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This study researched the visualisation of consequence modelling results and the integration 
of the chosen scenario to the consequence modelling and the risk identification of the risk 
analysist. The used modelling software in this study was Phast 8.2. The methods examined in 
this study are meant to be used in the future. The execution of consequence modelling is 
regulated by legislation. The consequence modelling has been perceived as a detached subject, 
and that is why the integration of the consequence modelling into the engineering process is 
wanted to illustrate with a visual model. 

Consequence modelling is a part of the consequence analysis. The scenario defined in the 
consequence analysis is consequence modelled via modelling software, such as Phast 8.2. 
Modelling software gives the distances of  the impact of the hazardous event. The impact can be 
heat radiation, overpressure or dispersion, depending on the substances and the circumstances 
in the scenario. Based on these distances, the necessary protective measures to prevent or 
mitigate the impact and the safe limits are defined in the consequence analysis.  

The study has been limited into three research questions. The first research question was, 
what are consequence analysis and consequence modelling and how they are used. The question 
was answered by legislation and partly with qualitative interviews. In the interviews it turned out, 
that the client companies utilised consequence models also in layout planning and rescue 
practice. Consequence models were significant for clients and used also in other purposes than 
legislative. 

The second research question examined, how to emphasize better to a client the consequence 
modelling and its impacts as a part of an engineering process. The used methods for this were 
Bowtie diagram and 3D models created by Phast 8.2 for two different scenarios. The chosen 
scenarios were diesel leakage from a storage tank which turn into a pool fire outside and 
propylene leakage in a compressor which turns into an explosion in a process unit. After 
producing the visual models, qualitative interviews were conducted with three client companies 
and two consults from the company (AFRY). Bowtie diagram and 3D model were valued as 
methods. The main benefit of the presented Bowtie diagram was the illustration of protective 
measures. The biggest disadvantage of the presented model was the missing risk categories 
compared to HAZOP table. 3D models were seen as a useful, but the versions in this study without 
the 3D structure of a plant were not able to displace the 2D models on a map. At this moment, 
the 3D models could work beside 2D models. 

The third research question investigated, what is the optimal moment in the engineering 
process for modelling. The answer for the question was pursued with the interviews of consultants 
and the parameters defined while modelling in the experimental part. A clear answer could not be 
found because all the projects are different. Some necessary information and parameters for 
modelling were able to be defined. 

Based on this study, visuality is found important and clients found both presented methods 
interesting. In the future, the purpose of use of Bowtie diagram should be defined more precisely 
and 3D models should be present in the 3D structural of a plant to get the full benefit of these 
models. As a part of future research, a 3D model of the propylene explosion was drawn in 
cooperation with a design engineer in AFRY.    
 
Keywords: Bowtie, 3D modelling, Phast, consequence modelling, engineering process 
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Ympäristö- ja energiatekniikka 
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Tässä tutkimuksessa tutkittiin seurausmallinnusten visualisointia ja seurausmallinnukseen 
valitun skenaarion linkittämistä projektin suunnitteluprosessiin riskin tunnistamisen kautta. Tässä 
työssä käytettiin Phast 8.2.-mallinnusohjelmaa. Tässä tutkimuksessa tutkittuja malleja on 
tarkoitus hyödyntää tulevaisuudessa. Seurausmallinnusten tekemistä säätelee lainsäädäntö. 
Seurausmallinnusten on koettu jäävän irralliseksi kokonaisuudeksi ja siksi sen linkittämistä riskin 
arviointiin suunnitteluprosessi haluttiin havainnollistaa visuaalisella mallilla. 

Seurausmallintaminen on osa seurausmallinnusanalyysiä. Seurausmallintaminen tehdään 
seurausmallinnusanalyysissä määritellylle skenaariolle mallinnusohjelmalla, kuten Phast 8.2. 
Mallinnusohjelma antaa mahdollisen onnettomuusskenaarion seurauksen ulottuvuuden 
etäisyydet. Seurauksia voi olla lämpösäteily, painevaikutukset tai leviämiskonsentraatio, riippuen 
skenaariossa olevista yhdisteistä ja olosuhteista. Näiden etäisyyksien perusteella saadaan 
määritettyä tarvittavat turvatoimenpiteet estämään ja lieventämään skenaarion mahdollisia 
vaikutuksia ja määritettyä turvarajat alueelle seurausmallinnusanalyysissä. 

Tutkimus rajattiin kolmeen tutkimuskysymykseen. Ensimmäinen tutkimuskysymys oli, mitä 
seurausmallinnusanalyysit ja seurausmallinukset ovat ja mihin niitä tarvitaan. Siihen vastattiin 
kirjallisuustutkimuksen ja laadullisen haastattelututkimuksen avulla. Tutkimuksessa kävi ilmi, että 
kohdeyritykset hyödyntävät seurausmallinnuksia yrityksissään muun muassa layout-
suunnitteluun ja onnettomuusharjoituksiin. Mallinnuksien merkitys asiakkaalle on myös muissa 
asioissa kuin lainsäädännöllisissä. 

Toinen tutkimuskysymys tutki, miten asiakkaalle voitaisiin paremmin tuoda esille 
seurausmallinnusta ja sen tuloksia suunnitteluprosessissa. Tässä käytetyt metodit olivat Bowtie-
malli ja Phast 8.2.-mallinnusohjelmalla tehdyt 3D-mallinnukset kahdelle eri skenaariolle. Valitut 
skenaariot olivat dieselvuoto varastosäiliöstä, joka johtaa lammikkopaloon ja kompressorin 
propeenivuoto, joka johtaa räjähdykseen prosessitilassa. Kun visuaaliset mallit olivat valmiit, 
toteutettiin haastattelututkimus kolmella eri asiakasyrityksellä ja kahdella konsultilla tästä 
yrityksestä (AFRY). Bowtie-malli ja 3D-mallinnus arvostettiin malleina. Bowtie-mallin 
turvatoimenpiteiden merkintä nousi suurimmaksi positiiviseksi havainnoksi ja riskikategorioiden 
puute isoimmaksi negatiiviseksi puutteeksi verratessa HAZOP-taulukkoon. 3D-mallit nähtiin 
hyödyllisinä työvälineinä, mutta tässä työssä esitetyt mallit ilman 3D-tehdasympäristöä eivät 
pystyisi syrjäyttämään kartalla olevaa 2D-mallia. Tällä hetkellä esitetyt 3D-mallit toimisivat 2D-
mallin tukena. 

Kolmas tutkimuskysymys käsitteli sitä, mikä on optimaalinen hetki seurausmallinnuksen 
toteuttamiselle suunnitteluprosessissa. vastausta kolmanteen tutkimuskysymykseen tavoiteltiin 
konsulttien haastattelun ja kokeellisen osan mallinnuksissa määritettyjen parametrien 
perusteella. Selkeää vastausta ei voitu antaa, koska kaikki projektit ovat erilaisia. Tiettyjä 
tarvittavia tietoja ja parametreja pystyttiin rajaamaan. 

Tutkimuksen perusteella visuaalisuutta pidetään tärkeänä asiana ja kummatkin menetelmät 
kiinnostavat asiakkaita. Tulevaisuudessa Bowtie-mallin käyttötarkoitusta tulisi rajata selkeämmin 
ja 3D-mallit esittää 3D-tehdasympäristöissä, jotta menetelmistä olisi hyötyä. 

   
Avainsanat: Bowtie-malli, 3D-mallinnus, Phast, seurausmallinnus, suunnitteluprosessi 
 
Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck –ohjelmalla. 
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1. INTRODUCTION 

Consequence analysis measures the scale of the impact of possible incident scenario 

on the environment and eases the determination of the necessary protective measures 

to minimize the impact. Consequence analysis is a report, which consists of major 

incident scenarios possible in the facility, such as fire, explosion and dangerous chemical 

dispersion. The need for consequence analysis for the clients comes from legislation and 

it is supervised by rescue department or Finnish Safety and Chemicals Agency (Tukes), 

depending on the scale of the facility. The consequence analysis is done usually for the 

authorities to explain the necessary protective measures to prevent the consequence 

modelled scenarios for happening and how the facility is prepared to act in case of the 

modelled scenario actually happening. The results are used for example in layout 

engineering, rescue plans or land use planning. [2] Possible incidents in this study are 

limited to the types of incident scenarios, where the consequence analysis is required by 

legislation.  

Consequence modelling is needed to understand the effects and consequences of 

possible incident scenarios. Consequence modelling is executed based on the scenario 

defined in the consequence analysis and then the results of the consequence modelling 

are attached to the consequence analysis. The conclusions for the necessary protective 

measures are drawn based on the consequence modelling results. The scales of impacts 

are measured in heat radiation (kW/m2) distances, overpressure (kPa) distances and 

dangerous chemical dispersion distances (e.g. ppm). [2] 

At present, consequence modelling is executed via Phast 8.2 software and the results 

are applied to a 2D map automatically. The results on the map are added to the 

consequence analysis as visual presentation. Consequence analysis is not a simple 

subject, because it only occurs when the legislation demands it and it is mostly used as 

an individual report. There is a lot of potential for consequence modelling to be more 

useful tool in the engineering process, but it is unclear what is the best way for 

consequence modelling to be used in the engineering process and how it is understood.  

