding SIL, ranging from SIL 1 to SIL 4, is assigned to
any protection measure intended to control the scenario. The SIL value then defines the
necessary performance, reliability, and maintenance requirements according to functional
safety standards. (Bridges & Dowell 2016 p. 1; Jahanian 2025 pp. 1-2) A higher SIL reflects
a greater required capability of the protection measure to reduce the likelihood or severity of
hazardous outcomes. Protective measures can function either to prevent hazardous events

from occurring or to mitigate their consequences once they have occurred. (Jahanian 2025

p- D
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4 Variability and harmonization needs

PHA-studies, including HAZOP, aims to identify hazards in processes as completely as
possible. However, several factors can undermine the quality of PHA results, including
methodological limitations, human factors, and weaknesses in quality control and assurance.
(Baybutt 2018) The reliability of the method is essential, and therefore the high quality of
the available materials must be ensured. At the same time, Olsen et al. (2020) states that it
is necessary to understand the extent to which different factors are involved. HAZOP studies
conducted are inherently influenced by biases, experience, expertise, and creativity of
participants. It is important to leverage the insights of people involved in HAZOP studies,
and it may also be beneficial to harmonize the structure of HAZOPs for processes that utilize

similar technologies. (Dunjo et al. 2010 p. 28)

In terms of harmonization there are different views regarding its usability. Baybutt (2018)
argues that pre-completion of worksheet should be avoided because it reduces brainstorming
and does not represent good engineering practice. On the other hand, the IEC standard (2016
p. 33) encourages to use previous materials from databases with similar technologies in
place. Similarly, Bridges, Tew & Massello (2018) emphasizes the value of revisiting and
reusing earlier HAZOP information, noting that as processes evolve, the validity of
previously identified causes, consequences, and safeguards can be reassessed and
supplemented with new operational insights, allowing the risk picture to be continuously
refined on top of the existing knowledge base. For harmonization of HAZOP studies
throughout automation, artificial intelligence (Al), process engineering and other related
fields, further research is needed (Dunjo et al. 2010 pp. 28-29). This further emphasizes the
need for intermediate solutions which manage the increasing complexity of processes and

tackle the factors causing variability.

4.1 Factors contributing to variability

The human element is a major source of variability in HAZOP outcomes. Olsen et al. (2020)
list a range of factors that influence the performance of the team and, consequently, the

results of the study. These factors include heuristics and bias, creativity, brainstorming
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sessions, cognitive load, memory, resources, interruptions, management, and time pressure
among others. Individuals often employ cognitive heuristics in decision-making, leading
them to outweigh initial information and overstimulate the likelihood of rare events that are
easily recalled. Heuristics are mental shortcuts that help individuals make quick decisions,
especially under conditions of complexity or uncertainty. (Baybutt 2018; Olsen et al. 2020)
Creative thinking plays a key role in identifying hazardous scenarios, yet its presence varies
significantly among individuals and contexts. In brainstorming sessions, this variability
becomes clear as participants contribute unevenly, influenced by differences in experience,
cognitive style, and engagement. (Baybutt 2018) In terms of human factors, it is noteworthy
that individuals frequently face challenges in identifying shortcomings in their own actions.
It is typical for people to overrate their competencies when compared to objective
assessments of their performance. (Pennycook et al. 2017) As Jain et al. (2017) note, humans
are constrained by “what you see is all there is” and the availability heuristic, which limits

their ability to foresee unexpected event chains.

As HAZOP study relies heavily on creative processes, the study leader has multiple
responsibilities while conducting the study. The study leader should make sure that team
members understand the scope of the design intent as well as parameter identification,
among other things. (Baybutt 2015; IEC 2016 p. 39) Baybutt (2015) emphasizes that in
complex design intents, it is challenging to identify the aspects of the process that pose a
risk, as there are multiple documents involved. It also highlights the challenges of identifying
risks in design intent involving multiple nodes or the whole process. Furthermore, design
intent typically does not contain typical process parameters in an easily discoverable form
but assumes that the participant in HAZOP knows the parameters. Deviations are also
derived from the parameters and often a pre-established list of parameters is used, which
may lead to the omission of some scenarios. In the same way, the most typical guidewords

are often used, resulting in a risk that some entities are missed. (Baybutt 2015)

According to Penelas and Pires (2021), when the team lacks experience, the quality of the
analysis may decline, as less experienced participants may struggle to interpret guidewords
correctly or identify relevant deviations. As HAZOP depends on the judgement of the design
team, they may struggle to remain fully objective when evaluating hazardous situations
within their own design (Elhosary & Moselhi 2024). In complex processes, HAZOP often

relies on simplifications to make the analysis efficient. These include considering one failure
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at a time and ignoring the magnitude, duration, and possible domino effects of failures
among others. These assumptions help manage the scope but can cause rare and critical

scenarios to be missed. (Mokhtarname et al. 2022)

During the hazard identification phase, variability can arise from duplication of work. This
occurs when causal analysis of the same root cause is repeated across different nodes, or
when multiple deviations within a single node are treated separately despite stemming from
a common deviation. (Li et al. 2023) Such duplication can further amplify other sources of
variability. The cognitive demands of HAZOP meetings are substantial, which affects
participants' ability to consistently interpret technical material and contribute to scenario
development. Memory-related variability also appears, as participants are expected to recall
past incidents and previous discussions, sometimes across multiple sessions, which can
result in omissions or inconsistencies. Time pressure adds yet another layer of variability, as
participants must balance HAZOP responsibilities with their regular duties, and limited time
allocations may restrict the depth of analysis, increasing the likelihood of missed scenarios.
(Olsen et al. 2020) Similarly, Yan et al. (2023) also points out that traditional HAZOP
includes problems such as time consumption and labour-intensify as well as inadequate

completeness of results.

Baybutt (2015) highlights a critical concern regarding the perceived reliability of the
HAZOP method: its formal structure may create a false sense of security among
practitioners. The procedural rigor and systematic format can lead participants to believe
that a comprehensive analysis has been conducted, even when significant deviations may
have been overlooked. This misplaced confidence can obscure the inherent limitations of the
method, particularly its dependence on the thoroughness and insight of the team, and the
assumption that all relevant hazards have been identified. Ab Rahim et al. (2024 pp. 9-10)
argues that existing hazard identification methodologies lack the flexibility required to detect
unexpected challenges, particularly in the context of increasingly complex industrial
processes. As system interdependencies grow, the potential for cascading effects and chain
reactions becomes more pronounced. However, conventional approaches often isolate
analysis to specific areas, which may prevent the recognition of broader systemic risks that

emerge only when interactions across multiple nodes are considered. (Ab Rahim et al. 2024

pp. 9-10)
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In addition, several external factors have been identified as factors affecting the quality of
HAZOP study and completeness of HAZOP study. External factors include interruptions of
the team, time pressure, management guidance, interference by management, resource
constraints, and facility-related factors. Time pressure comes primarily from management,
and the general desire is that the study can be completed in an abbreviated time. Similarly,
management may seek to steer the study, for example by not documenting scenarios that are
seen as costly to fix. (Baybutt 2018) In general, duration can be estimated reasonably well.
For example, Khan and Abbasi (1997) have created a mathematical model that can be used
to estimate the study time with an accuracy of 90-95 %. The long duration of HAZOP study
can have a negative impact on the performance of the team, and it is the responsibility of the
team leader to monitor the contributions of the team members during the study in order to
minimize the negative impact (Baybutt 2003b). Resources refer to the availability of a
sufficient number of qualified personnel within the team, as well as access to experts in the
relevant technology when required. Facilities, in turn, may be influenced by a variety of
factors, such as lighting, air quality, humidity, excessive heat or cold, noise or windows that

can distract attention from the study. (Baybutt 2018; Olsen et al. 2020)

4.2 Harmonization approaches

It is possible to improve the quality and efficiency of HAZOP with the help of past
experience and expert knowledge. The HAZOP reports contain a lot of process-safety-
related information, including the causes and consequences of deviations as well as the
associated safeguards. (Zhang, Zhang & Gao 2023) Jing et al. (2022) emphasize the potential
of using this information for new risk analyses, risk warnings and emergency response,
thereby contributing to accident prevention. As early as the 1990s, knowledge-based systems
have been developed to support HAZOP studies, such as SERO, which is built from the
perspective of continuous processes to increase the reliability of HAZOP conclusions.
(Leone 1996) Venkatasubramanian and Vaidhyanathan (1994) have used a knowledge-
based approach in the HAZOP analysis to provide a more holistic analysis and to minimize
human factors. In their HAZOPExpert model, the knowledge base is divided into general
HAZOP models of the process and process specific information, which in turn allows the

automation of the process when these two components interact.
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A knowledge-based approach is one way to improve the consistency of HAZOP, for example
by pre-filling part of HAZOP. The benefit of this approach is that it can ensure similar
conclusions in similar situations, regardless of the composition of the HAZOP team.
However, the risk is that the team will accept the section without a more detailed analysis
and without using brainstorming in that section. (Moosemiller 2025 p. 15) This risk is also
emphasized by Baybutt (2018), who notes that brainstorming may be completely omitted if
pre-filled templates are used. Ab Rahim et al. (2024) however, emphasize in their study the
need to enhance system resilience in the future. They point out that as complexity and
interdependence within and between systems increase, strengthening resilience becomes
crucial. This highlights the fact that there is no clear consensus on the use of pre-filled

templates.

Elhosary, Moselhi and Bucur (2024) note that several semi-automated tools have been
developed for HAZOP. The tools available on the market are divided into three categories
as shown in Figure 10: template-based software, library-based software and Al-based
software. Template-based software provides pre-built structures and customizable models
for the input of HAZOP studies data, while still relying heavily on manual operations, which
makes them a less efficient option for complex projects. The software is suitable for
organizations that need a simple solution for storing and organizing HAZOP data but does

not support advanced data-driven risk analysis. (Elhosary, Moselhi & Bucur 2024)

HAZOP software in the market

Template-based software Library-based software Al-based software
Workhub HAZOP+ SALUS HAZOP Al
MySafety Assistant HAZOP Manager HAZOP Assistant
Camms Risk PHA-PRO
isuditor PHAWorks RA
Safety Intelligent software LEADER PHA
ProcessMap Open-PHA
HAZQOP Software
SpheraCloud
UXRisk
PHA Software

Figure 10. Classification of HAZOP software tools available (adapted from Elhosary, Moselhi &

Bucur 2024).
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The library-based HAZOP software contains extensive libraries of guidewords, deviations,
and scenarios, which enhances and harmonizes hazard identification. It enables the use of
previous studies and historical data and provides features such as P&ID annotation, project-
driven creation and report generation. The tools reduce manual input, but do not include
artificial intelligence or predictive analysis, but rely on the expertise of the user. The tools
do not recognize new risks from outside libraries, which is why companies are looking for
Al-based solutions. The Al-based HAZOP software combines the traditional HAZOP
method with artificial intelligence to improve hazard identification, reduce manual work and
provide deeper analysis. The benefits are automated data mining and Al-based insights, but
the limitations are the risk of hallucination, the need for manual input, the lack of risk
matrices, and limited suitability for large projects. The focus for future development will be
on better Al integration, predictive models and P&ID compatibility. (Elhosary, Moselhi &
Bucur 2024)

Different risk assessment methods may be combined in the analysis of a process or part. The
combination of the two methods can result in a technique that mitigates the weaknesses of
the individual method, while exploiting the strengths of both. (Johnson 2010) HAZOP is a
qualitative method that can often be complemented by other PHA tools. For example,
quantitative risk assessment (QRA) has been used in the chemical industry to support
decision-making and to review some risks. (Sarveswar, Ganesh & Anish 2023 pp. 13-14)
Combining HAZOP and LOPA reduces the amount of duplicated work, as usually HAZOP
is implemented first and then a separate LOPA for some scenarios. The integration
streamlines the process by integrating the identification of scenarios and the evaluation of
the protection layer in one step. (Johnson 2010) Deswandri et al. (2023 pp. 68, 77) combines
HAZOP, which is seen as more system- or process-oriented, and FMEA, which is seen as
component-oriented. In their model, HAZOP assessment is done for physical-chemical
processes and FMEA for passive components of the device. In practice, this means that the

node, deviation, consequence and cause of HAZOP are added to the FMEA table.
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5 Research design

The empirical part of the thesis focuses on identifying which factors contribute to variability
in HAZOP results within the case company’s smelting projects, and how these factors can
be managed through harmonization. Investigating the factors that arise within the case
company’s context provides a basis for broader development of the HAZOP process. Semi-
structured interviews with experts were conducted to gain a comprehensive understanding
and to identify practical harmonization needs in HAZOPs. In addition to interviews, the
study employs observation to understand how HAZOP work is carried out in practice,
providing context for interpreting the interview findings by showing how templates are used
in real workshops and what challenges emerge. Document analysis is then used to compare
the structure and content of previously used HAZOP reports and to identify the differences
between them. The results of interviews and observations are combined with a structural
comparison of HAZOP templates. The outcome includes a proposal aimed at reducing
variability in future projects as well as insights for the case company on the specific factors

that contribute to variability in its HAZOP process.

5.1 Research approach and methodology

Selecting appropriate research methodologies is a critical step, as it defines the overall
approach, data collection techniques, and ultimately the extent to which the research
objectives can be achieved (Opoku, Ahmed & Akotia 2016 pp. 32-33). This thesis adopts a
qualitative case study design and applies a multimethod approach by combining interviews,
observation, and template comparison to construct the empirical dataset. Employing multiple
methods facilitates a deeper understanding of the research problem compared to studies
relying on a single method (Mik-Meyer 2020 p. 4). Case studies are used to develop an in-
depth understanding of a current problem or phenomenon within a bounded system. They
may incorporate multiple sources of evidence, such as interviews, observations or
documents. (Coombs 2022; Range 2024) As a qualitative study, research provides richer

insights into a real-world problem, leveraging its strengths in describing processes and
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patterns that are difficult to quantify. Qualitative research seeks to answer “how” and “why”

questions. (Tenny, Brannan & Brannan 2022; Lim 2024)

Semi-structured interviews were selected as one of the methods because they enable the
collection of in-depth and contextual information from participants while allowing flexibility
to adapt questions as the interview progresses. This method combines a predefined thematic
framework with open discussion, making it suitable for situations where maintaining
research focus is essential while still accommodating new perspectives emerging during
interviews. (Ruslin et al. 2022 pp. 22-23) Observation was chosen to complement data
collection, as it can address questions that interviews alone may not reveal. Observation
focuses on what people do in real contexts through the researcher’s interpretation, whereas
interviews capture participants’ own interpretations, which the researcher then analyses.
(Ellis 2023 p. 100) Template comparison was further employed to broaden the perspective
by assessing a set of items and evaluating the degree of their similarities and differences

(Bolbakov, Sinitsyn & Tsvetkov 2020 p. 6).