In this study the methods for improving the visualisation of the consequence analysis 

and its results came from consultants of the company (AFRY). This study aims to 
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illustrate how and why a certain scenario was chosen for modelling and what are the 

necessary adequate protective measures to apply to prevent or mitigate the impact of 

the possible incident. Bowtie diagram is chosen to illustrate the selection of the modelled 

scenario and the adequate protective measures. The other focus point of making the 

modelling results more comprehensive is to produce 3D models to illustrate the impact 

of the possible incident more realistically with the tools available in the company. 3D 

models are produced with the new 3D-viewer version of Phast 8.2 software. Both 

methods are known and used widely. This study examines the additional value these 

tools bring to clients in understanding the consequence modelling.  

The main point of this study is to find a way to illustrate the consequence modelling and 

its results more comprehensively. In this study, there are three research questions. The 

first research question is, what are consequence analysis and consequence modelling 

and how they are used. First research question focuses on defining the understanding 

of what are consequence analyses and what parameters are needed for them. The 

objective is to understand the process of consequence modelling in consequence 

analysis. This is researched partly by a literature review to the legislation and regulations 

in the chapter two and partly by qualitative interviews of client companies in the chapter 

four. The second research question examines, how to emphasize better to a client the 

consequence modelling and its impacts as a part of an engineering process. The main 

point of the second research question is to understand the impacts of consequences, 

protective measures and illustrate them better. The methods used in the illustration are 

presented in the chapter two and the models for qualitative interviews are created in the 

chapter four. Chapter three presents the research methodology in the study and the 

executed interviews. The third research question explores, what is the optimal moment 

in the engineering process for modelling. The goals are to understand the impact of the 

modelling to the project and to discuss the optimal way to execute the modelling so, that 

it is the most productive for client. The third research question was answered by 

qualitative interviews in the chapter four. Chapter five discusses the trustworthiness of 

the study and the main discoveries in this study. Chapter six concludes the important 

findings and the need of further research based on this study.  

The research process started in June 2020 and ended in October 2020. The Bowtie 

diagrams were executed during July and August and the 3D modelling was executed in 

the end of August and the beginning of September. Qualitative interviews were executed 

with three client companies and two consultants from AFRY at the end of September 

and beginning of October.  
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2. PREVIOUS STUDIES 

In this chapter, the placement of the consequence analysis in the risk assessment is 

explained. Risk assessment includes risk analysis and risk evaluation. Risk analysis is 

divided into risk identification and risk estimation. Consequence analysis is a part of the 

risk identification phase of the risk analysis. Consequence analysis includes 

consequence modelling and reporting the circumstances and the necessary protective 

measures to prevent and mitigate the possible incident. The introduction of consequence 

modelling is vital to understand the used chemicals and their properties and the needed 

parameters for calculating the impacted areas of the modelled scenario.  

The chapter was built to show the structure behind the consequence modelling. The first 

phase was to know the project. This study was the most interested in the engineering 

process of the project. Consequence modelling required a chosen risk scenario from the 

risk identification phase of the risk analysis. Consequence modelling demonstrated the 

impact of the chosen scenario to the environment as a heat radiation, blast-wave 

overpressure effects or dispersion of toxic gases.  

2.1 Project life cycle 

There are numerous amounts of different types of projects to be executed in the field of 

consequence modelling such as applying for a permit for building a new plant to 

something smaller like evaluate already existing process and its risks and possible 

consequences for Tukes or otherwise. Vincoli (2014) lists the five common phases of a 

project: concept, design, production, operations and disposal, which are presented in 

Figure 1. [3]  

 

Figure 1. Project life cycle’s typical main phases [3]. 
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Concept phase identifies the objectives and goals of the project, which includes project 

descriptions, design requirements and expected end results. The concept phase’s most 

important focus is on creating a project road map to describe the purpose and the 

direction of the project and this is called as an HSE-plan in the company. HSE-plan 

pursuits the natural safety which means as little as possible done to get as safe as 

possible. [3] One quite similar concept with this is Inherently safer design (ISD), created 

by Trevor Klentz (2012) for safer design in chemical processes. ISD aims to greater 

safety potential with a lower cost. These approaches have been divided into four main 

principles: minimizing, substituting, moderating and simplifying. Trevor Klentz was 

known from his quote: “What you don’t have, can’t leak.”. Minimizing and substituting 

strategies aimed to increase the safety in the process by reducing the amount of 

hazardous substances or replacing the substance with less hazardous one. Moderating 

the process system included using less hazardous conditions and by that achieving less 

hazardous forms of material and minimizing the impact of release of hazardous material 

or energy. Simplifying the design for facilities aims to decrease the complexity and 

minimize the amount of possible operating errors in the process. [4] 

Design phase is for making the general plans more specific. Design phase is divided into 

two parts: Pre-design and design. Figure 2 illustrates the two phases of design, first pre-

design phase is for assembling the relevant information for the project from legislation, 

directions, previous studies of the same subject, statistics and accident investigations. 

Preliminary Hazard Analysis (PHA) are used in the pre-design phase. After creating the 

possible designs, they are specified in the design phase based on the requirements of 

process conditions, materials, choice of purpose, methods, time and personnel to create 

plausible designs. Design phase includes HAZOP (Hazard and Operability) study. 

HAZOP analysis focuses on identification of operational risks in processes. [5] 
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Figure 2. Schematic of creating designs [5]. 

At the end of the design phase all participating organizational elements must approve 

the project design, so that the project is able to move forward to the next phase. 

Production phase transforms the design into the planned product. Production phase is 

considered to be the most critical phase of the project life cycle because of its great 

expense of time and money compared to the other phases. For this reason, the phase 

requires a lot of effort by all responsible and participating organizational elements to 

ensure project success. [3]  

For this study, the most critical phases of a project for consequence modelling were the 

first three ones: concept, design and production. The focus was on examining the 

benefits of using the consequence modelling in the concept and in design phase. These 

phases are unique for every project, but they share the same guidelines. One way to 

divide project into two groups is green and brown field projects. Green field project is 

located on an area, where there is not any already existing parts of plant activity [6][4]. 

Brown field project is focused on already existing and producing plants, so the concept 

and design phase have to take into account the effect of the existing risks and the danger 

of domino [6]. There are also cases when the consequence analysis is done for a 

company just to improve the ongoing plants’ safety regulations or in case of management 

of change. Management of change is a situation where the existing plans must be 

rethought because of some circumstances revealed in the project.  
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2.2 Risk assessment 

Risk assessment includes two parts: risk analysis and risk evaluation. Risk analysis can 

be divided into risk identification and estimation. Risk identification includes the possible 

hazards of the project, exposure to hazards and consequences of the event. Risk 

estimation part includes the evaluation of the severity of consequence and probability. 

Johansen and Rausand (2014) define risk analysis as a way to provide information to 

decide the actions in an uncertain situation [7]. The information can be collected from 

qualitative or quantitative insights. Johansen and Rausand (2014) focus on defining the 

correct risk estimation methods for risk analyses. The correct risk metrics is crucial, 

because it defines the estimation of the identified risk which is straight connected into 

the risk evaluation. Apostolakis (2004) does recommend that decisions are not made 

based on risks, the risks are informed and one part of the required knowledge in making 

the decision [8]. [7] 

2.2.1 Hazard and Operability study 

Hazard and Operability (HAZOP) study is focused on the potential abnormalities from 

the designed intention and their consequences and protective measures. HAZOP study 

is used to minimize the commissioning and operational problems, eliminating or reducing 

the probability of significant operating abnormalities by plant or process improvements. 

It is also used to inform the personnel and as an evidence for authorities, such as Tukes, 

to prove that a comprehensive safety review has taken place. [9]  

HAZOP is used the most in the chemical industries for safety analysis and there are 

multiple ways to execute the HAZOP procedure so Figure 3 gives a simplified procedure 

for HAZOP study. Preparing consists of the scope and specifics of the analysis. The 

boundaries of the analysis are also set in the beginning by specifying which parts of the 

processes are to be analysed. Structure of HAZOP study is divided into units, such as 

connecting pipes and tanks, of the installation and then all the later steps are applied 

individually to each unit. Later, units are called nodes. When specifying the intention, the 

function of each part is defined. Usually, this is done with the designer or the person 

most familiar with the installation. [10] 



7 

 

 

Figure 3. Main stages of procedure in HAZOP study [10]. 

When identifying deviations, in other words abnormalities, the use of guide words eases 

finding the scenarios for abnormalities. This is done for each node and all the guide 

words are applied separately. Examining causes is done for each significant abnormality 

found in the previous step. The consequences of the found abnormalities will be 

examined and the seriousness of these is assessed with the risk matrix (Figure 4). These 

steps are repeated for all nodes until the whole installation is evaluated. Evaluating 

abnormalities eases the choosing of the scenarios to model. Proposing safety measures 

is optional step depending on the defined risk. If the risk is too high, the step is not 

optional. Proposing safety measures is important for preventing and mitigating the 

consequences of the scenario. [10] 

One point of view to the measuring the risk is the combination of the severity of 

consequence and the likelihood of the event, which forms the risk matrix. There are 

different classifications of risk matrices, some companies make their own and some use 

the given definitions of standard SFS-IEC-60300-3-9:1995 [11]. According to Cox (2008), 

risk matrices are widely used in different purposes, even if there is not a scientific 

research supporting the impact of risk matrices in the risk management decisions [12]. 

In the standard the consequences of an event are classified from zero, which is 

negligible, to four, which is catastrophic.  The likelihoods of an event are classified from 

zero, which is practically never, to six, which is more than once in a year. The acceptable 

risk level is based on the risk ranking value given from the risk matrix in Figure 4. [11] 
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Figure 4. Risk matrix used in HAZOP. White areas are describing trivial risk, with no 
actions required. Yellow is a low acceptable risk, which should be followed, and orange 
is intermediate risk, which requires actions within a reasonable time. Red is a high risk, 

which requires action immediately. [11] 

The risk categories according to the standard are presented in Table 1 below. Ranking 

of risks is supposed to reveal the most hazardous scenarios and announce the need for 

further inspection. The high categorized risks need immediate actions, and these can be 

protective measures, that mitigate the consequences of the event or preventive actions 

that lower the likelihood of the event. [11] According to Cox (2008), using the risk 

matrices might be more misleading than a random guess, if probability and 

consequences were negatively correlated. Probability and consequences often are 

negatively correlated with low-probability, high-consequence or high-consequence and 

low-probability events. Another issue with using the risk matrices is the objectively 

correct way of filling out the probabilities and consequences. When using risk matrices, 

these misleading possibilities should be remembered and tried to minimize. [12] 

Table 1. Definitions of risk levels of HAZOP study [11]. 

RISK 
RANKING 

DESCRIPTION 

I High risk. Not acceptable. Immediate actions needed. 

II Intermediate risk. Not acceptable. Actions needed within a reasonable time 
period. 

III Low risk: Acceptable – Follow-up recommended. 

IV Trivial risk. Acceptable – No actions needed. 
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2.2.2 Bowtie diagram 

When evaluating risks, Kaplan and Garrick (1981) in the article written by Johansen and 

Rausand (2013) have defined three questions to answer: 1) What can go wrong? 2) How 

likely is it? and 3) What are the consequences? [7]. Bowtie models can be used as a tool 

to illustrate the Hazard Identification and Risk Assessment (HIRA) process. The abilities 

of Bowtie model have been researched to improve performance of the hazard 

identification in the risk identification phase of the risk analysis, thus improving the risk 

assessment process entirely. Another discovered application of Bowtie diagram is the 

ability to demonstrate the identification of major hazards and managing the risks as low 

as reasonably practicable (ALARP) as stated by Saud, Israni and Goddard (2014). 

ALARP means the situation where the cost has been considered while reducing the risk 

and reducing the risk any further from this point would be disproportionate to the gained 

benefit. ALARP is highly usable system for projects in different phases of design, but 

often more complex and costly projects demand more accurate information of the 

potential consequences and frequency of occurrence. The most valuable feature of 

Bowtie model is believed to be its graphical nature, which helps with the understanding 

of risk management by upper management and operations groups. [13] Bowtie diagrams’ 

visual presentation has also been noted to aid in the accident investigation 

processes [14].  

One way to use Bowtie diagrams is to integrate HIRA into one pictorial format as done 

by Saud, Israni and Goddard (2014). Hazard identifications for process hazard analysis, 

such as HAZOP, are orderly, systematic examinations of causes leading to potential 

releases of hazardous substances and what protective measures should be 

implemented to prevent and mitigate the loss of containment (LOC). The problem with 

using only hazard identifications is that it is not enough by itself to apply the risk 

management process. Bowtie diagram includes the main elements of the risk 

management process which are identifying, preventing, mitigating and assessing the 

risk. In Figure 5, the Bowtie diagram is presented according to Saud, Israni and Goddard 

(2014) and the terms used in this study are proactive control and reactive control. 

Proactive control is for preventing the event happening and reactive control is mitigating 

the consequences after the event has happened. Threats are scenarios which cause the 

major hazard event. The hazard is the chemical substance in the scenario and 

consequence is the effect of the release of the hazard depending on the adjusted 

recovery measures. [13] According to Johansen and Rausand (2013) consequences are 
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often divided into four categories: harm to humans, the environment, material assets and 

loss of revenue [7].  

 

Figure 5. Structure of the Bowtie model[13]. 

The issue with risk assessment is the huge amount of knowledge and long reports for 

risk assessments to skim through to find the information needed. With Bowtie diagram, 

the information is implemented into one format demonstrating all the sides of the 

scenario. According to Saud, Irani and Goddard (2014) Bowtie diagram has been noticed 

to ease the understanding of the major hazard events. Bowtie diagram is more often 

used as qualitative risk assessment tool, but a quantitative analysis can also benefit from 

Bowtie diagram that illustrates the exact scenario where the results of consequences 

and frequency are undesirable. [13] 

According to Heinimaa (2015), one reason why Bowtie diagrams have been noticed 

useful in the accident investigation process, is because they follow the Seveso 

Directives’ protocol for risk assessment. Typical Bowtie starts from the middle (knot of 

the bow) from identifying the hazardous event, which is the first step. Next step is to 

expand the completed HAZOP and add the threats and consequences on both sides of 

the hazard. According to Saud, Israni and Goddard (2014), the advantage of Bowtie is 

classifying the protective measures as proactive control or reactive control into the 

diagram. Bowtie is a method used with a team while brainstorming every scenario 

individually. Using Bowtie has also been noted to improve the correct use of the risk 

matrix. Bowtie diagram illustrates the importance of evaluating the risk realistically for 

the proper protective measures to achieve the ALARP risk reduction. [13], [14] [15] 



11 

 

2.3 Consequence analysis  

Consequence analysis is a report of the executed consequence modelling based on the 

scenario defined in the risk identification of risk analysis. The modelled scenario is 

chosen based on the worst-case possible scenario of the risk analysis. Some scenarios 

come straight from the guide lines done by Tukes based on the national legislation.  

 Based on the modelled scenario, the necessary suggestions for decreasing the impact 

of the scenario is decided and presented in the consequence analysis. The analysis also 

includes the made assumptions for consequence modelling and the justifications for 

certain parameters being used. For example, if in the modelling, the plant is located on 

an area, where it can be proved that the weather conditions differ from the guidelines 

given by Tukes, it is explained and reasoned in the consequence analysis.  

Consequence modelling gives the distances and the impacts of the possible incident 

scenario to the environment on a map but presenting the results and drawing the 

conclusions happens in the consequence analysis. The recommended protective 

measures to mitigate or to prevent the incident are presented in the consequence 

analysis. Consequence modelling calculates the impact of a possible scenario without 

solid, non-electric or demanding starting protective measures. Only the passive 

protective measures are considered while modelling, such as safety bunds for storage 

tank leakages.   

2.3.1 Past incidents 

Like all safety related legislation, regulations or applications, the development of 

consequence analysis and its regulations is based on the previously happened incidents. 

Consequence modelling and consequence analysis are relevantly new in the field of 

safety which is also not that old by itself, so the learning is still constant and unfortunately 

also done through mistakes.  

Nowadays the most essential legislation for consequence analysis is the Seveso III-

directive. Seveso I-directive was first adopted to European legislature on 24th June 1982 

as directive 82/501/EEC on the major-incident hazards of certain industrial activities, 

after a serious explosion at an herbicide and pesticide plant in northern Italy, Seveso, in 

1976. One of the valves of a chemical reactor opened due to a poor protective measure 

and let out 6 tons of chemicals with 1 kg of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD).  

TCDD is one of the most powerful synthetic toxics and carcinogens. The released TCDD 
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killed thousands of animals after the incident and in 1978, to prevent the TCDD spreading 

into the food chain, 80 000 animals had to be slaughtered. According to a research done 

2009, some forms of cancer increased in northern Italy after the incident. This had an 

impact on how chemical incidents were seen and the Seveso I-directive was created to 

unite the safety of plants that handle chemicals in EU area and the history of the 

legislation development is presented in Figure 6. [1]  

 

Figure 6. The history of legislation affecting consequence analysis in Finland [1]. 