5.1.1 Case company and interviewees

The case company examined in this thesis is a large, globally recognized technology and
service provider operating within minerals processing and metallurgical industries. With a
strong legacy in industrial innovation, the company specializes in delivering sustainable
solutions for the processing and refining of metals, particularly in the areas of mining,
aggregates, and metals refining. Globally, the company employs about 17,000 employees in

over 50 countries. In 2024, the company reported 4.9 billion euros worth of sales.

This thesis is conducted in one business line within the case company. This business line is
technology-oriented with comprehensive research and development (R&D) capabilities
alongside with thorough process and equipment expertise. The business line provides
proprietary smelting technologies for copper, nickel and ferrochrome refining among other
things. The business line collaborates with other business lines and business functions such
as sales and QEHS to make sure that the outcome is optimal from the customer perspective.
The scope of the projects that the company executes can vary from product level to

comprehensive plant solutions deliveries and likewise the scope, and the time consumption
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can vary significantly as well. The projects also involve cooperation with external actors

such as the customer and other companies.

At the initial stage of the study, a kick-off meeting was organized with the aim of presenting
the thesis topic to the case company’s experts and ensuring their commitment to the project.
The invitation and agenda of the kick-off meeting are provided in Appendix 1, outlining its
key objectives and discussion points. During the meeting, the background of the work,
research questions, and preliminary schedule were reviewed, following a discussion of the
scope and practical aspects of collaboration. Based on this discussion together with experts
it was decided to limit the analysis to the following equipment: the concentrate burner and
flash smelting furnace. These were considered representative of the core smelting processes

and provided a sufficient basis for comparing variability in HAZOP results.

A total of 15 interviews were conducted in support of the study, with the aim of forming a
comprehensive picture of the variation and the factors influencing it in the HAZOP studies.
The interviewees were selected purposefully to capture perspectives from different roles and
teams. Within the case company, participants represented a range of functions such as safety,
project management, process design, layout and P&IDs, and Electrical, Instrumentation and
Automation (EIA). The interviewees also included an external specialist who regularly
serves as a facilitator for the case company’s HAZOP studies. The interviewees represented
roles from directors to engineers, each with several years of practical experience in HAZOP
work. Table 4 shows the order of interviews and the roles of participants in the organization

of the case study.



Table 4. The order of the interviews and the roles of the interviewees (author’s own work).
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Participant

Role

Interviewee 1
Interviewee 2
Interviewee 3
Interviewee 4
Interviewee 5
Interviewee 6
Interviewee 7
Interviewee 8
Interviewee 9
Interviewee 10
Interviewee 11
Interviewee 12
Interviewee 13
Interviewee 14

Interviewee 15

Product Safety Manager

Senior Process Metallurgist

Product Manager

Manager, Quality & Product Compliance
Plant Engineer, Layout & Piping & Diagrams
Head of QEHS MCP

Contractor, Delivery EIA Engineering
External facilitator

Director, Engineering Management
Senior Director, Engineering
Engineering Manager

Manager, Piping

Senior Engineering Manager

Senior Service Support Manager

Chief Engineer, Automation

The interviewees represent a broad spectrum of industry professionals with diverse
backgrounds. This diversity enabled a comprehensive understanding of the case company's
HAZOP process and the factors contributing to its variability. Initially, the case company
provided a preliminary list of individuals with relevant expertise in the subject area.
However, the pool of interviewees expanded organically during the interview process, as
several participants recommended additional experts. This development significantly
enriched data collection by broadening the range of perspectives and enhancing the
analytical depth. Furthermore, since the HAZOP process is implemented uniformly across
different units within the case company, it was possible to leverage a wider pool of internal

expertise, thereby supporting a more holistic and comparative analysis.

5.1.2 Interview design and structure

The interviews were conducted in a single phase to ensure consistency and comparability
with data collection. Prior to the interviews, potential participants received an email, shown
in Appendix 2, outlining the background and objectives of the thesis as well as the structure

of the prospective interview. The email also described the categorization of the questions.



51

This was intended to ensure that participants understood the context of the interview and
could prepare if they wished. Once a suitable time was agreed upon, participants were sent
a Microsoft Teams invitation, which included a more detailed description of the interview
process. The invitation also contained a list of factors identified in the literature review to

provide interviewees with an understanding of the discussion’s focal points.

The interviews were conducted as semi-structured interviews, meaning that they followed a
predefined framework derived from the literature review while still allowing the interviewer
to refine and deepen the discussion based on emerging themes. The interview question
framework is presented in Appendix 3. The interview process was iterative, with findings
from earlier interviews shaping the direction of later interviews. This approach ensured that
the data collection was not limited to the initial questions but also captured new perspectives
and practical considerations, thereby enhancing the overall comprehensiveness of the

findings.

In total, 15 interviews were conducted between mid-October and mid-November. Microsoft
Teams video calls were used as the interview platform. Teams’ recording and automatic
transcription features were utilized for note-taking. At the beginning of each interview,
participants were asked for consent to record and informed that responses would be
anonymized and could not be linked to any individual. They were also told that recordings
would be deleted after the analysis was completed. After each interview, the transcript was
reviewed against the recording to ensure accuracy. The choice of language was based on
participants’ backgrounds: most interviews were conducted in Finnish, as the majority of
participants were Finnish. This allowed for more detailed and nuanced responses, as
interviewees did not need to consider word choices in a foreign language. A few interviews

were conducted in English for international participants.

All interviews were conducted as one-on-one sessions, enabling in-depth discussion and
personal perspectives. The average duration of an interview was approximately 60 minutes.
In some cases, the discussion extended longer: one interview lasted about 1.5 hours and
another nearly 2 hours. Longer interviews were typically associated with participants who
had very long professional careers and broad involvement in HAZOP work. These
conversations provided valuable insights that significantly enriched the dataset. Participants

who wished for extended time indicated this in advance, so duration did not pose a constraint.
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The structure of the interview consisted of eight different sections. Table 5 shows the
structure of the interview in different sections. The first section contained a brief introduction
of the interviewer and the interviewee. In addition, the interviewee described their role
within the case company as well as their familiarity with HAZOP and their involvement in
the process. The thesis topic and objectives were then briefly outlined, followed by an
explanation of the interview’s structure and the grouping of the questions. Consent for
recording was requested, and the procedures for handling the data were explained. The
second section focused on the interviewees’ views on HAZOP in smelting projects,
including perceived strengths and weaknesses of the HAZOP process. The discussion also
addressed the interviewees’ own participation style in HAZOP sessions and any potential
disagreements that may arise during the process. The third section dealt with the preparatory
phase of HAZOP, covering its timing within the case company’s project workflow, the
interviewee’s involvement in this phase, and the tasks associated with preparation. The
fourth section represented a core part of the HAZOP process and examined the execution of
the HAZOP study. Interviewees were asked about the facilitator’s role and its significance
in conducting HAZOP, as well as whether practices differ depending on whether the case
company or the client organizes the session. Additional topics included resource adequacy,
potential schedule pressures and their impact on HAZOP quality, and the importance of
breaks and pacing for maintaining concentration. Interviewees also assessed other factors

that could influence the outcome of the HAZOP study.
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Table 5. Structure of the interviews (author’s own work).

Interview sections

Content to include

Section 1  Start of the Participant introduction: name, role, and familiarity with HAZOP; brief
interview explanation of interview purpose and recording
Section2  General views of Overall role of HAZOP in smelting projects, perceived strengths and
HAZOP weaknesses, personal participation style and reasons, examples of
disagreements
Section3 HAZOP Timing of HAZOP within the project, ability to implement changes,
preparation phase  involvement in preparation activities, accessibility, and quality of input
data
Section4 HAZOP study Facilitator’s role and influence, adequacy of resources, impact of time
phase pressure, pacing and breaks, factors affecting concentration and study
quality
Section5 HAZOP team Effect of team size and expertise, importance of interaction and
dynamics atmosphere
Section 6 HAZOP Consistency of reports across projects and quality of supporting design
documentation materials (e.g. P&IDs)
Section 7 Magnitude of Most influential factors on HAZOP results, underestimated factors,
factors influence of project type or phase, priority areas for improvement
Section 8 Possibilities for Observed differences in HAZOP results, current harmonization efforts,

harmonization

suggested improvements, benefits and drawbacks of using pre-filled

templates

The fifth section of the interview focused on the impact of team size and expertise on
HAZOP outcomes. Interviewees were asked about the importance of interaction and
atmosphere, as well as how they perceive team dynamics and how they would evaluate its
significance relative to other influencing factors discussed during the conversation. The sixth
section addressed HAZOP documentation, asking participants how consistent HAZOP
reports are across different projects and their views on the quality of supporting materials
such as P&ID diagrams. In the seventh section, interviewees assessed which factors have the
greatest influence on HAZOP results and which are often underestimated. The discussion
also explored whether project type or phase affects the importance of these factors and where
improvement efforts should be targeted within the process. The final section examined
observed differences in HAZOP results across projects, current harmonization practices, and
suggestions for improvement. Interviewees were also asked for their opinions on the benefits

and risks of using standardized templates. All interviews were based on this structure, except
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for the external facilitator interview, which primarily focused on their perspective on the
case company’s process and their own role and observations during the company’s HAZOP

sessions.

5.1.3 Observation of HAZOP sessions

Observation of HAZOP sessions was carried out partly after the interviews to examine
themes that emerged during the discussions in a practical context. Its purpose was also to
develop a more comprehensive understanding of the HAZOP process within the case
company’s operational environment. Observing the actual process enabled a deeper
interpretation of the insights gained from the interviews, as seeing the process in action
enhances understanding of its structure and practical implementation. Observation thus
served as a triangulation tool, reinforcing the understanding of the process flow and its
critical stages formed through interviews, while also facilitating the interpretation of
templates. Figure 11 illustrates the positioning of observation in relation to interviews and

template comparison.
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Figure 11. Positioning of interviews, observation and template comparison (author’s own work).

Observation was conducted between November 3 and November 19, 2025. The observed
HAZOP study sessions were held on weekdays from 9:00 to 17:00, and a total of nine
sessions were attended during this period. On some days, participation was partial due to
other concurrent tasks. The observation took place via Teams meetings, as several
participants joined remotely. The observed HAZOP formed part of the large-scale plant

project within the case company. An earlier HAZOP round for another section had already
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been held in summer 2025. The observed session was therefore a continuation of the process,
focusing on different parts of the plant. This plant project is one of four projects whose

finalized HAZOP documentation will later be compared in the analysis section of the study.

The observation was conducted in an open manner without a structured form, as the aim was
to capture a rich and detailed picture of the process without predefined categories. Data was
collected as notes documenting the session flow, discussion priorities, and situations where
the process deviated from the planned course. Particular attention was paid to the handling
of deviations, decision-making practices, and interactions between roles. Open observation
was chosen because it allows the identification of unexpected phenomena that a structured
approach might overlook (Baker 2006 p. 179). Observation complemented the insights
gained from the interviews by providing firsthand evidence of how the HAZOP process
unfolds in practice. Witnessing the actual workflow allowed a deeper interpretation of
interview statements and a clearer understanding of process dynamics. This is essential for
addressing the research questions, as the observations help assess how the practical
implementation of the HAZOP process aligns with theoretical guidelines and where

variability occurs.

5.1.4 Template comparison

Template comparison was carried out to examine the consistency and variability of HAZOP
documentation across four large-scale plant projects executed by the case company. These
projects represent significant smelting operations implemented in different parts of the
world, under varying production environments and regulatory frameworks, and across
different years. The purpose of this comparison is to understand how in practice HAZOP
results differ from one to another, and to pinpoint potential harmonization places. The
analysis focused on two critical pieces of equipment identified during the kick-off discussion
with subject matter experts: the flash smelting furnace and the concentrate burner. For each
project, the comparison included P&ID drawings, HAZOP worksheets, and compiled
HAZQOP report.

The comparison began by reviewing the P&ID drawings to determine how the plant was
divided into nodes for the selected equipment, and if there were multiple approaches for

nodding the plant. After determining the node structure, the content of the HAZOP
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worksheets was reviewed to identify what information each project included in its
worksheet. The HAZOP reports were then examined in detail to assess the depth and
consistency of the analysis. This included checking which deviations were considered,
whether similar deviations were addressed across projects, and what kind of causes and
consequences were derived from the deviations. The review also looked at the safeguards
proposed for comparable scenarios to determine whether similar risks were mitigated in a
consistent manner. In addition, the application of risk and severity levels was compared to
identify any differences in ranking for similar situations. Through this systematic approach,
the study aimed to capture variability in both the structure and the analytical depth of the

documentation.