Control of Major Incident Hazards (COMAH) Regulations came in 1999 to implement the 

Seveso Directive in Great Britain and it has also been updated in 2015. Every European 

country has their national legislation which implements the use of Seveso III-directive. [1] 

Seveso directives got their beginning from the incident in Italy, but after the incident in 

Seveso, there has been severe incidents in Europe, which have aided the development 

of Seveso I-directive I to Seveso III-directive, which is now effective. Two examples 

presented are major hazards which were classified as atypical scenarios. Atypical 

scenario is defined as a scenario, which is not acknowledged based on a standard risk 

analysis, such as HAZID, because the low probability of the scenario has made it 

possible to neglect the scenario. [15] 

In Azote Fertilisant fertilizer plant’s warehouse, ammonium nitrate (AN) residue exploded 

in Toulouse, France on 21st September in 2001. The explosion happened in a 

warehouse, which was located among process, storage and packaging areas of the 
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plant. The main products on that area were technical grade AN, AN-based fertilizers and 

other chemicals including chlorine compounds. The exploded chemical was off-

specification AN, which was temporarily stored in the warehouse with AN-based 

fertilizers. The earlier Seveso directives did not take account the reactivity of off-spec 

AN. In this case, the off- spec AN decomposed, which creates pressure in a confined 

space, and caused an explosion. The amount of AN residue was between 20 to 120 

tons. The explosion’s consequences were severe because the plant was located close 

to the city and neighbourhood. 30 people died and it was estimated that 10 000 people 

had physical injuries and 14 000 people suffered posttraumatic acute stress reaction. 

Damages were estimated to be around 1,5-2,5 billion euros and 27 000 houses were 

damaged. (Figure 7)  [16] 

 

Figure 7. The impact of the explosion in Toulouse, 2001. The dark pink area is 
14 kPa and light pink area 5 kPa [16]. 

Buncefield gasoline storage exploded in London, England on 11th December in 2005. 

The gasoline tank overflowed, and the leak formed a cloud over two metres high over 

120 000 m2 area. The cloud reached the transformer, which worked as an ignition source 

and a series of quick explosions started. The stored gasoline fed the fire and the whole 

industrial complex was destroyed. The Overpressure wave broke windows over 

kilometres distance. [17] No one died in the explosion and there were 43 people with a 
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minor injury. The damages were around 1 billion pounds [15]. The Buncefield Incident 

was the most severe explosion and fire to happen in Europe after World War II and the 

fire burnt for three days [18]. (Figure 8) 

 

Figure 8. The view of the Buncefield explosion from the Police helicopter [18]. 

What made the Buncefield explosion special, was the severity of the explosion and the 

fact, that it had not been anticipated in any major hazard assessment of the oil storage 

depot before the explosion [16]], [17]. The explosion at Toulouse happened with off-spec 

AN, which was not considered to explode in unconfined storage conditions. In both 

cases, it was acknowledged that HAZID missed identifying these severe incidents and 

the probability of these scenarios were evaluated low. [15] 

2.3.2 Legislation  

The foundation of Finnish national legislation is Chemical Act 599/2013. The objective of 

that legislation is to protect health and the environment from the hazards and harm 

caused by chemicals. The Act confirms the enforcement of the European Union 

chemicals legislation, such as Seveso Directives, and certain national obligations 

regarding chemicals. The purposes of the Act are to follow EU regulations such as 

REACH Regulation and CLP Regulation. The supervising of compliance with restrictions 

and regulation is the task of Finnish Safety and Chemicals Agency (Tukes). [19] The 

national legislation which affects handling chemicals in the industries includes the act on 

the safe handling and storage of dangerous chemicals and explosives (390/2005) [20] 

which enacts the decree on the monitoring of the handling and storage of dangerous 
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chemicals (685/2015) [21] and decree on safety requirements for industrial handling and 

storage of dangerous chemicals (856/2012) and its revision (686/2015) [22], [23].  

The act on the safe handling and storage of dangerous chemicals and 

explosives (390/2005) is meant to prevent the injuries, environmental damages and 

property damages caused by the producing, usage, transfer, storage or other handling 

of dangerous chemicals and explosives. The purpose of the law is to improve the 

common safety. The Act emphasizes the industrial handling, transfer and storage of 

dangerous chemicals and the requirements for producing, importing, usage, transfer, 

commerce, possession, storage and disposal for explosives. Chemicals are defined in 

this act as they are in REACH regulation and CLP regulation. Dangerous chemical is a 

substance or a mixture, which is classified as a CLP regulation or another flammable 

liquid. Flammable liquid is liquid chemical whose flash point is below 100 °C. The 

operation of the plant is divided into two groups, insignificant and large-scale operation. 

The dividing is based on the amount and the dangerous nature of chemicals. This is later 

presented as the ratio of chemicals calculation to divide the operations [21]. [20] 

More regulations for industrial handling and storage knowledge is controlled by the 

government decree on the monitoring of the handling and storage of dangerous 

chemicals (685/2015). Applying for a permit to handle and storage dangerous chemicals 

is also defined in this decree and it is supervised by Tukes. Decree gives the guidelines 

for the operation if it is large-scale operation, in the chapter three, or in case it is 

insignificant, in the chapter four. The chapter six, sections from 47 to 49 discusses the 

storage of flammable liquids and combustible gases in sensitive facilities and in motor 

vehicle shed. [21] 

The decree on safety requirements for industrial handling and storage of dangerous 

chemicals (856/2012) implements the safety requirements demanded in the 

act (390/2005). The first chapter of the decree defines the different forms of storage such 

as for example warehouses, chemical bulk storage, solid tanks, tanks underground or 

over ground. Chapter two is about locating the plant and the sections from six to eight 

are about consequence modelling. Section six states the need to take account the heat 

radiation intensities in the location. Section seven states the need to define the possible 

overpressure wave at the area. Section eight states the need to take to account of the 

sensitive facilities considering the possible health hazards caused by an incident at the 

plant. in the chapter two, section thirteen states the importance of locating flammable 

substances based on the impact areas gotten from the consequence modelling of heat 

radiation intensities and overpressure waves. [22], [23] 
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Standard (SFS-3350:2016) “Tank storage of flammable and combustible liquids and 

associated handling facilities” defines the limits for acceptable impacts of the heat 

radiation intensities with the incidents of the storages of flammable substances. Tukes 

has defined the guidelines based on the standard of heat radiation intensities, 

overpressure waves and health hazard which are presented in the following chapter. The 

standard recommends using the methods presented in the “Yellow Book- Methods for 

calculation of physical effects” -publication while executing consequence modelling. 

Standard (SFS-3350:2016) also lists the necessary information to have in the 

consequence analysis. These are:  [24] 

- The essentials of the modelled scenario: why the scenario was chosen and describing 

of the scenario. 

- Describing of the calculation methods and the applying to this scenario. 

- The knowledge of the complier of the analysis. 

- The done and used hypothesis. 

- The describing of the results verbally and visually.  

- Assessment of the reliability of the results. 

The standard (SFS-3353:2019) “Combustible chemicals production plant” defines the 

limits for acceptable overpressure waves and the health hazards, which are presented 

in the following chapter [25]. Standard also states, that it is necessary to consider the 

toxic smoke forming and spreading in the case of a fire. When discussing the health 

hazards, there are three different limit values which are divided to tell the impact on 

different groups of people. These three values are called Acute Emergency Guidance 

Levels (AEGL), Emergency Response Planning Guidelines (ERPG) and Immediately 

Dangerous for Life and Health (IDLH). The recommended values to use when evaluating 

the health hazards, is AEGL-2 or AEGL-3. When these are not available, use of IDLH or 

ERPG levels is recommended. AEGL levels are presented thoroughly in the next 

chapter. [25] 

2.4 Consequence modelling 

The function of the consequence modelling is to demonstrate the impact of the chosen 

hazardous event scenario to the surroundings as a heat radiation intensities (heat 

radiation), blast-wave overpressure effects (overpressure) or dispersion values of toxic 

gases (dispersion). When modelling heat radiation, the defined baselines are given in 

Figure 9 by Tukes. According to the Government Decree (856/2012), the plant must be 

located so that the heat radiation coming from the plant will not spread to external 
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buildings, equipment or structure. Also, the possible hazardous event is not allowed to 

prevent people from being evacuated from populated areas or cause burns for people in 

sensitive facilities, where the evacuating is slower, such as nursing homes, hospitals or 

tightly populated areas. 

Consequence modelling of heat radiation is an important part of planning the location of 

a new plant, but it also informs an already ongoing plant of its possible impact areas and 

the area to evacuate in case of an emergency. Heat radiation modelling is also 

demanded while asking a permission to storage or use more flammable or combustible 

chemicals than before. The modelling can also be used on planning the safe relocation 

on the property for example for big storage tanks. [2], [22], [23]  

In Figure 9, Tukes has describe the limit values of heat radiation intensities. The heat 

radiation of 8 kW/m2 is chosen to be the limit for external objects and 5 kW/m2 is chosen 

to be the baseline for designing the plant. However, the heat radiation intensity must be 

lower than 3 kW/m2 for the escape route. The rescue plan must consider also the amount 

of people exiting and their time on the impact area to ensure a safe escape route. 1.5 

kW/m2 is called a “safe limit” for sensitive facilities and it is defined for evacuating people 

outside of the heat radiation intensity area where the heat radiation intensity is more 

than 1.5 kW/m2. [2], [22], [23]  

 

Figure 9. The heat radiation intensities. In the sketch done by Tukes, 3 kW/m2 is the 
limit for rescue operations and 1.5 kW/m2 is the "safe limit" [2]. 

Overpressure and secondary blast effects such as missiles and flying objects are caused 

by explosive hazardous events caused by chemical reactions, gases, dusts, explosive 

substances or pressure vessels. They are modelled to prevent situations where buildings 

or structures may collapse or where equipment, storage or other structures of another 

plant might damage so that the incident expands (domino). The plant must also be 

located so that explosive incident will not cause permanent damage on people on an 
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area, where there are buildings and normally people. Always, when executing a 

consequence modelling, it is necessary to pay attention to secondary blast effects and 

the forming dangers due to buildings or structures collapsing. [2], [22], [23]  

Overpressure is defined as a shock wave moving faster than the sound as a united front. 

Overpressure wave spreads evenly to all directions and the damage it causes, 

decreases by distance. If the overpressure wave hits a wall, the wave reflects. If the wall 

is vertical, the wave might reflect twice as strong as before hitting the wall. The 

parameters affecting consequence modelling of overpressure waves are explosive 

pressure, diameter and volume of the tank and the properties of its content. [2]  

 

Figure 10. The effects of an overpressure wave [2]. 

While planning the layout for the plant, it is necessary to consider the impact of the 

possible explosion for the environment. The possible explosive objects can be solid 

chemical tanks and pressure vessels, plumbing or transport tanks for dangerous 

chemicals. The impact of the overpressure wave is illustrated above in Figure 10. 

Overpressure wave of 30 kPa causes collapsing of supporting structures and causes the 

possibility of the incident spreading. This can happen for industrial equipment or 

structures. Overpressure wave of 15 kPa causes partly collapsing of houses which 

includes the risk of getting a permanent injury. This includes industrial buildings and 

structures which are scaled to last a certain amount of overpressure. There is small 

damage to structures of houses and risk of an injury when the overpressure wave is 5 

kPa or under. [2], [25] 

The impact areas of consequence modelled overpressure and heat radiation are 

presented in a map visually and based on the results, the protective measures are 

implied. For overpressure it is defined that sensitive facilities such as nursing homes, 

day-cares, hospitals, schools, hotels and other buildings, that are meant for people 

gathering, must be located outside of the danger zone. Consequence modelling is also 
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necessary when defining, how the possible incident affects the main roads. Main roads 

cover main roads such as highways, railways and air traffic. Consequence modelling is 

also a useful tool to see if the roads must be blocked because of the heat radiation or 

overpressure on the impacted area of the modelled scenario. [2], [25]  

Health hazards in consequence modelling are carried out as dispersion models of toxic 

gases. Consequence modelling is obligated to be executed in the case of a toxic gas 

spreading outside of the plant’s property. Dispersion modelling is also executed if an 

exothermic reaction releases powder or liquid to the air. [2] Dispersion models are 

commonly executed because the release of chemical hazard usually has wider 

spreading range than the heat radiation or overpressure.   

 

Figure 11. The Acute Emergency Guidance Levels (AEGL) impacts [2]. 

The plant must be located so that, the people inside the impact area are able to evacuate 

without serious injuries. While planning the location, considering the sensitive facilities is 

necessity. [22] The chemical concentrations of the impacted areas in the modelled 

scenario are calculated and compared to limiting values. The possible limiting values are 

the Acute Emergency Guidance Levels (AEGL), the Emergency Response Planning 

Guidelines (ERPG) and the Immediately Dangerous to Life or Health air concentrations 

(IDLH) values. AEGL are presented in Table 2 and the impact of the AEGL is illustrated 

in Figure 11. The most recommended one to use is AEGL in Finland. The AEGL have 

five different durations for exposure; 10 minutes, 30 minutes, 1 hour, 4 hours and 8 hours. 

The duration for exposure is chosen based on the duration of the incident, the location 

of the incident and the amount of people present.  

 



20 

 

Table 2. Definitions of AEGL by Tukes [2]. 

The Acute Emergency 

Guidance Levels 
Definition 

AEGL-1 
Causes noticeable discomfort or irritating symptoms. 

might also be symptomless. 

AEGL-2 
Causes unreturnable or other long-term harmful health 

impacts or weakens the ability to escape. 

AEGL-3 Causes deadly consequences or dead. 

 

AEGL-3 is demanded to be presented in the dispersion modelling by Tukes [2]. If values 

for AEGL are not available for the substance, the ERPG values are recommended [26].  

2.4.1 Chemicals in consequence modelling 

Finnish Workers’ Compensation Center published statistics in 2018 in Finland, where 

hazardous chemicals caused around 1000 incidents annually [27]. Chemicals are 

divided into three important categories: chemicals causing health hazards, physical 

hazards and environmental hazards [28]. There are four possible routes for chemicals to 

enter the human body: inhalation, skin or eye contact, ingestion (swallowing or eating) 

and injection. Injection is the most uncommon to happen in a workplace. [29] The 

statistics states that the chemicals caused health hazards in half of the 1000 incidents 

by getting in contact with skin or eyes and one third of the incidents were situations where 

the chemicals were inhaled. Most of the incidents happen during process. In Finland, 

there has been one fatality caused by a chemical incident every other year. The 

Finnish Workers’ investigation Center (TVK) investigates happened incidents in the 

industry and reports the results. For example, an incident has happened in 2017 where 

a worker caught on fire due to the combination of flammable gas and electrostatic 

electricity. This incident has been reported as TOT 2/17. The video replicates the 

happened actual incident and shows the errors done to cause the accident. In this 

incident, it is seen that the most critical errors are done by human either being careless 

before the incident or panicking after happened incident. [27] Human errors must be 

considered within reason in the process, which is why the environment must be built in 

a way to minimize the effect of the human error while working with chemicals. Chemicals 

causing physical hazards include inflammable substances and explosives, such as both 

chemicals in the happened incidents in Buncefield and Toulouse and the ones in the 
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scenarios modelled in this study. Fires and explosions cause damage to the 

environment, physical hazards to people and the combustion gas from fire causes also 

health hazards by inhalation. [28]   

The ratio of chemicals is calculated with the equation (1), which defines the need for 

supervision and closer inspection. Chemicals are classified according to the CLP 

Regulation which stand for Classification, Labelling and Packaging Regulation in EU 

area. [28] The ratio s is calculated by equation (1) 

 𝑠 =
𝑞1

𝑄1
+

𝑞2

𝑄2
+ ⋯ +

𝑞𝑛

𝑄𝑛
, (1) 

   

where qn is the existing amount of the chemical in the plant and Qn is the minimum 

amount of the chemical based on the classification of the chemical in the appendix I 

of the decree on Industrial Handling and Storage of Hazardous Chemicals 685/2015. 

There are three different categories for the minimum amount of the chemical to choose. 

The first category is for applying a permit for insignificant use of substance from Tukes. 

In the first category the Qn is found in the first column of the table in the appendix I 

(685/2015).  The second category is for applying a permit for large-scale use of 

substance from Tukes. In the second category, the Qn is found in the second column of 

the table in the appendix I. The third category is for calculating if the plant is a Major 

Incident Policy Plant (MAPP). In the third category the Qn is found in the third column of 

the table in the appendix I. The fourth category is calculating if the plant is a safety 

reporting plant and the Qn is found in the fourth column of the table 

in the appendix I (685/2015). [21], [28]  

First category defines the plants needs for permits, if the ratio s > 1 in any chemical 

category, the plant must apply for a permit from Tukes. The second category is 

calculated only if one of the chemical categories’ ratio s > 1 in the first category. If in the 

second category the ratio s > 1 in any chemical category, there is a need to calculate the 

third category. If the ratio s > 1, the plant is a MAPP. If any chemical category ratio s > 1 

in the third category and in the fourth category the ratio s > 1, the plant is then a safety 

reporting plant. For safety reporting plants, the consequence modelling is demanded by 

Tukes and a report at least every five years describing the proactive and reactive 

protective measures and impacts of possible hazards. [21], [28] 

On another document, Tukes gives examples of scenarios and substances that 

usually require consequence modelling. Common substances for modelling 

are flammable substances, oxidizing agents, ammonia in a refrigeration plant, 
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explosive substances such as peroxides, liquefied natural gas (LNG) and 

liquefied petroleum gas (LPG). Other kind of possible modelling scenarios are 

for example health hazard causing gas leaks or reactions in a storage that cause 

toxic gas such as cyanide. [2] 

2.4.2 Limitations and assumptions of consequence modelling 

When defining the scenarios for consequence modelling, there must be initiating causes 

which changes the normal and safe environment into unsafe mode and exposes the area 

to the hazardous consequences. Typically, the modelled incident scenarios are based 

on incorrect operation, falling objects, external impact or corrosion. [29], [30] There is a 

huge variety of possible scenarios, different sizes of leaks and different volumes. Thus, 

Tukes has defined some common scenarios to model with certain chemicals if the 

amount of the chemical exceeds safety storage limits. Tukes focuses on the scenarios 

happening in the storage yard because of the huge volume of chemicals, but then some 

necessary scenarios in the process might be overlooked. One step usually overlooked, 

is the transportation of the chemicals. The accidents happening to a truck carrying a 

hazardous chemical are not modelled because it is not considered storage handling of 

the chemical for the plant. Bund fires are typically assumed to be round for ease the 

calculation.  