After the initial comparison was completed, the next step was to consider how the
documentation practices could be harmonized. Based on the findings from the comparison,
a proposition was developed for defining nodes and structuring the analysis in a more
consistent way. This proposal aimed to address the observed variability and establish clearer
guidelines for node division and deviation selection. To refine and validate this approach,
HAZOP review sessions were organized with experts from the case company. These sessions
were not conducted as full HAZOP meetings but were focused specifically on a detailed
comparison of the worksheet contents from the four projects. The purpose was to examine
the deviations, causes, consequences, safeguards and risk rankings on a row-by-row basis
and use these insights to propose a harmonized worksheet structure for future projects.
During the sessions, the original worksheets were reviewed alongside the draft of the
harmonized template, and the discussion concentrated on the selected equipment and their
associated nodes within the defined scope. The experts evaluated how similar scenarios had
been documented across projects and identified opportunities to align the level of detail,
terminology and categorization. In defining the harmonized set of deviations, all deviations
mentioned in the original reports were considered to ensure comprehensive coverage. The
outcome of these sessions was a consolidated base template built from the common elements
identified across the projects, which can be adapted and supplemented with project-specific

information in future HAZOP studies.
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5.2 Data analysis

This section presents the analysis of qualitative data collected through interviews and
observation. The purpose of the analysis is to identify factors that influence variability in
HAZOP studies across smelting projects in the case company’s context. Data is analysed
through thematic analysis as that method provides a systematic but flexible framework for
identifying, examining and interpreting patterns embedded in the data (Ahmed et al. 2025).
Preliminary coding was guided by theoretical themes identified in the literature review,
which served as an initial structure for organizing the data. These themes were refined and

modified during the analysis to reflect insights emerging from empirical evidence.

The process began by collecting statements from interviews and observation notes and
organizing them into smaller, meaningful segments. These segments were then categorized
under broader themes derived from the literature review. A total of five main categories were
used to guide the analysis: organizational factors, human factors, methodological and
process factors, external factors, and complexity and system-level factors. These categories
were initially based on theoretical themes identified in the literature review, but they were
refined throughout the coding process as empirical insights emerged. The thematic structure

applied in this study is illustrated in Figure 12.

Organizational
factors

Project process flow

> Pre-HAZOP process > HAZOP > Post-HAZOP process >

H y Methodological and Ext | fact Complexity and
uman factors process factors Ktermattactors system-level factors

Figure 12. Categorization framework developed for interview and observation findings (author’s

own work).
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While thematic analysis formed the core of the analytical approach, interpreting the findings
also required placing them within the case company’s project process. In this workflow,
HAZOP represents one step in a broader sequence, with tasks such as P&ID development
carried out beforehand and activities related to recommendations and safety implementation

completed afterwards.

5.3 Limitations

This thesis is based on the context of smelting processes, but the HAZOP process within the
case company is consistent and can be applied more broadly to different technologies.
Nevertheless, the study focus has been mainly confined to smelting projects, which may
limit the generalizability of the findings to other process entities. In addition, the study is
based on the operating models and practices in one organization which may not be directly
applicable to other companies or industries. From the perspective of process development,
the scope of the study could have been extended, for example by conducting more interviews
with experts from different companies and sectors. This would have allowed a deeper
understanding of the application of the HAZOP process in different project contexts and

more comprehensive understanding on variability factors.

This thesis utilizes a multi-method approach, which consists of semi-structured interviews
with experts, observing the HAZOP study process and comparing the finished HAZOP
templates with each other. Although this approach allows the phenomenon to be examined
from several perspectives, it also has certain limitations. The number of interviews is limited,
and some of the interviewees work in close cooperation with each other, which can affect
the versatility of the answers. The observation was carried out in a limited time and for one
project, which in part limits the generalizability of the observations obtained from the
HAZQP study session. In addition, the document comparison focuses on two selected pieces
of equipment. These projects differ in documentation practices, node structures, project
scope and customer requirements, which limits the extent to which the results can be

compared and the differences identified.

Although the study has sought to minimize the subjectivity of the researcher through, inter
alia, a multi-method approach, a systematic interview process and the transparency of the

categorization of results, it is possible that the researcher's own assumptions and perceptions
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may or have influenced the interpretation of the material and some of the conclusions.
Particularly in analysis, the researcher has a pivotal role in the interpretation of obtained
data, and these interpretations may involve subjectivity. Efforts have been made to reduce
this subjectivity by involving, for example, experts from the case company in the process of
evaluating HAZOP templates. Furthermore, it should be noted that the HAZOP process itself
relies heavily on the partly subjective views of the experts. The study provides a number of
useful results but completed HAZOP templates may be of little relevance for process
development if there is a significant change in technology or practice, which would change

the risks associated with HAZOP.

As the study is based on the business models and practices of a single organization, its results
cannot be directly generalized to other companies or industries. The case-study method itself
brings with it limitations such as the lack of comparability and the difficulty of distinguishing
which findings are unique to the organization in question, and which reflect wider
phenomena. In addition, the replicability of the study may be challenging due to the unique
context of the organization. Time and resource constraints likewise limited the scope of data

collection and the depth to which the material could be analyzed.

As regards the literature review, certain limitations should be acknowledged. One notable
constraint is the limited availability of industry-specific academic research related to
HAZOP methodologies, particularly within the context of smelting processes. Consequently,
the literature review adopts a broader perspective on HAZOP, which may incorporate
theoretical elements or considerations that are not directly applicable or relevant to the
specific context of this study. Furthermore, the literature selection process is inherently
influenced by the researcher’s judgment, including decisions regarding which sources to
include or exclude. These choices may reflect a tendency to prioritize literature that aligns
with the research objectives, potentially at the expense of alternative perspectives or

frameworks that could offer additional insights.
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6 Data analysis and findings

This chapter presents the collected data and illustrates the findings that aim to answer the
research questions: 1) How significant are the differences between HAZOP results in
smelting projects, 2) What factors contribute to the variability of HAZOP studies across
different smelting projects, and 3) How can HAZOP results be harmonized across different
smelting projects? The data collection was conducted through semi-structured interviews,
observations, and template comparisons. The chapter is divided into two main sections, first
one being findings from the interviews and observations and second being findings from the
template comparison. This division reflects the research design and the logical structure
introduced earlier. The data from the interviews and observations are categorized according

to themes developed in the research design.

6.1 Findings from interviews and observation

Based on the research design, findings from interviews and observation are divided into five
categories: organizational factors, complexity and system-level factors, methodological and
process-related factors, human factors, and external factors. Each theme represents a broad
area of findings, and within these themes, specific sub-themes provide a more granular view

of the factors observed. These sub-themes are illustrated in Table 6.



Table 6. Findings grouping into sub-themes within themes (author’s own work).

Themes

Sub-themes

Organizational factors

Role clarity and accountability

Timing and integration in project lifecycle
Resource allocation and scheduling norms
Facilitator dependency and governance
Training and competence gaps
Knowledge reuse and harmonization

Complexity and system-level factors

Technology-specific risk patterns

Multi-node interactions and cascading failures
Integration with other standards

System interdependencies

Methodological and process-related
factors

Strengths and limitations of HAZOP
Alternative/complementary methods
Template-driven harmonization

SIL allocation challenges

Human factors

Cognitive load and fatigue
Participation dynamics
Expertise variability

Cultural and behavioral aspects
Learning and onboarding

External factors

Customer-driven variability
Global coordination challenges
Commercial pressures
Contractual constraints

61

The sub-themes were derived from patterns that repeatedly emerged during the interviews,

reflecting issues that participants considered influential in the conduct and results of HAZOP

studies. In addition, observations were used to support and complement these categories,

ensuring that the classification reflects the issues that actually occur in practice.

6.1.1 Organizational factors

Interviews consistently indicated that formal accountability for HAZOP studies in the case

company is divided between two roles: Project Manager and Engineering Manager. The

Project Manager holds ultimate responsibility for ensuring the study is completed, while the

Engineering Manager manages the practical execution of HAZOP studies, including agenda

settling, participant invitations, node preparation together with facilitator and follow-up

actions, among others. In plant delivery projects, Engineering Managers also act as the

primary interface with external facilitators, coordinating schedules and ensuring alignment



62

with project milestones. However, despite this clarity at the project level, two ownership
gaps emerged repeatedly across interviews when looking at the wider organizational context.
Several interviewees noted that there are not designated personnel for improving the end-to-
end HAZOPs or driving harmonization across projects. As one interviewee framed it, “there
is no single throat to choke when inconsistencies arise”. The current SIL instructions were
often described as difficult to interpret and some also noted that they lack active updating,

particularly after the departure of earlier subject-matter experts.

Case company’s guidelines position HAZOP as a basic design deliverable, and it is typically
conducted after key design deliverables, such as P&IDs, are complete. This positions
HAZOP between the finalization of basic design phase and the start of detailed design phase.
Some interviewees noted significant variation in practice. It was stated that in many projects,
HAZOP studies are conducted with incomplete P&IDs, and updates occur later in detailed
design phase when vendor selection inter alia introduce new configurations. Several
participants criticized this approach, noting that premature timing undermines quality:
HAZOP sessions risk becoming drawing verification exercises rather than systematic hazard
analysis. Some interviewees highlighted that commercial urgency determines timing of the
HAZOP as customers expect early risk reviews to support cost estimates and project
approvals. Among participants, several ideas rise to reconcile timing related pressures. It
was highlighted that light screening should be conducted during basic design phase to
identify high-risk areas and prioritize resources, followed by a formal HAZOP after basic
design phase but before detailed design phase to maximize document maturity while
preserving flexibility for implementing recommendations. For risk-intensive systems such
as concentrate burners, it was suggested to integrate Bowtie analysis or similar tool to
capture multi-node or cascading failure scenarios that traditional node-by-node HAZOP may

overlook.

Some participants described that HAZOP scheduling is heavily influenced by commercial
milestones, as sessions are forced into compressed windows even when design maturity is
incomplete. The prevailing pattern is full-day sessions, 8 hours a day, five days per week for
multiple consecutive weeks. This was also noted in the observed HAZOP study, which had
a continuous duration of approximately 2.5 weeks. In this respect, the views of the
interviewees were clearly divided. Some consider the current practice as a reasonable

solution but say that “brute-force marathons” can be heavy as people have other tasks as
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well beside HAZOP. On the other hand, many of the interviewees hoped that the schedule
could be re-evaluated How it would be done varied greatly between interviewees. Some
wanted to limit the duration of a single day from four hours to six hours. Some suggested
that HAZOP should not be done every working day of the week, but for example four days
a week. What all these wishes has in common was that committing 100 percent of working
hours to HAZOP leads to other tasks piling up. One interviewee provided an example of a
situation where scheduling was problematic: “The HAZOP session was scheduled right
before my planned vacation, while I still had several other work obligations to complete.
This resulted in exceptionally long working days and, in my view, reduced the quality of my
contribution during the session”. Similar challenges were noted in other interviews as well,
where experts reported difficulties in balancing core project responsibilities with the

demands imposed by HAZOP commitments.

In multi-week HAZOP, several interviewees emphasized the difficulty of convening all
required experts at the same time. During observation, it was noticed that some of the people
had to leave in the middle of the session and they announced that another person would work
in their place. Interviewees also noted that participant commitment and concentration tend
to decline after the first week, as individuals begin to multitask and occasionally leave the
session. The primary reason given for this reduced engagement was the widespread adoption
of hybrid and remote working practices during the COVID-19 pandemic, which have since
become established operational norms across various functions. Contributing to these
challenges is the fact that projects are large and require input from numerous specialists who,
in the case company’s context, are located across the globe. Additionally, customers and
other project stakeholders are often involved in the HAZOP process, further increasing the

complexity of coordinating participation.

Interviewees consistently emphasized team composition as a critical factor in the
effectiveness of HAZOP sessions. Although the invitation lists often include dozens of
individuals, the actively contributing core group typically aligns with IEC recommendations
(approximately 4-8 participants), leaving many others in passive, “listening-only” roles.
During the observation, it was found that the roles of the participants do not always come up
during the discussion, and this challenges monitoring and clarifying responsibilities.
However, the more substantial challenge concerns achieving adequate discipline coverage

at the moment when specific expertise is required, particularly in the areas of automation
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and electrical engineering. Participants gave examples of situations where experts were
either absent or insufficiently prepared, which in turn resulted in recommendations that were
either not feasible to implement or unnecessarily over-engineered. It was also mentioned
that company does not provide training regarding company’s own HAZOP procedure. Most
participants learn by doing and some participants stated that it results in boundary confusion
as machine safety is mixed with process safety. The interviews also highlighted that
insufficient subject-matter competence may reduce some participants’ confidence to take
part in discussions during the HAZOP sessions. Several interviewees noted that a lack of
familiarity with the methodology can lead individuals to remain silent, even when they have
relevant insights. Consequently, training was repeatedly emphasized as a necessary measure

to ensure that participants have an adequate understanding of the HAZOP procedure.

Interviewees highlighted the facilitator’s importance in achieving reliable outcomes and
ensuring a smooth progression of the study. The facilitator was characterized as a firm
conductor who is able to maintain scope discipline, pace the discussion, and oversee the
systematic recording of findings. These factors were consistently described as the elements
that separate a structured risk analysis from a design meeting that begins to drift off-scope.
Interviewees pointed out that facilitation is more effective when the facilitator has strong
process-specific technical competence. A facilitator who is able to “speak the same
language” as the technical experts participating in the HAZOP is more likely to ask relevant
probing questions and identify omissions early. In the case company, this has led to a strong
preference for a small pool of external facilitators, as their familiarity with the processes
shortens lead time and reduces misunderstandings, especially in complex smelting projects.
At the same time, interviewees recognized a delivery risk inherent in this preference:
overlapping demand, limited availability, and potential concerns regarding neutrality when

the same facilitator is repeatedly involved.

Several interviews highlighted the use of previous knowledge and harmonization
approaches. Harmonization was seen as a way to reduce facilitator dependency and improve
documentation quality, making results more comparable across projects and technologies.
Currently, there is no systematic harmonization in the organization regarding HAZOP, but
new projects often rely on an approach in which a previous similar project is chosen as a
basis. Some participants described this method as “starting from scratch”. All interviewees

expressed support for increasing harmonization. In particular, the use of harmonized
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templates was seen as valuable for two main reasons: first, it would make the content clearer
and more consistent; second, it would enable systematic reuse of know-how from previous
projects. Several interviewees also emphasized the role of productization in this context,
suggesting that a plant unit approach should be strengthened. This would involve
standardizing P&ID diagrams, creating technology-specific protection lists, and as a result,
harmonizing HAZOP templates across projects. However, one interviewee noted that this
concept has been discussed for a long time, yet resistance within the organization has
hindered its implementation. This tension reflects a broader challenge: balancing the
perceived uniqueness of each project with the efficiency gains of harmonization. One
interviewee noted that claims such as “projects are too unique to standardize” are largely a

myth, given that many recent smelting plants share nearly identical configurations.

6.1.2 Complexity and system-level factors

Across smelting technologies, interviewees described recurring hazard patterns that reappear
from project to project, but manifest with different intensities depending on i.e. scale, feed,
and layout. Examples include water ingress into furnaces, furnace foaming, and various
burner and gas-handling scenarios. These are repeatedly debated and occasionally assessed
inconsistently within or across projects. Many participants noted that such recurring patterns
justify creating unit-level libraries of typical causes, consequences, and baseline safeguards
to reduce reinvention and to anchor discussions around validated mechanisms. One concrete
illustration given during the interviews is furnace pressure measurement. Interviewee said
that: “the pressure can be measured by several transmitters, but the transmitter securing can
still suffer from failure of the common mode if all the meters share a single impulse
connection”. This can lead to an undetected pressure shift and possible release of hot gas.
The interviewees noted that identifying malfunctions in such systems at an early-stage
changes both the security architecture and the display standard expected in the HAZOP
study.

Multiple interviewees argued that classical, node-by-node HAZOP can under-capture
interactions across nodes, particularly in risk-dense areas like burners and furnaces. As one
interviewee framed it: “HAZOP has difficulties to capture cross-node hazards as well as it

struggles to identify hazards from multiple interacting conditions”. This can stem, for
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example, from upstream disturbances propagating into downstream vessels or simultaneous
deviations required for a critical event. Another broader complexity is that safety actions can
create secondary risks. Interviewees described cases where shutdowns or protective actions
can reconfigure process states in ways that create new hazards unless interdependencies are
recognized and mitigated. Participants emphasized the need for system-level thinking when
agreeing shutdown practices, especially focusing on whether to choose unit-level or plant-
level shutdown. Some participants also emphasized the need for evidence-backed feasibility
checks to ensure that recommendations do not develop into controls that cannot be

implemented.

In one interview it was stated that larger projects significantly increase HAZOP complexity.
In the observed HAZOP, the scope was reviewed at the beginning, yet several times during
the analysis the facilitator had to remind the customer that certain issues fell outside the
defined scope. As projects are typically larger ones, one interviewee stated that case
company’s HAZOP focuses on hazards towards people and environment, excluding
operability issues and economic aspects. Though, these are something that customers may
demand to include in the HAZOP scope. Many interviewees pointed out that in case
company’s perspective it is impossible to have risk matrix for economic losses as severity
of those losses is solely dependent on how big the client company is. As one participant
stated:” a week’s stoppage of production may mean bankruptcy for some, but nothing more

than a little headache for other”.

Complexity is further increased as some customers might want to add their own criteria into
case company’s existing risk matrices. One interviewee mentioned that adding these
economic criteria into severity ratings causes harmonization and post-analysis difficulties.
In some cases, the customer insists on using their own risk matrix, which leads to the need
to calibrate it against the case company’s typically stricter matrix, where for example there
is zero tolerance for fatality. One interviewee pointed out that this approach results in major
inconsistencies and requires a considerable amount of additional work. One interviewee also
noted that the company’s risk matrix has tightened over time, and as a result, the safety
requirements in projects have increased correspondingly. In this context, the interviewees
did not view it as a particularly good solution when a customer’s own risk matrix is used

instead of the company’s matrix.
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The interviewees held somewhat differing views on how complexity affects the possibilities
of utilizing HAZOP findings from previous projects in subsequent ones. One interviewee
argued that no two smelting plants are identical, and that design differences constrain how
much HAZOP findings can be reused across projects. Another interviewee further noted that
HAZOQOP does not function equally well across all areas of a plant. According to them, for
example, piece handling is better addressed through machine safety, and they added that a
guideword-based approach is not optimal in systems with many operator actions, as certain
aspects may be overlooked. On the other hand, it was also pointed out that plants generally
contain similar key equipment, such as the smelting furnace, which would make it possible
to reuse findings from earlier projects. However, one interviewee emphasized that systematic
reuse may be hindered by confidentiality and scope limitations. In particular, confidentiality
poses a challenge, as previous HAZOPs from earlier clients cannot be shown directly in
projects for new clients, who may in some cases be competitors. In observation, it was noted
that the discussion referred to a previous similar HAZOP and used it as a basis, while

emphasizing that all items still needed to be reviewed thoroughly.

On the other hand, several interviewees noted that the risks themselves tend to recur, and
similar events repeat over time. Especially within smelting plant equipment, such as various
types of smelters, many of the risks are fundamentally the same. According to many
interviewees, this supports the introduction of harmonized approaches. In the current
operating environment, a single risk scenario may have several different solution options.
For example, one scenario may have four different types of sensors as potential safeguards.
However, one interviewee pointed out that the case company has actually developed a
harmonized template for one specific system, the autoclave sealing water system, but it has
not yet been applied in any project. In several interviews, it was also noted that many other
plant systems would have similar potential for this type of harmonization, but such solutions

have not been developed.

One interviewee emphasized that different smelting technologies require tailored protection
lists. In their view, generic or universal protection lists are insufficient because each smelting
technology introduces its own process characteristics. The interviewee also noted that certain
relevant protection options are currently missing from available lists, for example, protection
measures related to mechanical controlled overflow. Another interviewee highlighted

challenges related to how risk is interpreted in the “risk without safeguards” stage of
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HAZOP. They described uncertainty in what should count as a safeguard, especially the
distinction between automation-based protections and operator actions. One interviewee also
described challenges arising from smelter-specific layouts. They noted that smelter
configurations often introduce zoning constraints and ventilation requirements that are
dictated by site-specific conditions rather than device design. Because these factors depend
heavily on the physical layout and surrounding environment, they are difficult to standardize
across projects. The interviewee felt that these constraints complicate attempts to harmonize

protection definitions and risk assessment practices.

6.1.3 Methodological and process related factors

HAZOP is widely recognized as a systematic method for identifying process deviations and
supporting safety in complex projects. Its structured approach and multidisciplinary nature
were seen as key strengths. However, several weaknesses were identified. The method’s
effectiveness depends heavily on facilitator competence and team engagement, making
outcomes vulnerable to variability. During the observation, it was noticed that the initial
node presentation was incomplete. As a result, while the review was already in progress, the
team had to pause and return to the P&ID to clarify the node before proceeding. Interviewees
also highlighted inefficient manual data handling, particularly in extracting information from
large Excel-based reports, which were described as time-consuming and prone to errors.
Furthermore, the integration of SIL allocation within HAZOP was seen as adding significant
complexity. Participants noted that interpretation of SIL guidelines was often unclear, lacked
ownership, and varied between projects, leading to inconsistencies in safeguard

classification and design requirements.

Interviewees described HAZOP follow-up as a long tail that extends from basic design phase
through detailed design phase into commissioning and operations, with actions often
maturing at different phases depending on design stability, vendor scope, and site readiness.
The Engineering Manager commonly owns follow-up coordination, while named discipline
experts are expected to implement and close specific actions. A key challenge emerges when
a HAZOP study must be performed on third-party equipment with limited design
information, while the implementation of the resulting recommendations remains the

responsibility of the vendor. Moreover, uncertainty about action closure arises when the
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actions are operational in nature, such as procedures that can only be verified once the entire

plant has been commissioned.

Interviewees noted that recommendations sometimes emerge that are non-implementable
e.g. unrealistic interlock or misdirected meaning that machine safety issues are logged under
HAZOP. In such cases, teams record “not feasible to implement” but were clear that this
should trigger an alternative safety pathway, either re-engineering the safeguard, or verifying
that existing barriers elsewhere already achieve the intended risk reduction. Interviewees
argued for clearer examples and ownership of SIL implications to prevent inconsistent post-
HAZOP resolutions. A practical governance tweak proposed by multiple interviewees is to
add an “implementation phase” column to the action log, and to agree up front which phase
is expected to close each item. This convention would normalize expectations with
customers and reduce friction when actions cannot be closed before handover, because they

inherently belong to operational procedures or commissioning tests.

Several interviewees highlighted the limitations of HAZOP in addressing complex hazard
chains and multi-node interactions, which has led to interest in alternative or complementary
methods. Bowtie analysis was frequently mentioned as a valuable supplement, particularly
for scenarios where HAZOP recommendations are difficult to implement or where cascading
failures need to be visualized. Interviewee stated that Bowtie provides a structured way to
map causes, consequences, and barriers and by doing that, offers clarity in cases where
guideword-based analysis falls short. Some participants also brought up the possibility of
automating data extraction to reduce manual workload. A couple of interviewees
emphasized that Al-assisted tools could support deviation generation and suggest safeguards

based on historical data.

6.1.4 Human factors

The interviews consistently indicate that human factors have a significant influence on the
quality, pace, and consistency of HAZOP work in case company’s context. Interviewees
consistently described HAZOP sessions as mentally demanding; several even referred to
them as exhausting, particularly when the sessions continue for multiple weeks. One
interviewee framed that as follows: “It is very brutal way to go through HAZOP, it can be

in many ways dull to be three weeks in a row there, it would be better to break it down into
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smaller parts. Of course, facilitation can be challenging in our case when it comes from
outside the organization.” Interviewees generally described the level of concentration as
high at the beginning of HAZOP and decreasing as it progressed. In addition, many pointed
out that concentration levels typically drop after a meal. One interviewee pointed out that
the consequence of this is that the pace typically increases as the day progresses, due to a
decrease in concentration, and this carries the risk that even the quality achieved is not

sufficient.

However, a few interviewees stated that the level of concentration varies along the HAZOP,
and according to them, it is not possible to directly say that the level of concentration is
always higher at a certain point than at another point. Two ways to mitigate the low level of
concentration came up in the interviews. One interviewee noted that varying the subject
matter helps participants remain attentive, as opposed to circling around the same topic for
an entire day. Another interviewee suggested that the number of breaks should be increased,
arguing that the current schedule is insufficient and leads to a noticeable decline in
concentration. Direct observation of the HAZOP sessions supported this view: during a
typical day, the case company scheduled one morning break of approximately 10 minutes, a
lunch break of approximately 45 minutes, and an afternoon break of approximately 10

minutes.

In multiple interviewees, participation and behavioral dynamics were brought up as a factor
that might cause different outcomes from HAZOP. In observation, the chief metallurgist, the
customer representative, and the facilitator actively contributed to the discussion, while
many others remained relatively quiet. Several interviewees highlighted that free-form
discussion formats allow strong personalities to steer the conversation, which may
disproportionately shape the results. They also observed that dramatic formulations such as
“multiple fatalities possible” tend to be recorded in the official report more readily than less
severe statements, even when their factual grounding is weak. This dominance of strong
personalities in discussions also emerged in the sense that it was seen to weaken the
participation of passive and more introverted personalities. Dominance and negative tones
were in multiple interviews given as factors hindering the contribution. In contrast, it was
stated that open brainstorming and inclusive atmosphere encourages contributions. One
specific thing that was brought up in couple of interviews was that each individual

participating in HAZOP has their own view about that procedure. This means that some
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individuals may be reluctant to engage with HAZOP because they either dislike the method

or perceive it as unsuitable for their context.

In a few interviews, it was also noted that hierarchical structures can influence how people
participate, which in turn affects the outcome of HAZOP. The presence of supervisors and
other observers can contribute to less experienced persons. One interviewee noted that the
cultural differences in the hierarchy are apparent in the projects implemented in the regions
of the former CIS (Commonwealth of Independent States) countries. The interviewee stated
that: "In these CIS countries, open discussion is even avoided, because the mentality there
seems to be that one must find the culprit for every mistake, and this in turn reduces the
input". This can then affect to the input and the quality of the discussion when people do not
have views. In several interviews, it was stated that because the case company does not
operate the facilities itself, other participants often held that important information of the
operating principles. It was stated that including operating and service people in HAZOP
improves realism in risk scenarios as those people has often the most comprehensive

practical experience.

As mentioned earlier, many interviewees pointed out that it is typical during a HAZOP study
session or other task to be carried out simultaneously. Remote participation tends to amplify
this issue, increasing the likelihood of distraction and disengagement. In one interview it was
pointed out that the sessions organised through Teams lead to situations where radio silence
is present when questions are asked to specific individuals. On the other hand, remote
participation was justified in interviews by cost, and it often has time-zone conflicts in global
projects. On the other hand, remote participation was also found to be useful for disciplines
that do not necessarily require continuous input. In general, the in-person sessions prior to
COVID-19 were said to be more focused and effective. The interviews emphasised the role
of the facilitator in preventing multitasking. In addition, it was emphasised that the facilitator
should guide the discussion and limit it where necessary to ensure that the structure is

preserved.

Expertise was a recurring theme in the interviews. Multiple interviewees pointed out that
expertise is a factor that affects outcomes in many ways. One interviewee pointed out that,
for example, a lack of knowledge of the design of a plant leads to a slowing down of the
process and has an impact on hazard identification. One interviewee noted that "titles suggest

expertise, but in practice skill levels vary". They argued that without the right specialists e.g.
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electrical, teams may record solutions that cannot be implemented in practice. Several other
interviewees reinforced this point, noting that certain key roles must participate in the
HAZOP, and that the session cannot proceed properly without them. It was also mentioned
that missing key roles could result in wrong SIL ratings and thus costly rework. Furthermore,
it was seen that participants may tend to defend their own design, which was assessed as
having an impact on risk assessment. In addition, it was seen that past experience and hidden
agendas may contribute to the resistance to certain safety measurements in order to avoid

complexity and costs.