There is not any unambiguous safe limits or values, which could apply even for certain 

substances, because the modelling results are dependable on many variating factors. 

With only the substance in use, there is the question of its concentration. With Phast 

software, all the often-used concentrations of substances in industries cannot be found 

and they must be created as mixtures. Some substances cannot be found at all in Phast 

or some qualities of them are not found. This affects the dispersion rate and the exposure 

time. With health hazards, it is necessary to generalize the effects of certain substances 

on people, but there are also varieties, why the calculated safe limits are not the absolute 

truth. [2] 

Via Phast software, the modelling is assumed on an open field. Phast is able to estimate 

the roughness of the surface but the different types of soils do not really influence the 

modelled scenario. For example, in loss of content (LOC) incidents, spreading of the 

bund is assumed to happen perfectly on every material, when, the chemical would soak 

to the ground on a lawn and not spread the same as on concrete. These ground materials 

can be chosen in Phast. With fires, there is the question of oxygen running out from the 
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space before the fire spreads. Phast does not consider that and generally, all the burning 

in the software is assumed to be ideal.  

Tukes gives certain weather stabilities to use in the modelling. The recommended 

weather stabilities are on the Pasquill atmospheric stability classes F, D and the velocity 

of the wind is recommended to be 3-5 m/s. D is defined as little sun and high wind but 

overall neutral and F is defined as night time with moderate clouds and moderate wind 

conditions. In /D-weather condition the atmospheric temperature was 20 Celsius and for 

/F weather condition the atmospheric temperature was 9 Celsius. For some areas in 

Finland, these are not reasonable and then other parameters can be used but it should 

be reasoned in the consequence analysis. Phast also considers humidity in the modelling 

scenarios but it does not show the effects of a rain to the modelling. For all the modelling 

results, it is necessary to reflect the results realistically. All the safe limits are estimations 

and depending on the circumstances. 

2.5 Flammable and combustible substances 

Flammable substances are defined as chemicals whose flash point is below 100 °C [23] 

and combustible substances are defined as chemicals whose flash point is below 60 °C 

according to the CLP- regulations. There are three categories for different combustible 

substances that are presented in Table 3. In this study, the chosen substances are 

diesel, which is classified into the category 3 of combustible substances and propylene, 

which is classified as a flammable substance. [24] 

Table 3. Categories defined for different combustible substances [24]. 

Category Criteria 

1 Flash point < 23 °C and boiling point ≤ 35 °C 

2 Flash point < 23 °C and boiling point > 35 °C 

3 Flash point ≥ 23 °C and boiling point ≤ 60 °C 

  

Flammable substances and the possible fires occurring in the incidents are often 

modelled to find out the heat radiation distances. The consequence of LOC incident 

could cause for example jet fire, pool fire, flash fire, blast or toxic impact depending on 

the nature of the chemical. Three components must exist for the fire to occur, there must 
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be oxygen, fuel and an ignition source. The flammable material must form a flammable 

mixture in the air, which can be ignited by ignition source or through autoignition 

mechanisms. The right ratio for the flammable mix is defined as the flammable limits. 

The end points for these limits are defined as the upper flammable limit (UFL) and the 

lower flammable limit (LFL). Between UFL and LFL, the flammable mix is can ignite 

causing fire and blast. [29], [30]  

Propylene (CAS 115-07-1) is colourless, extremely flammable gas with a weak odour. 

Propylene is used under pressure liquefied gas and it is heavier than air. The CLP-labels 

for propylene are presented in Figure 12. The defined upper flammable limit is 2.0 % of 

propylene in the air and the upper flammable limit is 11.6 % of propylene in the air. 

Propylene is known to have a severe reaction with any oxidation agents causing a fire 

and explosion hazards.  Cold liquefied propylene can have a strong boiling and 

vaporization reaction with water. [31]  

 

GHS02: Flammable 

 

GHS04: Gas under pressure 

Figure 12. The CLP-labels for propylene [32]. 

Propylene is used in multiple products such as fuel, polishes and waxes, adhesives and 

sealants, air care products, anti-freeze products, washing & cleaning products, coating 

products, lubricants and greases, plant protection products, perfumes and fragrances 

and cosmetics and personal care products. Precautionary measures for propylene are 

keeping it away from heat, sparks, open flames and/ or hot surfaces when handling the 

substance. In case of a leakage, all the ignition sources should be eliminated. If there is 

a leaking gas fire, the leak must be stopped before extinguishing the fire. Propylene 

should always be stored in a well-ventilated place. [33] 

Diesel (CAS 68334-30-5) is complicated mixture of hydrocarbon chain with carbon 

amount between C9 and C25. Diesel is colourless or yellowish liquid with a mild odour of 

hydrocarbons. There are different qualities of diesel for summer and winter. Diesel is 

flammable liquid and for burning diesel needs an ignition source like heat, sparks or 
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flames. Diesel tank can blow up in a result of a fire heating the tank. The CLP-labels for 

diesel are presented in Figure 13. The CLP directive emphasizes the GHS08 Warning 

label based on diesel possibly causing cancer. The other warning labels are examples 

from a manufacturer. Diesel is combustible liquid and steam and might be deadly as 

swallowed and in the respiratory passages. It irritates the skin and harmful in the 

respiratory passages. Diesel is also toxic for aquatic animals and causes long-term 

injurious effects. [34] 

Diesel should be protected from heat, hot surfaces, sparks, fire and other ignition 

sources. Diesel should be stored in dry, cool, well vented and away from sunlight. The 

tanks should be compactly closed. In the case of a fire or explosion, the danger zone 

should be evacuated, and everyone should stay above the wind. The tanks that are on 

the danger zone and cannot be moved, should be cooled down with water. Extinction is 

done by dry powder, foam or carbon dioxide. [34] 

  

GHS08: Serious health hazard GHS02: Flammable 

 
 

GHS07: Health hazard 

GHS09: Hazardous to 

the environment 

Figure 13. The CLP-labels for diesel [32]. 

Diesel is classified in the second category of substances causing cancer according to 

the regulation (EC) No 1272/2008 of the European parliament and of the council [35]. 

The actual effect on humans is not known but diesel is classified as a probably causing 
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cancer. Breathing diesel fumes may cause drowsiness, nausea and headaches. Diesel 

fog might irritate eyes and respiratory passages. [34] 

Vaporized diesel degrades due to the hydroxyl radicals. Diesel oil binds into the ground 

and the degrading is slow due to the binding. Diesel dissolves into water and degrades 

in the water biologically but very slowly. According to the Oil Companies’ European 

organization for Environment, Health and Safety (CONCAWE) diesel oil is classified as 

a dangerous substance for the environment based on its toxic nature and poor 

degradation. [34] For diesel, the composition depends on the quality of diesel which 

varies with different companies and summer and winter qualities. Consequence 

modelling diesel is difficult because the chemical composition differs between companies 

and the manufacturing diesel includes fractionation of different sizes and amounts of 

hydrocarbons chains which varies and is difficult to define.   

2.5.1 Scenario of propylene explosion in a compressor 

For process equipment Tukes has defined the modelled scenario as a LOC incident that 

forms a narrow flame. Tukes defined that the size of the pipe that leaks must be the 

average or bigger of the actual size. The amount of substance used in the modelling is 

the amount of flammable or combustible substance in one colon, reactor or some other 

closed and restricted volume. The exposure time of the fire is estimated to 30 minutes. 

These are the minimum requirements of the situation. If there is a possibility to a more 

significant hazard, those parameters are the starting point. The problem with modelling 

this scenario is the pipe size and the effect of the hole size for the LOC leak. Tukes 

directions states to choose the pipe which has the biggest mass flow. [2] 

The overpressure wave for explosion of hydrocarbon chains C2-C5 is defined in Tukes 

guides as the same as LPG. The diameter of the pipe is 25 cm and the leak duration is 

10 minutes. If there is not a pipe with that diameter, the chosen pipe will be the one with 

the biggest mass flow in the case of LOC. When examining an explosion, the timing of 

the possible explosion is considered to be one minute after the start of the LOC. The 

only protective measures considering are the ones that work without excess power or 

starting. [2] 

The scenario in this study is the LOC of propylene compressor which forms a 

combustible air mix that ignites and explodes. The propylene compressor is inside and 

the possible reasons for the leak of compressor are covered in the Bowtie diagram. From 

the Bowtie, one route for the accident is chosen. The threat chosen was the one with the 
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least protective measures to prevent the incident and the used parameters are presented 

in the Table 4.  

Table 4. Parameters for modelling the diesel pool fire scenario via Phast. 