A couple of interviewees pointed out that HAZOP is sometimes treated as an opportunity
for learning and onboarding. Two interviewees said that it is useful to bring new project
engineers into HAZOP, because from their point of view HAZOP is also an educational
session in which one learns best by being involved. In addition, they noted that familiarity
with the templates available enables newcomers to focus on validated risks, rather than on
ad-hoc speculation. In one interview, it was also brought up that this way you also learn
many process-specific terms in English. Many stated that as English is preferred it may
sometimes cause minor challenges in terms and on understanding those. The interviewees
generally considered it a minor factor, although in certain cases it might have an influence.
As examples, different dialects were bought, which affect the intelligibility and what is the
proficiency of the participant. On the contrary, it was pointed out that interpreters are used
in particular in Russian language projects and this was found to have a slowing effect on the

Pprocess.

6.1.5 External factors

Customer-driven variability emerged as a significant external factor influencing the HAZOP
studies. Customer-driven variability was further emphasized by some interviewees stating
that main tension in HAZOP is usually between case company and customer. Several
different reasons emerged behind this. The majority of those interviewed pointed out that
HAZOPs run by customers often have different contradictions from HAZOPs run by the
case company. A commonly raised point was that customer-led HAZOPs are often
misaligned with the case company’s established process safety framework. As a result,

internal corrections may be required after the sessions to ensure compliance. It was also
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emphasized that the customer’s scope also expands to include topics such as work safety,
maintenance issues, or economic and production-loss considerations. This broadening of
scope tends to slow progress and shift focus away from the systematic identification of
process hazards. Customers may present practices that are outside the IEC-based procedure,
and in some cases, the customer’s viewpoint may be more influenced by economic
considerations than by safety measures. This may encourage the consideration of

cost-effective measures, which are not always aligned with the most robust safety outcomes.

The interviews revealed that, in customer-led HAZOPs, there was also considerable
variation in the types of facilitators used. In a few interviews, it was brought up that it would
be good for the case company to have control over the facilitator and the risk matrix used,
because the customer's options can lead to misaligned priorities. In some cases, the use of
customer-appointed facilitators led to misinterpretation of independent protection layers,
which then caused the need for case company to intervene later. One interviewee explained
that scope disputes need to be addressed by the facilitator when they occur. One participant
noted that external consultants, sometimes used, can add further variability as they might
bring heavy documentation practices, or unfamiliarity with smelting-specific risks.
Furthermore, it was stated that customers might approach HAZOP as a training opportunity,

bringing large participant groups with limited relevance to the session.

Commercial and market-driven pressures emerged as a distinct external factor influencing
the conduct and outcomes of HAZOP studies. Several interviewees emphasized that
customers increasingly expect rapid project execution, which compresses the time available
for engineering development and safety reviews. This accelerated delivery model places
significant pressure on the HAZOP schedule, often forcing the study to be initiated earlier
than recommended and with documentation that is not yet mature. As a result, participants
might enter workshops with incomplete P&IDs, evolving process descriptions, or pending
vendor information. Some interviewees pointed out that the strict timelines were not solely
imposed by customers but were partly a consequence of the case company’s own commercial
strategy. The ability to offer fast delivery was described as an important competitive
advantage in winning projects. Commercial commitments made during the sales phase often
locked the engineering teams into ambitious delivery promises that compressed the HAZOP
window. Commercial tension may also originate from within the case company itself. As

one interviewee noted, “the case company may downplay certain risks to avoid costly design
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changes, creating a ‘fox guarding the henhouse’ type of situation.” This perspective
highlights the potential conflict of interest that can arise when the same organization is
responsible both for identifying risks and for managing the financial implications of

addressing them.

Global coordination challenges were also highlighted as an important external factor
influencing HAZOP consistency. Interviewees emphasized that the complexity of
multinational projects extends beyond time-zone differences and coordination challenges.
When customers or third-party organizations lead HAZOP, methodological ownership
becomes fragmented and coordination between different engineering cultures becomes more
demanding. One interviewee stated that: “Different product groups tend to be reluctant to
adopt any harmonization approaches despite clear efficiency benefits”. This was further
emphasized by stating that different parties participating in HAZOP tend to have different
opinions and thus safety measures can’t be harmonized. Another set of external factors
relates to contractual constraints that shape how HAZOP must be conducted. Contractual
commitments made during sales phases can further constrain the process, as pre-agreed
delivery schedules or scope definitions may limit the flexibility needed to perform the
HAZOP at the most appropriate stage of design maturity. A couple of interviewees stated
that contractual terms obligate the case company to adopt customer-selected facilitators, risk

matrices, or documentation formats, even when these deviate from internal procedures.

6.2 Findings from template comparison

The aim of the template comparison was to identify key differences in the structure and
content of HAZOP templates across different projects. The review focused particularly on
how the analyses were documented and what practices were applied. Observations were
made on the structure and differences in nodes, different layouts of reports, different
safeguards and risk levels, and other factors affecting the comparability of results and the
potential for harmonization. Comparison was started with HAZOP reports, by looking at
how nodes were selected. Differences were observed in how nodes were defined, particularly
in how the process structure was divided based on the P&ID diagrams. One clear example
is the concentrate burner unit: in some templates, it is treated as a separate node, whereas in

others, it is combined with the air slide into a single node. This indicates that node boundaries
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are not applied consistently across projects. While the plants are not identical, the underlying
process flow is similar, yet the approach to node structuring varies. In one case, a single node

covers the section, while in another, the same section is split into two nodes.

The comparison of HAZOP templates showed visible differences in the number and type of
deviations applied across projects. As illustrated in Table 7, the total set of deviations varies
considerably. For example, project 1 includes deviations such as high vibration, which is not
present in the other templates, maintenance on the other hand, appears in three out of four
templates but absent in one. Similarly, some templates include operational deviations like
maintenance, whereas others focus primarily on flow, pressure, and temperature deviations.
These variations suggest that while the core deviations are largely consistent across
templates, there is some built-in flexibility to account for project-specific or customer-driven

considerations.
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Table 7. Deviations used in projects under review.

Project 1 Project 2 Project 3 Project 4

No flow High flow High flow High flow

Less flow Low flow /No flow Low flow/No flow  Low flow / No flow
More flow Flow to wrong place Flow to wrong place =~ High temperature

Reverse flow

To elsewhere / Leak
From elsewhere /
Leak

Variable flow

High pressure

Low pressure
Pressure shock
High temperature
Low temperature
Fast temp. change
High level

Low level

Wrong composition
No / excessive
mixing

Excessive corrosion
Excessive erosion
High vibration
Start-up / Shut-down
Emergency shut-
down

Maintenance

Early / Late action
Fast / Slow action
Power outage

No instrument-air
Other

High pressure
Low pressure
High temperature
Low temperature
High level

Low level

Fast mixing

Low mixing / No
mixing

Other material /
contaminants
Wrong composition
or concentration
Failure in power
Failure in
instrument air
Failure in other
utilities

Manual operations
Maintenance
Something else

High pressure
Low pressure
High temperature
Low temperature
High level

Low level

Fast mixing

Low mixing / No
mixing

Other material /
contaminants
Wrong composition
or concentration
Failure in power
Failure in instrument
air

Failure in cooling
water

Failure in utilities
Operator activities
e.g. sampling
Something else

Low temperature
Failure in cooling
water

Failure in utilities
Power outage

Other materials /
ccontaminants
Wrong composition /
concentration
Maintenance /
Operator actions
Fast / slow action
Erosion and corrosion
Gas and particle
backflow

The comparison of hazards across the reviewed HAZOP templates reveals two key

differences: the inclusion of economic aspects and the level of precision. Among the four

templates reviewed, two templates incorporate economic considerations alongside safety

and environmental aspects, while other two templates do not take economic considerations

into account. In addition, the depth of hazard descriptions varies significantly. Project 1

seems to go through HAZOP in a very light way. For example, in concentrate burner air

slide, reverse flow and high temperature are not considered, which have been reviewed in

project 2. For concentrate burner valve train, project 2 explores high and low flow cases
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extensively, connecting them to cooling element damage and foaming risks, which justify
SIL pressure monitoring. Project 1 treatment is more limited, with fewer escalation paths
and less stringent instrument requirements. Project 3 introduces another dimension by
considering low-flow scenarios in concentrate burner only as an economic issue. For
example, low flow is linked to overfilling the air slide or insufficient material feed to the
furnace, resulting in process disturbances and production losses. Project Four, on the other
hand, concentrates mainly on leak scenarios in the concentrate burner. Across the projects,
the deviations identified generally reflect the same underlying causes and consequences, yet

the way these elements are formulated varies between projects.

The projects also differ in how likelihood and severity levels are assigned for similar
consequences. For instance, low or no flow of oxygen and process air is recognized in
Projects 1 and 2, but Project 2 rates these scenarios with higher likelihood and severity,
leading to SIL classification for oxygen analyzers and flow controllers. Project 1, while
acknowledging the same risk, assigns lower probability and consequence ratings, resulting
in simpler safeguards such as redundant transmitters without SIL requirements. For Project
3, scenarios that are considered only from an economic or process disturbance perspective
typically rely on measurements, transmitters, and detectors. Project 4, on the other hand,

primarily uses operator actions as a part of the protection list.
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7 Discussion and proposed harmonization approach

This chapter brings together the empirical findings of the study and interprets them in
relation to research questions and broader literature. This chapter is structured so that each
of its three sections directly addresses one of the research questions outlined in Chapter 1.
First section examines the nature and significance of the differences identified across the
reviewed HAZOPs, showing how variations in node structuring, deviation selection, risk
ratings, safeguards and documentation manifest in practice. This section addresses the first
research question on the significance of differences in HAZOP results. Second section then
considers why these differences arise by analyzing factors contributing to the variability.
This section answers the second research question. Lastly, the third section investigates how
the identified challenges can be addressed in practice by drawing upon both the existing
literature and the insights of the case company to develop a harmonization approach. This
section contributes to answering the third research question by providing a way to harmonize

HAZOP results.

7.1 Differences in HAZOP

Across the four smelting projects reviewed in this study, the analysis revealed that the
differences in HAZOP results are systematic rather than random. The findings indicate that
the differences arise from a number of different elements, such as but not limited to how
nodes are defined, which deviations are applied, how likelihood and severity ratings are
assigned, how safeguards are used, what worksheet is used, and dynamics created by the
facilitator and the team. Each of these elements shapes the depth, and outcomes of the
HAZOP process, meaning that even projects based on similar technologies and design
principles can reach different conclusions. Prior studies emphasize that HAZOP outcomes
are inherently shaped by decisions about the level of detail, node boundaries, guideword
application, team expertise, and maturity of background documentation, among others. The
findings in this thesis therefore reinforce earlier work by demonstrating that these factors

shape results in smelting projects.
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At the same time, the observed differences across the projects are not always numerical, nor
do they always appear as changes in risk level. Several discrepancies concern which
scenarios are considered, how escalation paths are described, what is judged credible or
relevant, and how safeguards are classified. This aligns with the academic debate presented
in Chapter 4, where prior literature notes that HAZOP involves both structured reasoning
and qualitative expert judgement, and that variability is often linked to interpretative choices
made during the discussions. As a result, even when differences are clearly identifiable in
the documentation, their significance is difficult to quantify in a numerical form. This
challenge is anchored directly in the characteristics of the HAZOP method. HAZOP relies
on scenario-based reasoning and creative brainstorming processes which can be sometimes
in conflict with statistical probabilities. A consequence rated as severity two in one project
and three in another represents a documented inconsistency, but the practical significance
depends on whether this shift causes changes in the required level of protection. HAZOP
ratings cannot be read at face value, because their significance depends on underlying
assumptions about escalation, safeguard credibility, and independence. For this reason,

numerical differences alone do not reveal how significant the variation is.

Across the projects covered by this study, identical equipment was in some cases assigned
to different nodes. A clear example is the concentrate burner and air slide connected to it. In
some projects these appear as a single combined node, whereas in others they are split. While
total node counts did not differ markedly, boundary placement changed where causes and
consequences were reasoned which then influences how responsibilities for safeguards and
follow-up actions are allocated. Although IEC 61882 emphasizes the need to anchor nodes
in design intent and divide the system into functionally meaningful sections, it leaves the
exact boundary choices to be decided on a case-by-case basis. A recurring difficulty arises
when a deviation in one node produces a consequence in another. For example, a
pressure-related deviation in one unit may manifest downstream as a high-flow condition,
leading to debate on whether both should be treated under the original deviation or whether
the downstream node should apply its own local deviation. Consistent node structures would
reduce these discrepancies by ensuring that cascading effects are captured coherently across

the system.

Another important source of variation concerned the treatment of economic consequences.

Of the projects reviewed, two incorporated economic losses and production disturbances
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directly into the risk matrix, while the other two did not consider economic risks at all. This
influenced both probability—severity assessments and the selection of safeguards. When
deviations were framed primarily in economic terms, safeguards tended to focus on
monitoring and instrumentation. In contrast, when scenarios were interpreted as having
plausible HSE escalation pathways, safeguards were more likely to involve SIL-classified
functions. Across the examined projects, certain deviations appeared consistently and
formed a common baseline applied in every case. However, some projects extended this
baseline by incorporating a broader range of deviations that captured additional operational
aspects. In these projects, the deviation list was expanded to include elements such as
maintenance activities, erosion, and corrosion, which were not present in all studies.
Literature identifies deviation selection as a well-known source of variability, as deviation
lists often reflect facilitator practices or organizational habits rather than a systematic hazard
library. In such cases, the difference can be considered essential, because the coverage of the

deviations partly determines how widely the risks are finally identified in the analysis.

Noticeable variation also appeared in how HAZOP results were documented and how the
worksheets were structured. Although the core elements of the HAZOP method were present
in all projects, the templates differed in several respects, including the number and type of
columns, the level of detail recorded, and the style used for capturing scenarios. Some
worksheets included explicit fields for both the initial risk and the residual risk after
safeguards, along with dedicated sections for protection list independence and SIL
classification. Others relied on a more compact structure, where only causes, consequences
and recommended actions were listed. As a result, the same scenario could appear more
detailed and analytically complete in one project, while being summarized in a few lines in
another. This aligns with the concerns highlighted in literature, where it is argued that
inconsistencies in recording practices hinder traceability and learning across projects. The
IEC 61882 notes that by-exception recording provides limited transparency regarding the
completeness of the analysis. Several interviewees also highlighted that the documentation

must be understandable even to those who did not participate in the HAZOP sessions.

The most important overall finding is therefore twofold. First, differences between HAZOP
results occur at multiple levels across the reviewed projects: in node boundaries, deviation
coverage, interpretation of causes and consequences, allocation of safeguards, and the

structure of documentation. These patterns mirror the broader critiques raised in the
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literature, which characterize HAZOP as rigorous but also prone to variability due to its
dependence on expertise, heuristics, and documentation quality among others. Second, even
when these differences can be clearly identified, their materiality cannot always be directly
quantified. Since the method combines a structured workflow with qualitative reasoning, the
relevance of a difference is tied to how it influences key outcomes. This reflects a key tension
noted across literature: while HAZOP aims to generate consistent and comprehensive

insights, its outcomes remain partly shaped by interpretation, context, and human judgement.

7.2 Factors driving variability in HAZOP results

Variability in the case company’s HAZOP outcomes is impossible to condense into a one
root cause. Rather, it is a combination of different entities: organizational, complexity and
system-level, methodological and process related entities, human factors and external
factors. Each of these entities influences how hazards are identified, assessed, and mitigated
during HAZOP sessions. The findings of interviews, observations, and template comparison
confirm that the resulting differences are not random but reflect these underlying factors.
This interpretation corresponds to the results of previous studies, which emphasize that
although HAZOP is a systematic method, its results depend on contextual factors such as
but not limited to timing, adequacy of resources, facilitation skills and maturity of
background materials. In the operating environment of the case company, marked by
large-scale smelting projects and global operations, these factors become even more

pronounced.

Organizational factors emerged as one of the broadest entities in the interviews. The
interviews highlighted a number of repetitive patterns which can be considered as problem
areas and whose correction can also improve the quality and consistency of HAZOP. Many
interviewees highlighted that while project-level responsibilities for HAZOP are clear, there
is no designated role at the cross-project or organizational level for developing the
end-to-end practices or driving harmonization across different projects. Timing was another
key theme: interviewees often raised the difficulty of scheduling HAZOP at a point when
key documents, such as P&IDs, are ready enough. This challenge is further reinforced by

external factors such as commercial milestones and customer expectations for early risk
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reviews. Scheduling HAZOP too early shifts the focus from systematic hazard identification
into reviewing incomplete drawings. Case company’s scheduling norms were also raised.
Multi-week, full-day sessions made it difficult to balance other responsibilities, leading to
fatigue and reduced engagement. Maintaining consistent participation from all required
disciplines was also problematic as experts were sometimes absent or replaced mid-session.
These findings correspond with principles outlined in IEC 61882, which highlight the
importance of clear responsibilities and complete input data for effective studies. However,
beyond these high-level recommendations, organizational factors receive little attention in
academic literature, likely because they are highly context-dependent and shaped by

company-specific governance models.

The case company relies on a relatively small pool of external facilitators, and certain
individuals are consistently prioritized. External facilitators provide valuable expertise and
offer a degree of third-party neutrality in leading the HAZOP study. However, their limited
availability and concerns about impartiality were also raised: how can neutrality be ensured
when the same individuals repeatedly facilitate sessions across multiple projects. When a
facilitator becomes highly familiar with the company’s processes, they may unintentionally
begin to favor solutions that align with the company’s interests or are simpler to implement.
In this situation, the facilitator’s role transitions from a neutral process leader to a position
more closely aligned with the organization’s interests. Ultimately, this represents a balance
between the facilitator having enough understanding of the process and equipment, while
still preserving a sufficient degree of impartiality. Although the IEC 61882 standard
acknowledges the need for a neutral facilitator, it offers little practical advice on how
neutrality should be upheld. Academic literature likewise offers only limited discussion on

how facilitator neutrality is maintained in practice.

Another issue concerns gaps in training. Most participants learn by doing, which
occasionally leads to confusion between process safety and machine safety, and creates
uneven competence across disciplines. Literature acknowledges that competence often
aligns closely with one’s disciplinary background, but in the case company the key question
is how to ensure that all HAZOP participants possess sufficient methodological
understanding. One proposed approach was to develop a dedicated training module to
support and standardize knowledge across roles. Organizational practices for re-using

knowledge were also largely ad hoc, and new projects often “started from scratch” despite
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recurring hazards and similar plant configurations. Although literature emphasizes
harmonization through templates and knowledge bases, the case evidence shows that

organizational resistance and perceptions of project uniqueness can undermine these efforts.

The findings of this study show that complexity and system-level characteristics form an
important source of variability in HAZOP results. Whereas organizational issues help
explain inconsistencies emerge in practice, a system-level perspective clarifies why certain
hazards are inherently more difficult to identify consistently across projects. This aligns with
previous research indicating that traditional node-based HAZOP frameworks struggle in
tightly interconnected industrial systems. The findings support this view in the context of
smelting processes, where the interdependencies between nodes challenge consistent hazard
identification. A key theme emerging from the interviews was that many critical hazards
span several process nodes, yet the HAZOP method requires the system to be broken into
separate parts. Interviewees emphasized that disturbances often evolve across multiple nodes
rather than remaining confined within one. When cross-node dynamics are fragmented
across different parts of the analysis, teams may identify the same mechanism in multiple
locations or, alternatively, fail to address it at all. This observation is consistent with the
literature, which highlights that HAZOP tends to underestimate multi-node interactions,
particularly in systems where multiple conditions must occur simultaneously for an accident

to take place.

The second dimension relates to the interaction between safety measures and the behavior
of the system. The interviews revealed cases where recommended safety measures, such as
unit-level closures, introduced new risks when viewed from a system perspective.
Participants noted that safeguards can alter the process state and inadvertently create
hazardous conditions if interdependencies are not fully identified. How these are responded
to depends largely on the ability of the team to intervene in the whole. Complexity also
affected the practical reuse of previous HAZOP results. While many experts considered the
smelting projects to be very similar and believed that the re-use of the data is both possible
and necessary, others argued that the specific conditions of the plant, in particular the
variation of raw material, the geometry of the kiln and the integration into on-site operating
systems, limit the direct applicability of the previous analyses. This tension reflects the
scientific debate on harmonisation, with some advocating systematic re-use of previous

knowledge, while others not recommending re-use. The findings of this work contribute to
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both views. On the one hand, smelting plants share core process elements and recurring
hazards, and on the other hand, system-level interactions and local design constraints bring

nuances that should not be ignored.

The findings also show that several methodological and process-related characteristics of the
HAZOP approach contribute to variability in results across smelting projects. These factors
explain how hazards are identified and documented. This aligns with long-standing critiques
in the literature arguing that the HAZOP technique, despite its structured nature, is inherently
dependent on practitioner interpretation and therefore vulnerable to systematic
inconsistency. Findings from the case company are consistent with this interpretation. A
central methodological challenge highlighted by interviewees is the heavy reliance on
facilitator judgement. Although the HAZOP method provides a procedural framework,
decisions regarding node boundaries, guideword selection, and deviation relevance remain
largely subjective. Literature supports these findings by stating that facilitation style strongly
shapes the depth and completeness of HAZOP results. In the case company, this translated
into differences in the number of deviations considered, the level of detail in causes and
consequences, and even whether identical hazards were classified as having credible

escalation paths.

The findings also highlight limitations in the interaction between HAZOP and SIL
allocation. Many interviewees expressed uncertainty about how SIL requirements should be
interpreted, and when a protective function should be considered part of the overall
protection list, and how instrumented functions should be classified. These inconsistencies
stem partly from unclear internal guidance, but also from methodological challenges noted
in the literature. For example, combining HAZOP with SIL or similar approaches without
clear procedural integration introduces ambiguity, which leads to inconsistent treatment of
safety functions. In practice, interviewees gave examples in which instrumented safety
functions were treated inconsistently: in some projects they were classified as SIL-rated
functions, while in others the same type of function was considered merely good engineering
practice. According to participants, this ambiguity occasionally resulted in both over- and

under-specification of safety measures.

Another methodological contributor to variability concerns documentation practices. The
findings show significant differences in worksheet structure. Although IEC 61882

recommends certain minimum elements for HAZOP recording, it does not prescribe a
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uniform template. Consequently, some projects used highly detailed worksheets including
residual risk, safeguard independence, and severity-frequency matrices, while others relied
on simpler formats. As literature suggests, such variation reduces traceability and increases
the likelihood that two projects analyzing the same system will produce non-comparable
outputs. This phenomenon was clearly evident in the template comparison, where identical
deviations were sometimes recorded with vastly different causal descriptions, safeguard

lists, and recommended actions.

Human factors emerged as one of the most influential sources of variability in the HAZOP
results across the case company’s smelting projects. The human factors findings demonstrate
that the quality and consistency of HAZOP outcomes ultimately depend on the cognitive,
behavioral, and interpersonal characteristics of the individuals participating in the study.
Earlier studies underline that, even with its structured procedure, the HAZOP method
ultimately depends on expert judgement, which makes some degree of variation
unavoidable. The study highlights the cognitive load associated with HAZOP sessions.
Participants consistently reported mental fatigue, especially during multi-week periods

involving long working days and sustained attentional effort.

As interviews revealed, fatigue builds up over time, reducing participants’ ability to identify
hazards, evaluate scenarios and constructively challenge assumptions as sessions progress.
These findings align with existing literature, which highlights these factors as influential.
Within the case company, similar effects were visible in the observations: discussions tended
to accelerate later in the day, with fewer questions raised and deviations processed more
superficially. When examining the case company’s own approach to organizing HAZOP
studies, certain practices appear to deviate from the recommendations presented in the
literature. Prior research emphasizes that for multi-week HAZOPs, full-day sessions should
be avoided. In this respect, interviewees’ suggestions for shorter daily sessions or limiting

participation to part of the week appear reasonable and aligned with established guidance.

Participation style also plays a role in shaping the outcomes of HAZOP studies. In the
observed HAZOP session, discussions were concentrated among a small group of
individuals, while many others remained largely silent. Interviews indicated this
phenomenon, noting that strong personalities or individuals whose input is repeatedly
required often dominate the conversation. This dynamic aligns with the literature, which

highlights that group decision-making can be disproportionately influenced by dominant
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individuals. In the HAZOP context, such imbalance can lead to anchoring around the views
of a few participants, thereby reducing the diversity of perspectives and increasing the
likelihood that alternative causal paths or escalation scenarios remain unexplored. A second
important factor relates to variation in participants’ expertise. In the case company’s context,
such variation is difficult to fully verify based solely on the observed HAZOP session, where
only the more active contributors can be clearly identified. However, its repeated mention
across interviews suggests a broader occurrence. This interpretation is further supported by
interview comments emphasizing the need for training to ensure a common understanding
of the method and by the view that HAZOP sessions are sometimes used as a way to
familiarize newer employees with the process. The literature similarly notes that differences

in team composition and expertise can lead to variability in outcomes.

Remote participation, enabled by hybrid working practices, further intensifies the
human-factor dynamics within HAZOP sessions. In the observed HAZOP, several situations
emerged in which questions or clarifications received no response, a pattern that appeared
to be linked to remote attendance. Remote execution also makes it more difficult for the
facilitator to meet the expectations defined in the standard, such as ensuring participant
engagement and sustained focus. For the case company, remote participation is a relatively
recent practice introduced during the COVID-19 pandemic. While it has some negative
effects on interaction and engagement, it is also justified by the cost efficiencies it offers
within an international organization. Prior research does not address remote practices in
HAZQP directly, but it does emphasize aspects such as attention and commitment, both of
which are more difficult to verify when participants join remotely. Taken together, the
findings suggest that remote participation reshapes HAZOP dynamics in ways that deserve

further consideration.

Human factors also influence how participants perceive the purpose of HAZOP. The
findings indicated that attitudes toward HAZOP vary notably. Some individuals view the
process as an opportunity for junior engineers to learn, while others treat it primarily as a
compliance requirement. In addition, some participants regard HAZOP as a procedural
obligation and therefore contribute only minimally or not at all, whereas others are genuinely
enthusiastic about participating. The simultaneous presence of these differing motivations
increases inconsistency in the quality of contributions. This can be seen, for example, in how

actively individuals participate in discussions and share their perspectives. Nevertheless,
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individual attitudes can be supported in a more positive direction through appropriate

organizational practices.

External factors form a substantial source of variability in HAZOP outcomes. External
factors originate outside the case company’s direct control, but they shape the conditions
under which HAZOP studies are executed. One influential external factor is customer-driven
variability. Interviews consistently highlighted that when customers lead or strongly
influence the HAZOP process, they often bring differing expectations regarding scope,
methodology, and risk acceptance criteria. In some projects, the scope was expanded to
include economic considerations, even though such issues are not part of the traditional focus

of HAZOP according to the literature.

Commercial pressures further intensified variability, especially in projects where aggressive
delivery schedules were negotiated during sales phases. which places pressure on HAZOP
studies, either by reducing the available time or by shifting them to earlier stages of design
maturity. The effects of schedule compression driven by competitive pressures are not
explicitly addressed in the existing literature. This may partly reflect the fact that such
practices are often company-specific rather than widely adopted across the industry. In the
case company, however, condensed schedules resulted in HAZOP sessions being conducted
with incomplete P&IDs, ongoing vendor selections or evolving process descriptions. This in
turn increases uncertainty in the outcomes and forces the team to make assumptions to
support decision-making. Consequently, hazard identification can be sometimes limited to
what was already known at the time, increasing the likelihood of omissions in final

documentation.