Parameter Value 

Release location 2 m 

Temperature of diesel -47 °C 

Pipe diameter 6 ‘’ (15.24 cm) 

Orifice  6 and 12 mm 

2.5.2 Scenario of diesel pool fire from a tank  

For flammable substances Tukes has defined the modelled scenario to be the 

simultaneous pool fire of the biggest storage tank and the surrounding safety bund. If the 

storage area is wide, multiple storage tanks and/or safety bund fires are necessary to 

model. The safety distances on the storage areas are defined straight from the heat 

radiation intensity distances. Tukes guide also states that it is necessary to take into 

consideration the possible combustion gas forming in an incident and its effect on the 

safety distances. The formed combustion gas is not supposed to spread outside of the 

plants’ property. [2] 

The scenario modelled in this study includes a diesel storage tank of 60 m3 and safety 

bund. According to the standard SFS 3350:2016, safety bund’s volume is supposed to 

hold 110 % of the volume of the biggest tank in the storage area and 10 cm of extra 

height for extinguishing foam for flammable substances. [24] The height of interest is 

usually assumed to 1 to 2 meters representing the average human breathing height and 

the estimated leak time is 10 minutes. Weather conditions are the ones recommended 

by Tukes: 3D, 3F, 5D and 5F. Parameters used in the modelled scenario are presented 

in Table 5 below.  

Table 5. Parameters for modelling the diesel pool fire scenario via Phast. 

Parameter Value 

Size of the storage tank 60 m3 

Tank head 2 m 

Release location 1 m 

Temperature of diesel 10 °C 

Orifice  25 cm 
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The scenario is a leak of diesel from a diesel tank that forms a pool of diesel. Everything 

inside the tank leaks out. There is an ignition source that ignites the diesel pool in to a 

fire. Based on the amount of diesel, the amount of combustion gas is calculated. The 

needed parameters of diesel for calculating the components of combustion gas are 

presented in Table 6. 

Table 6. Properties of diesel used in the calculations for the combustion gas 
modelling.[55] 

The 
fuel 

Volume of 
the tank 

Density 
Composition 

(mass-%) 
Heat of combustion 

(MJ/kg) 

m3 Kg/dm3 C H O+N S Upper Lower 

Diesel 60 0.845 86.0 13.4 0.5 0.1 46 42 

 

2.5.3 Fire and heat radiation models  

Nowadays, the consequence modelling is executed with programs, but in this study, one 

of the main focuses is to understand modelling and the parameters affecting to it. So, it 

is necessary to review the calculation more carefully. Loss of content (LOC) incidents 

are common modelled scenarios and usually the leak is either flammable or toxic 

material that can lead to escalated events [27]. In this study, the first LOC incident is with 

a diesel tank and the incident escalates into a fire and the second one is also a LOC 

incident which escalates into explosion.  

One of the most common scenarios defined by Tukes is the simultaneous fire of the 

largest storage tank and the safety bund surrounding the tank [2]. The resulting pool fire 

of the LOC of the tank is modelled as a pool fire. Pool fire is defined as a pool of fuel that 

has caught fire by some external ignition source [36]. Potential scenarios usually are 

from the storage area where the biggest amounts of chemicals are stored, which is the 

other scenario in the study. The second chosen scenario is the LOC of propylene and 

the resulting explosion, which represents the aspect of incidents in the process area. The 

incidents in the process area can be even more severe due to the pressure. The 

calculations behind these modelling scenarios are based on the book “Methods for the 

calculation of physical effect” i.e.  the “Yellow Book”. Figure 14 illustrates the possible 

scenarios for flammable substances.  Vapour Cloud Explosion (VCE) is the outcome of 

the propene compressor LOC and pool fire is the outcome of the LOC of the diesel tank. 

Unconfined Vapour Cloud Explosion (UVCE) means vapour cloud explosion which is not 
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limited by obstructions so generally VCE is used to describe unconfined and confined 

scenarios. [37]  

 

Figure 14. Potential scenario outcomes for flammable substances in LOC (leak). 
The scenarios in this study are marked orange. [29] 

This chapter will focus on the pool fire and calculating the heat radiation intensity step-

by-step. The “Yellow book” gives examples how, the heat flux of pool fires can be 

calculated manually. The heat radiated from the fire to the surrounding objects consists 

of the dimensions, shape of the surface area of the fire and the heat generated due to 

combustion and the position of the object.  Also, the heat radiation is affected by the 

fraction of heat, which is a product of the heat radiation, produces soot, which screens 

the luminous parts of the flame. The water vapour and carbon-dioxide in the air, which 

absorbs the radiation also have an impact on the heat radiated from the fire. [37] 

Pool fires have been given multiple different definitions, but the main characteristics are 

the same: pooled fuel ignites. Pool fires can be classified based on the location and 

presence or absence of confinement. This classification is illustrated in Figure 15. [38] 

The key feature of pool fires is their ability to transfer the heat radiation from the fire back 

to the pool which affects the rate of evaporation, the size of the fire and other 

characteristics. The most important parameters for finding out the flame shape are flame 

length, flame tilt and the flame drag. [37] 
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Figure 15.  Illustrating the possible different pool fires. The chosen pool fire scenario 
is tank storage fire [38]. 

Calculating the heat radiation of a pool fire on land, has been divided into five main parts: 

calculation of the liquid pool diameter, calculation of the burning rate, calculation of the 

flame dimensions of a pool fire, calculation of the surface emissive power (SEP) and 

calculation of the heat flux at a certain distance. Overall, these parts have been divided 

into thirteen steps. They are presented in Figure 16. [37] 

 

Figure 16. Calculation of the heat flux from a pool fire of a confined pool on land at 
a certain distance [37]. 

Step one is calculating the pool diameter needs an assumption of the pools’ shape. 

Pools are not rectangular or circular, but this is a needed assumption for most of the 

calculation methods. In this method, the circular pools the heat source is considered to 

be cylindrical. If the volume and the thickness of the pool are known, the circular pool 

diameter D (m) can be calculated with equation (2)    
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𝐷 = (

4∙V

π∙δ
)

1/2

 , (2) 

where V is the volume of the released liquid (m3) and 𝛿 is thickness of the pool (m). The 

step two of calculation of heat flux is calculating the burning rate. Calculating the burning 

rate is a necessity to determining the heat flux and the size of the pool fire [45]. Burning 

rate m’’ (kg/m2∙s) is the function of pool diameter. If the diameter of the pool is larger than 

1 metre, the influence of the diameter is not relevant. [37] The most common data for 

large pool burning rate estimates have been done by Babrauskas at 1983. But 

sometimes the mass burning rate has not been tabulated and Burgess has created an 

alternative way of calculating the burning rate, which is presented in equation (3)  

 
𝑚′′ =

c8∙∆Hc

∆Hv+Cp∙(Tb−Ta)
, (3) 

where 𝑐8 is 0.001 kg/m2∙s, ∆𝐻𝑐 is the heat of combustion of the flammable material and 

its boiling point in J/kg, ∆𝐻𝑣  is the heat of vaporisation of flammable material and its 

boiling point, in J/kg, 𝐶𝑝 is the heat capacity in J/(kg∙K), 𝑇𝑏 is the liquid boiling temperature 

in K and  𝑇𝑎 is the surrounding temperature in K. [37] Next is the determination of the 

flame dimensions of a pool fire with steps from three to seven. Third step is to determine 

the characteristic wind velocity 𝑢𝑐 (m/s) by equation (4)  

 
𝑢𝑐 = (g ∙ m′′ ∙

D

ρair
)

1/3

, (4) 

where g is gravitational acceleration 9.81 m/s2, m’’ is the burning flux in still weather 

conditions in kg/(m2∙s) and D is the pool diameter in m. [37] Step four is to determine 

the scaled wind velocity u* with equation (5)  

 𝑢∗ =
𝑢𝑤

𝑢𝑐
, 

(5) 

where 𝑢𝑤 is wind velocity at height of 10 metres in m/s. The fifth step calculates the 

mean length L (m) of the flame. The flame height is essential to know how the flame 

interacts with the surrounding. The basic parameters that determine the flame height are 

mass burn rate, fuel density, pool diameter, density of the air and the gravity 

acceleration. [37] The mean length of the flame is calculated  with equation (6)  

 𝐿

𝐷
= 55 ∙ (

m′′

ρair∙(𝑔∙𝐷)1/2
)

0.67

∙ (𝑢∗)−0.21, (6) 
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where L is the average flame height in m. L/D describes the normalised flame length. [37] 

The sixth step is to calculate the flame tilt angle 𝜃 by using the Froude and Reynolds 

numbers. First equation (7) for the Froude number is  

 𝐹𝑟10 =
𝑢𝑤

2

𝑔∙𝐷
,  (7) 

where 𝐹𝑟10 is Froude number for wind velocity at a height of 10 metres. Reynolds number 

is calculated with equation (8)  

 𝑅𝑒 = 𝑢𝑤 ∙
𝐷

𝑣
,  (8) 

where v is the kinematic viscosity of air in m2/s. With Froude and Reynolds numbers, the 

tilt angle of the lame in degrees is calculated with equation (9)  

 𝑡𝑎𝑛𝜃

𝑐𝑜𝑠𝜃
= 0.666 ∙ (𝐹𝑟10)0.333 ∙ (𝑅𝑒)0.117, (9) 

From that with equation (10), if  
𝑡𝑎𝑛𝜃

𝑐𝑜𝑠𝜃
= 𝑐, then angle can be calculated analytically 

 
𝜃 = arcsin (

(4∙𝑐2+1)
1
2−1

2∙𝑐
). (10) 