Global coordination challenges and contractual constraints also emerged as sources of
variability. The case company frequently collaborates with customers, contractors, and
engineering partners across multiple time zones and cultural contexts. According to the
findings, this introduces inconsistencies in participation, expertise availability, and
communication flow. International smelting projects often involve contractual obligations
established during early project phases. As interviewees noted, such constraints sometimes
obligated the case company to adopt customer-selected facilitators, risk matrices, or
documentation formats, even when these differed from internal practices. As a result,
identical deviations could be evaluated according to varying criteria shaped by project

context and contract terms.
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7.3 Proposed harmonization approach

The research literature identifies several ways to harmonize HAZOP results. Many studies
highlight the benefits of using previous knowledge bases to increase consistency and reduce
variability between projects. However, the literature also emphasizes that excessive reliance
on past results can be problematic if it leads to the HAZOP process not being conducted
thoroughly. Prior knowledge should support systematic analysis. The literature review
identified a need to harmonize the method, such as using common guidelines, structures and
evaluation criteria. Harmonized tables, consistent terminology, clearly defined deviations,
and uniform recommendation categories reduce ambiguity and improve the comparability
of reports. The same theme also emerged in the interviews, where several interviewees
highlighted the need to harmonize the HAZOP process. The literature review also identified
the importance of systematically utilizing expert knowledge and experience-based material
through various databases, so that results from previous HAZOPs can be used more
systematically. The need for systematic utilization also emerged consistently in the
interviews, even though a database-driven approach was not explicitly mentioned. This may
partly be due to the fact that the case company already has its own document management
systems, but these do not support generation based on previous outputs. This was also

reflected in the observed session, where no reuse of earlier outputs was noted.

In addition, the role of digital tools and intelligent information systems emerged as potential
harmonization methods. Various model-based systems and Al-assisted analysis tools can
support harmonization by providing standardized cause—consequence logic and automation
to support the analysis. The use of Al was also mentioned in a few interviews as an option
to support the HAZOP study although it may involve risks and raise questions regarding
accountability. Furthermore, literature highlights internal organizational practices, such as
training and a unified facilitation culture. These can help ensure that the quality of the
analysis remains consistent regardless of who performs the HAZOP. Due to the scope of the
thesis, it was not possible to assess the suitability of different existing applications for the
needs of the case company. Instead, the focus was placed particularly on the themes raised
in the interviews, partly because these expectations originate from the HAZOP practitioners

themselves, which increases the likelihood of successful implementation.
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The interviews repeatedly highlighted the need to make more systematic use of knowledge
accumulated from previous projects. This observation was further reinforced by the
comparison of HAZOP templates, which revealed significant differences in the deviations
applied as well as in the structure of the node definitions. Taken together, these findings
indicate that the current approach does not fully utilize the existing experiential knowledge
from smelting projects. Based on these observations, proposing significant process
modifications or new software solutions would not be well-grounded within the limits of the
study. At this stage, a more impactful and realistic approach is to implement limited but
essential improvements to the current process. The guiding principle is to build knowledge
on top of existing knowledge so that future development actions can be implemented on a
well-functioning foundation. Since node structuring varied clearly across the examined
projects, the first phase of the harmonization work focused on defining the nodes. For this
purpose, basic node structures were developed for the FSF and the concentrate burner. These
are presented in Figure 13. The intention is to provide a common baseline for what is

included in the HAZOP review and how the process is divided into logical sections.
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Figure 13. Proposed baseline node structure for FSF and concentrate burner (author’s own work).

The second area selected for harmonization was the HAZOP worksheet, as well as the nodes

used in the HAZOP study. As noted earlier, the number of deviations applied varied across
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the different projects. In the harmonized solution, a comprehensive list of deviations was
compiled from the various projects, forming a unified set to be used as the basis for future
work. This also helps ensure that prior knowledge can be utilized more systematically. In
addition to the deviation set, the structure of the HAZOP worksheet itself differed between
projects. Some worksheets included a more extensive column set, such as separate columns
for the risk before safeguards and the risk after safeguards, whereas others only included
frequency and severity. These structural differences hinder the comparability of HAZOP
results across projects and limit the organization’s ability to build a cumulative knowledge
base. Based on these observations, a standardized HAZOP worksheet template was
developed. The proposed template incorporates all deviations identified across the examined
projects and includes a comprehensive column structure, covering the assessment of the
initial risk, the review of safeguards, and the consideration of the residual risk. The aim is to
provide a consistent structure that supports detailed analysis while improving the
comparability of future projects. The complete template is provided in Appendix 4. The

version shown here excludes all case-company-specific information.

In addition to the nodes, the HAZOP worksheet and the deviation set, a need was identified
to establish a unified baseline for the analytical content of the actual HAZOP sessions. The
interviews revealed that new projects often require starting the analysis almost from scratch,
even though a substantial amount of information from previous HAZOP studies could be
utilized. For this reason, a pre-filled HAZOP template was compiled from the HAZOP

results of earlier projects, which can be used as part of the harmonized approach.

To compile the baseline model, several expert sessions were organized, functioning in
practice as small-scale HAZOP reviews. A total of six experts participated in the sessions,
in addition to a facilitator and a recorder. The work was conducted via Teams, as the
participants were located at different sites. The material was reviewed deviation by
deviation, and at this stage the work was focused on the concentrate burner, which was
selected as the example target for developing the baseline model. In total, creating the model
required approximately 50 person-hours, offering a rough indication of the workload for the

more than 250 hours for the remaining nodes.

In previous projects, some consequence descriptions placed emphasis on economic impacts
such as production losses. Although economic impacts are not typically within the scope of

HAZOP, they were included in the harmonized baseline model. These economic
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consequences were reviewed together with the experts to determine whether they could also
be linked to safety, health, or environmental impacts, which are the primary focus areas of a
HAZOP study. If such impacts were identified, they were incorporated into the harmonized
model. The final compiled model includes information on causes, consequences, safeguards,
risk levels before and after safeguards, proposed actions, and additional remarks. When
future projects make use of the harmonized template, the intention is that project teams can
exclude items that are not relevant to the specific process, for example, deviation-related
impacts that do not relate to the chemicals or operating conditions of the plant in question,

while at the same time ensuring that no significant potential risk area is overlooked.
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8 Conclusions

This thesis examined the variability of HAZOP results in smelting projects and explored
practical ways to harmonize outcomes across projects that employ comparable technologies.
The motivation for this work arose from a recurring challenge observed within the case
company: although smelting projects typically use similar equipment and engineering
principles, their HAZOP studies frequently produce different outcomes. These
inconsistencies influence among other things design decisions and the level of engineering
effort required from one project to another. As a result, understanding the nature and causes
behind this variability, and identifying ways to reduce it, is important for improving safety,

efficiency, and predictability in future projects.

To address this challenge, the research employed a qualitative case study approach
combining 15 semi-structured interviews, nine HAZOP workshop observations, and a
structured comparison of four completed HAZOP studies. This multi-method design
provided a comprehensive perspective on how HAZOPs are planned, conducted,
documented, and interpreted in practice. The triangulation of interviews, real-time
observation, and document analysis enabled the study to capture not only formal
methodological differences, but also the tacit practices, behavioural dynamics, and
contextual factors that shape HAZOP outcomes. A central focus of the thesis was placed on

two core units: flash smelting furnace and concentrate burner.

8.1 Summary of findings

Through this research design, the thesis identified not only where and how HAZOP results
diverge across projects, but also why such divergence emergences and what can be done to
address it. These differences arise from several interacting factors, including methodological
choices, team- and facilitator-specific practices, organizational and project conditions, and
external influences such as customer requirements. Together, these elements shape the
depth, scope, and direction of the analysis and explain why comparable projects can produce
meaningfully different HAZOP outcomes. Building on these insights, the thesis proposes a

harmonization approach that strengthens consistency while preserving the expert-driven
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foundation of the HAZOP method. To structure this analysis and examine the phenomenon

systematically, the thesis formulated three research questions.
RQI1: How significant are the differences between HAZOP results in smelting projects?

The findings of this thesis show that the differences between HAZOP results across smelting
projects are systematic, recurring, and materially relevant for both safety and engineering
outcomes. Although all projects apply the same core equipment, including flash smelting
furnace and concentrate burner, the analysis revealed that results differ in several areas
throughout the HAZOP process. These include node structuring, deviation selection,
identification of causes and consequences, safeguard -classification, and risk-level
assignments. These differences are not random; instead, they arise from distinct
methodological choices, varying facilitator styles, team composition, document maturity,
and project-specific boundary conditions, among others. As a result, the variability observed

between projects is sufficient to affect the consistency and outcomes of the HAZOP process.

Across the four examined projects, the same equipment was sometimes divided into different
node boundaries, which shifted where deviations were discussed and how escalation paths
were interpreted. Similarly, the set of deviations applied in each project varied considerably
as some studies included operational deviations such as maintenance, while others focused
only on core process deviations. Even when identical deviations appeared across projects,
their causes, consequences, and risk rankings differed, leading to inconsistent conclusions
about the same underlying phenomena. This was particularly visible in cases where one
project interpreted a deviation primarily as an economic disturbance, while another
identified a credible pathway to health, safety, or environmental harm. Variation in
documentation practices also reinforced these differences. Worksheets differed in structure,
detail, and categorization, which affected traceability and comparability. Some projects
documented escalation path and safeguard independence in detail, whereas others provided
only concise summaries. These differences make it difficult to reuse past knowledge and

contribute to engineering rework when similar systems are delivered in different projects.

Taken together, the results demonstrate that the differences between HAZOP outcomes are
not minor presentational inconsistencies, but notable variations that alter the risk
interpretation and the resulting engineering requirements. The level of variation observed

across otherwise comparable smelting projects confirms that the current approach allows
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significant methodological freedom, and that this freedom translates into notable differences
in safety analysis and design. Therefore, the significance of the differences can be considered
notable high from both a process safety and project consistency perspective, and it provides
strong justification for introducing harmonization measures within the organization. It is also
important to acknowledge that assessing the ultimate significance of these differences is not
straightforward. The practical impact of a deviation, a safeguard classification, or a risk-level
shift depends on project-specific context, engineering judgement, and downstream decisions
that extend beyond the scope of a single HAZOP session. Therefore, while the variation
observed across projects justifiably raises concern and highlights the need for harmonization,
the precise magnitude of its consequences can only be partially inferred from documentation

alone.

RQ2: What factors contribute to the variability of HAZOP studies across different smelting

projects?

The findings in this thesis show that variability in HAZOP results arise from a
multidimensional set of factors, each influence at different ways within the process. These
factors together create systematic difference across projects that use otherwise similar
technology and engineering principles. Based on interviews and observations, factors
contributing to the variability were divided into five broad categories. These categories were
generated based on literature and included organizational, complexity and system-level,

methodological and process-related, human and external factors.

At the organization level, variability is driven by differences in timing, resourcing and
process ownership among others. HAZOP sessions are sometimes initiated before P&IDs
and other relevant materials are sufficiently mature. This causes the workshops to drift into
drawing verification rather than hazard identification. Resource constraints, particularly the
absence of key discipline experts at critical moments, further reduce consistency. The study
further identified gaps in process ownership: while project and engineering managers carry
responsibility for individual HAZOPs, no clear organizational role exists to harmonize
HAZOP results across the projects. As a result, practices evolve locally, facilitators apply
their own interpretations of method requirements, and knowledge reuse remains
inconsistent. Additionally, competing priorities, workload pressure, and the need for parallel
task execution during HAZOP sessions diminish participants’ ability to engage deeply,

contributing to uneven quality across projects.



95

Complexity and system-level factors emerge from the inherent nature of smelting processes.
These processes involve strong interdependencies across units, meaning that deviations in
one node can propagate to others in non-linear ways. HAZOP as a method encourages node-
level reviewing which can obscure cross-boundary interactions. Multiple different hazards
can span multiple nodes and require analysis that spans beyond individual nodes and
considers their interactions. Additional complexity arises from site-specific layouts,
differences in concentrate characteristics, feed variability, ventilation dependencies, and the
interplay between automated and operator-driven actions. These variations require teams to
make case-specific decisions, leading to different outcomes even when similar equipment is
assessed. Furthermore, some hazards may manifest only in certain operating modes, and the

degree to which these modes are considered varies greatly across teams.

Methodological and process-related factors also contribute to variation. Facilitation style
shapes how thoroughly guidewords are applied, how escalation paths are discussed, and how
thoroughly safeguard independence is validated. Documentation practices, including
worksheet structure, detail level, and recording style, vary greatly across projects, reducing
traceability and creating differences that accumulate throughout the study. Moreover, the
application of SIL criteria was not uniform, partly due to unclear internal guidance and partly

due to varying levels of familiarity with functional safety principles.

The findings indicate that human factors have a notable effect on HAZOP outcomes.
Multi-day or multi-week HAZOP sessions impose substantial cognitive load, leading to
fatigue, declining concentration, and shortened discussions as days progress. These effects
were confirmed during observation. Team dynamics further shape outcomes: strong
personalities or senior experts can dominate discussion, suppressing alternative viewpoints,
while less experienced or less confident team members may hesitate to challenge
assumptions or propose additional scenarios. Cultural and hierarchical patterns also
influence participation, particularly in international projects were speaking openly may be
discouraged by workplace norms or fear of criticism. Variability in subject-matter expertise
compounds these effects. Even though participants may have similar job titles, their
familiarity with smelting technologies, instrumentation, or process deviations varies. The
study also noticed that individuals often carry implicit biases, such as anchoring to past
incidents or overemphasizing unusual but memorable hazards, that further shape scenario

development.
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External factors, including customer expectations, contracting arrangements, and
commercial pressures, shape the context in which HAZOPs are conducted. Customer-led
HAZOPs were found to have different priorities, often expanding scope to include
operability, maintenance, or economic considerations that the case company typically
handles separately. In some projects, customers required the use of their own risk matrix or
documentation format, which differed from the company’s internal practices. Schedule
pressure emerged as a consistent external driver: aggressive delivery timelines, competitive
bidding commitments, and milestone-driven project plans often force early or compressed

HAZOP sessions.
RQ3: How can HAZOP results be harmonized across different smelting projects?

The thesis demonstrated that harmonization is both necessary and feasible. Although
smelting projects vary in scale, layout, and customer-specific requirements, the core process
elements and many of the associated hazards are sufficiently similar to justify developing
structured, and repeatable approaches to reduce variability. It is important to highlight that
harmonization should not replace expert judgement, but it can provide a stable analytical
foundation that improves consistency, reduces rework, and supports more reliable safety
decisions. While harmonization can be pursued through a variety of approaches, this thesis
focuses on practical, incremental reforms that strengthen the case company’s existing
HAZOP process. By improving how earlier results are captured, reused, and integrated into
new analyses, these measures enable knowledge to accumulate systematically across

projects and help establish a more consistent and harmonized way of performing HAZOPs.

First harmonization measure identified is the establishment of baseline node structure for
recurring equipment. Within this thesis it means flash smelting furnace and concentrate
burner. Differences in node division were a major source of variation across projects, and a
common baseline ensures that teams begin their analysis from consistent functional
boundaries. This also supports clearer comparison across projects and enables systematic
reuse of prior insights. Secondly, a unified set of deviations should be adopted. The
comparison of existing HAZOPs showed that projects apply different set of deviations,
which leads to inconsistent hazard coverage. Developing a combined, technology-specific
deviation library, based on deviations actually used in past smelting projects, ensures
comprehensive coverage while retaining flexibility to remove irrelevant items when justified

by process characteristics.
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In addition, using similar HAZOP worksheet in different projects is essential to harmonize
the depth and structure of documentation. The unified worksheet developed in this thesis
incorporates a comprehensive column structure, covering the assessment of the initial risk,
the review of safeguards, and the evaluation of the residual risk. This structure strengthens
traceability, reduces subjective variation in what gets recorded, and provides a consistent
basis for decision-making. Furthermore, harmonization requires a baseline cause—
consequence—safeguard model for critical equipment. The expert sessions indicated that
many elements of hazard reasoning, especially causes and escalation paths, are shared across
projects. Capturing this knowledge in a reusable baseline model provides teams with a solid
starting point, prevents known hazards from being overlooked, and reduces the work

involved in beginning a new study.

8.2 Suggestions for future research

Future research could build on several themes that emerged from this thesis, many of which
remain underexamined in academic literature but are highly relevant for organizations
conducting repeated HAZOP studies in similar technological contexts. One important
direction concerns the organizational mechanisms that shape HAZOP quality. This study
showed that timing practices, resource allocation, competence levels and governance
decisions among others all influence outcomes, yet these aspects are rarely analyzed in
HAZOP-related research, which tends to focus more on methodological or technical issues.
More systematic investigation of how different organizational arrangements affect
consistency would help determine whether the challenges identified here are specific to the
case company or represent broader industry-wide patterns. A particularly relevant area for
further study relates to the effects of harmonized HAZOP practices. While this thesis
proposes a harmonized node structure, deviation set and worksheet, it was beyond the scope
of the work to evaluate their actual impact in practice. Future research could examine how
projects carried out with harmonized templates differ from earlier ones in terms of study
duration, number of design revisions, consistency of safeguard classification or the volume
of actions requiring rework. Evidence-based assessment of harmonized templates would be
valuable not only academically but also for the case company, which could use such findings

to justify wider implementation or to refine the harmonization model further.
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One potential topic for future research is the role of remote participation in HAZOP studies.
These practices became common only recently as a result of the COVID-19 pandemic, and
their effects in the HAZOP context have not yet been systematically examined. This thesis
indicated that remote involvement can both expand access to expertise and introduce
challenges such as reduced engagement, multitasking and limited interaction, which may
influence the outcomes of HAZOP. Understanding these effects would be valuable, as it
would allow organizations to develop practices and tools that mitigate negative impacts and

support more reliable HAZOP outcomes.

Another area for further examination is the broader set of organizational dynamics that
influence the adoption of harmonized safety practices. Although interviewees in this study
expressed clear support for harmonization, the findings also suggest that established ways
of working, varying perceptions of project uniqueness and habitual engineering practices
can slow down the implementation of shared tools or templates. These forms of resistance
are not specific to any single organization but reflect broader challenges associated with
harmonizing expert-driven and project-based work. Future research could therefore examine
how organizations in complex engineering environments balance harmonization with the
need for flexibility, what factors improve the acceptance of harmonized processes, and
which change-management strategies help teams transition from project-specific habits to
more consistent, knowledge-based safety practices. Beyond the specific environment of
smelting projects, comparative research across industries could broaden the understanding
of how HAZOP variability is managed in other sectors with similar complexity, such as oil
and gas, petrochemicals or pharmaceuticals. This would help determine which
harmonization practices are transferable and which require sector-specific adaptation.
Insights from these industries could enrich the case company’s development efforts and

provide benchmarks for evaluating its risk assessment processes.
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Appendix 1. Kick-off meeting invitation for scope definition.

Kick-off Meeting Invitation: Thesis on HAZOP Results Variability

I’d like to invite you to a short kick-off meeting regarding my master’s thesis, which I’'m
currently conducting at Company x. The topic focuses on: “Variability in HAZOP Results in
Smelting Projects and Possibilities for Harmonization.”

The meeting will be brief (max. 30 minutes) and aims to align on the scope and collaboration
needed from your expertise.

Agenda:

1. Welcome and introduction

o Quick overview of the thesis topic and objectives

o Research questions and motivation
2. Scope discussion

o  What products/smelting technologies should be included?
3. Timeline and collaboration

o Thesis timeline

o Request for expert interviews and expected contributions
4. Next steps

o Scheduling interviews

o Sharing relevant materials

If you know someone else who should be involved or whose input would be valuable for this
work, feel free to forward this invitation to them.

Your insights will be valuable to this thesis, and I’'m looking forward to working with you.

Kind regards,
Juho Hamaldinen

Thesis Worker



Appendix 2. Invitation to the Teams interview.

Hello (insert name),

I am currently working on a thesis related to HAZOP (Hazard and Operability) studies in
smelting projects. The study focuses on the variability of HAZOP results in certain selected
equipment across different projects, the factors influencing these differences and their
significances, and ways to harmonize the outcomes.

As part of the study, I will collect data by interviewing professionals who have experience in
HAZOP processes or related safety assessments. I’d really appreciate the opportunity to hear
your thoughts on these topics. The interview questions are divided into the following
categories:

General views of HAZOP
HAZOP preparation phase
HAZOP study phase

HAZOP team and team dynamics
HAZOP documentation
Magnitude of factors
Possibilities for harmonization

Would you be available for an interview (approximately 45—60 minutes) at a time that suits
you? Your insights would be highly valuable, and I truly appreciate your time and
consideration.

Looking forward to hearing from you!

Kind regards,

Juho Hamalainen

Thesis Worker



Appendix 3. Structure and questions of the interviews.

Start of the interview:

First of all, thank you for taking the time to do this interview. The interview lasts
approximately 45-60 minutes and covers themes related to the thesis. The title of the thesis is
HAZQOP results variability in smelting projects and possibilities for harmonization. The
questions are divided according to HAZOP's stages, and a few themes will discuss more

detailed entities. The interview will be recorded for notes.
- Quick introduction, name, role, HAZOP familiarity

General views of HAZOP:

- How would you generally describe the role of HAZOP studies in smelting projects?
o What are the strengths and weaknesses?
- How would you describe your performance in HAZOP studies
o Describe your participation style (active/passive)
» if more passive: what prevents you from speaking out
o Do you recall any disagreements at HAZOP?
» Ifyes: what?

Anything else in this section?

HAZOP preparation phase:

- How do you feel about the project phase in which HAZOP is arranged?
o How do you see the possibility of making changes?
- Have you participated in the preparatory phase (collection of materials, group
planning, etc.)?
o Ifyes: continue
o if no: move to next theme
- How accessible is the necessary input data for the process? Can you point out

something that might cause differences in study phase?
Anything else for this section?

HAZOP study phase:

- How would you describe the HAZOP study leader/facilitator role?



o Company arranging HAZOP study vs. customer?
= How?
- In general, do you think that there are enough resources (e.g., time, personnel, tools)
allocated to HAZOPs?
o Is there pressure with time/schedule?
= Ifyes: how does that influence?
= Should there be more time?
- What do you think about the pacing and breaks during HAZOP study?
o Is concentration at the same level throughout the study?
» Ifno: is it higher in the end or beginning?
* What are the reasons for that?
* Do you think this has effect on the quality of HAZOP?
- Are there any other factors you’ve observed that can influence the outcome or quality
of a HAZOP study?

o How?
Anything else for this section?

HAZOP team dynamics:

- Do you think team composition/size and expertise affect HAZOP’s result?
o How?
- How would you describe the importance of the interaction or/and the atmosphere of
the team?
o Do you see these factors contribute to HAZOP’s results
- How would you evaluate the significance of team dynamics compared to other factors

(schedule, knowledge, etc.)?
Anything else for this section?

HAZOP documentation:

- How consistent are the HAZOP reports across the different projects?

o Supporting design materials (P&IDs etc.)?
Anything else for this section?

Magnitude of factors:




- Among the known factors (e.g., team expertise, facilitation style, project scope,
documentation practices), which do you consider most significant in affecting HAZOP
results?

- Are there any factors that are often underestimated but you believe are actually quite
influential?

o What? Why?

- In your experience, do certain project types or phases influence the relevance of these
factors?

- If you had to focus improvement efforts on just one or two factors, which would you

choose and why?
Anything else for this section?

Possibilities for harmonization:

- Do you have any experience with situations where there have been differences in
HAZOP results?
o Cases where scenarios were evaluated differently in different projects
regarding consequences, risk level and protective measures proposed
- What kind of effort is currently being made to ensure certain harmonization between
HAZOPs in different projects (if any)?
- What improvements would you suggest addressing the weaknesses you've observed in
HAZOP studies?
- Do you see benefits or drawbacks in using pre-filled templates derived from earlier

HAZOPs?

Is there anything else you'd like to share that we haven't covered yet?



Appendix 4. Proposed harmonized HAZOP worksheet template™.

4.1. High flow | 4.1.1. 4.1.1.1. Relevance to
be checked
for specific
project

4.1.2. 4.1.2.1. Relevance to
be checked
for specific
project

4.1.3. 4.1.3.1.

4.1.4. 4.1.4.1.

4.1.5. 4.15.1 Safety 4 2 1. 4 0 1

2.
3.
4.

4.1.6.

4.2Lowflow/ | 4.2.1. 4.2.1.1. Economical 5.

No flow

6.
4.

4.2.2. 4.2.2.1. Economical 7.

4.2.3. 4.2.3.1.

4.2.4. 4.2.4.1. Safety 4 0 4. 4 0 2.

8 3
9.
10.

4.2.5. 4.25.1 Economical 11. 4.

Relevance to
be checked
for specific
project

4.2.6. 4.2.6.1. Economical 12. 5.

13.
4.2.7. 4.2.7.1. Economical 12. 6.




14.

4.2.8. 4.2.8.1. Economical 15.
16.
12.
4.2.9. 4.2.9.1. Economical 15.
16.
12.
4.3. Flow to 4.3.1. 4.3.1.1. Safety 17.
wrong place 18,
(Reverse flow
+ leak) 4.
4.3.2. 4.3.2.1. Economical 12. 7.
19.
15.
20.
21.
4.3.3. 4.3.3.1. Safety 4. 8.
22.
4.3.4. 4.3.4.1. Economical 23.
24.
4.4. High 4.4.1. 4.4.1.1.
presstre 442, 4421, 25.
4.4.3. 4.4.3.1. Safety 26. 9.
27.
28.
29. 10.
4.
30.
4.4.4. 4.44.1. 31. 11.
12.
4.5. Low 4.5.1. 4.5.1.1. See
pressure 4.2.1.1.




4.6. High 4.6.1. 4.6.1.1. Safety 4 32. 13.
temperature
4.7. Low 4.7.1.
temperature
4.8. High level | 4.8.1. 4.8.1.1. 12.
19.
33.
4.
4.8.2. 4.8.2.1. 12. 14.
19.
15.
4.9. Low level | 4.9.1.
4.10. Fast 4.10.1.
mixing
4.11. Low 4.11.1. 4.11.1.1.
mixing / No
mixing
4.12. Other 4.12.1.
material/
contaminants
4.13. Wrong 4.13.1. 4.13.1.1. See
composition 4.4.3.1.
or 4.13.2. 4.13.2.1. See
concentration 4.1.1.1.
4.13.3. 4.13.3.1. See
4.1.2.1.
4.13.4. 4.13.4.1. 12.
4.
4.13.5. 4.13.5.1. 12.
4,
4.13.6. 4.13.6.1.
4.13.7. 4.13.7.1.
4.13.8. 4.13.8.1.
4.13.9. 4.13.9.1. 15.
4.13.10.
4.14. 4.14.1.
Excessive
corrosion




4.15. 4.15.1.
Excessive
erosion
4.16. High 4.16.1.
vibration
4.17. Failure | 4.17.1. 4.17.1.1.
in power (full
black out 4.17.2. 4.17.2.1. Safety 34.
assumed) 35.
4.
36.
4.17.3. 4.17.3.1.
4.18. Failure | 4.18.1. 4.18.1.1.
|r3 instrument 41810,
air
4.19 Failurein | 4.19.1. 4.19.1.1. Safety 37.
plant air
38.
supply
4.
4.20. Failure | 4.20.1. 4.20.1.1. Safety 39. 16.
in cooling
40.
water
41.
42. 17.
43.
44,
45.
4.21. Failure | 4.21.1. 4.21.1.1. 15.
in other 2
utilities :
19.
12.
4.21.2. 4.21.2.1. 15.
2.
19.
12.
4.21.3. 4.21.3.1. See

4.18.1.and 4.2.1.1.




4.22. Manual | 4.22.1. 4.22.1.1. Safety 46. 18.
operations
(includes 47. 19.
operational 48.
activities)

4.22.2. 4.22.2.1. Safety 49.

4.22.3. 4.22.3.1. Safety 50. 20.
4.23. Start-up | 4.23.1.
/ Shut-down
4.24. 4.24.1. 4.24.1.1. Economical 51.
Emergency
shut-down
4.25. 4.25.1. 4.25.1. 1. Safety 21.
Malntenance 1 e 5. 42521 Referto

4.1.5.

4.26. 4.26.1.
Something
else

* Case company specific content removed.