The seventh step is to calculate the actual flame base diameter and illustrate the effect 

of the wind for the flame. Figure 17 illustrates the effect of wind to the flame base which 

affects the calculation on the seventh step. Due to wind, the flame tilts and the flame 

drag correlation is needed.  [37] 

 

Figure 17. Three common pool geometries. Illustrates the effect of wind to the flame 
base diameter. D is the pool diameter (m) and D’ is the actual extended flame base 

diameter (m). [37]  
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There are two possibilities while calculating the flame drag correlation as the seventh 

step, the conical flame presentation is calculated with equation (11)  

 𝐷′

𝐷
= 1.6 ∙ (𝐹𝑟10)0.061 

(11) 

or if there is the cylindrical flame presentation, equation (12) is  

 𝐷′

𝐷
= 1.5 ∙ (𝐹𝑟10)0.069  , (12) 

where the D is the pool diameter in metres and D’ is the actual extended flame base 

diameter in metres. Step eight is to calculate the surface emissive power (SEP), which 

is the heat radiated outwards per surface area of the flame including the influence of the 

soot formation. For that, the flame dimensions must be determined, and the heat 

generated in the flame due to combustion. In SEP, the assumption is that the model 

flame has one uniform SEP over the whole of its surface. The SEP (W/m2) is calculated 

with equation (13) 

 𝑆𝐸𝑃 = 𝑐3 ∙ 𝑒−𝑐5∙𝐷 + 𝑐4 ∙ (1 − 𝑒−𝑐5∙𝐷), (13) 

where 𝑐3 is 140∙103 J/(m2∙s), 𝑐4 is 20∙103 J/(m2∙s), 𝑐5 is 0.12 m-1 and D is the pool diameter 

in metres. SEP is not uniform on the surface of the flame, but it is a convenient concept 

to aid calculation. The steps from 9-11 are to calculate the transmissivity in the air for the 

calculation of the heat flux. Transmissivity is defined as the unabsorbed fraction of 

happening thermal radiation passing through a path of unit length of a medium. To 

calculate the atmospheric transmissivity, the absorption factors of the water vapour and 

carbon-dioxide must be determined. Water and carbon-dioxide are the most absorbing 

components within the wave length area of the heat radiation, so the approximation for 

the atmospheric transmissivity can be calculated with equation (14) 

 
𝜏𝑎 = 1 − 𝛼𝑤 − 𝛼𝑐, 

(14) 

where 𝛼𝑤 is the absorption factor of water and 𝛼𝑐 is the absorption factor of carbon-

dioxide. These factors depend on the partial vapour pressure, length L, the radiation 

temperature and the surrounding temperature. The normal partial vapour pressure for 

carbon-dioxide is 30 N/m2. For water, this always depends on the temperature and the 

humidity. The ninth step is to calculate the absorption factor for water vapour 𝛼𝑤 for an 

average flame temperature at a certain distance x between the flame surface and the 

object. The partial vapour pressure of water 𝑝𝑤 (N/m2) is calculated equation (15) below 



34 

 

 
𝑝𝑤 = 𝑅𝐻 ∙ 𝑝𝑤

°  , 
(15) 

where RH is the relative humidity, fraction between 0 and 1 and 𝑝𝑤
°  is the saturated 

vapour pressure of water in air in N/m2.  Next phase of the step is to calculate  pw ∙ x and 

see if the value fits to the limits in equation (16) below 

 104 <  pw ∙ x < 105 N/m. (16) 

  If the value between those limits, the atmospheric transmissivity 𝜏𝑎 for all types of fires 

can be calculated with equation (17)  

 
𝜏𝑎 = 𝑐7 ∙ (𝑝𝑤 ∙ 𝑥)−0.09, 

(17) 

where 𝑐7 is 2.02 (N/m2)0.09∙m0.09, 𝑝𝑤 is the partial water vapour pressure of water in air at 

a relative humidity in N/m2 and x is the distance from the surface area pf the flame to the 

object in metres. If the value does not fit to the limits in equation (16), there is an 

alternative calculation for the atmospheric transmissivity 𝜏𝑎. The tenth step is to find out 

the absorption factors. First, it is necessary to determine the partial vapour pressure of 

water 𝑝𝑤 and the length x. Then equation (18) and equation (19) are for calculating the 

reduced vapour pressures for water and carbon-dioxide 

 
𝑃𝑤

∗ = 𝑝𝑤 ∙ (
𝑇𝑓

𝑇𝑎
), 

(18) 

 
𝑃𝑐

∗ = 𝑝𝑐 ∙ (
𝑇𝑓

𝑇𝑎
), 

(19) 

where 𝑇𝑓 is the surface temperature of the flame or radiator and 𝑇𝑎 is the surrounding 

temperature. The reduced vapour pressures are calculated for determining the emission 

factors for water vapour 𝜀𝑤 and for carbon-dioxide 𝜀𝑐 from the graphs done by Hottel 

(1967) (appendix A). With the emission factors, the absorption factors are calculated with 

equation (20) and equation (21) 

 𝛼𝑤 = 𝜀𝑤 ∙ (
𝑇𝑓

𝑇𝑎
)

0.45

, 
(20) 

 𝛼𝑐 = 𝜀𝑐 ∙ (
𝑇𝑓

𝑇𝑎
)

0.65

, 
(21) 

The typical value for 𝑇𝑓 is 1200 K if there is no data available for the flame. The step 11 

is then to calculate the atmospheric transmissivity with the equation (14) or equation (17), 

depending on the situation and the limits of the equation (16). The step 12 is calculating 
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the view factor 𝐹ℎ, which quantifies the geometric relationship between the emitting and 

receiving surfaces. simply, the view factor describes how much of the surface of the field 

is filled by the flame. The view factor depends on the dimensions, shape of the flame, 

the distance and the orientation of the receiving object. Calculating the view factor for 

the cylindrical flames is quite complicated. First, it is necessary to define the vertical and 

horizontal view factors with equation (22) and equation (23) 

 

 πFv = −E ∙ tan−1D + E ∙ [
a2+(b+1)2−2b∙(1+a∙sin θ)

AB
] ∙ tan−1 (

AD

B
) ∙

cos θ

C
+

[tan−1 (
ab−F2∙sin θ

FC
) + tan−1 (

F2∙sin θ

FC
)], 

 

(22) 

 πFh = tan−1 (
1

D
) +

sin θ

C
∙ [tan−1 ∙ (

ab−F2−sin θ

FC
) + tan−1 (

F2 sin θ

FC
)] ∙

[
a2+(b+1)2−2(b+1+ab∙sin θ)

FC
] tan−1 (

AD

B
),  

(23) 

where  

 
a =

L

R
(
Lb

R
 or 

Lf

R
) 

 

 
b =

X

R
 

 

 A = √a2 + (b − 1)2 − 2 ∙ a ∙ (b + 1) ∙ sin θ  

 B = √a2 + (b − 1)2 − 2 ∙ a ∙ (b − 1) ∙ sin θ  

 C = √1 + (b2 − 1) ∙ cos 2 θ  

 

D = √
b − 1

b + 1
 

 

 
E =

a ∙ cos θ

b − a ∙ sin θ
 

 

 F = √(b2 − 1)  

 

where 𝐿𝑓 is the tilted flame height, x is the distance between the flame and the radiated 

object, R is the radius of the flame and the angle of tilt 𝜃 is measured so that it is positive 

to the targets located downwind from the source. The maximum view factor 𝐹𝑚𝑎𝑥 is 

estimated as a vector  sum of horizontal view factor 𝐹ℎ and vertical view factor 𝐹𝑣 

presented in equation (24)  
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 𝐹𝑚𝑎𝑥 = √𝐹𝑣
2 + 𝐹ℎ

2. 
(24) 

After the view factor has been calculated, there is only one more step. Step 13 is to 

calculate the heat flux at a certain distance with equation (25) [37] 

 𝑞′′ = 𝑆𝐸𝑃 ∙ 𝐹𝑚𝑎𝑥 ∙ 𝜏𝑎. (25) 

2.5.4 Modelling an explosion 

After an accidental release of a flammable gas a vapour cloud explosion (VCE) was 

possible. There were several conditions to the scenario of the flammable gas turning into 

VCE. The material for the explosion must have the right pressure and temperature. An 

example of a suitable material was for liquified propylene or ordinary flammable liquids 

in a high temperature or pressure. The second condition for VCE was that the cloud had 

to be formed prior to the ignition. If the ignition was in the instant closeness of the release, 

the consequences were only heat radiation. Possible ignition sources were sparking 

electric apparatus, hot surfaces in a chemical plant, hot steam lines or friction between 

moving parts of a machine. A common ignition sources were also an open flame in 

furnaces and heaters and mechanical sparks from the friction from moving parts. Ignition 

sources must be assumed to locate in industrial installations. The ignition times vary from 

couple of seconds to 30 minutes in documented major hazards, but a common ignition 

time for an explosion is somewhere between one to five minutes. Third condition for the 

explosion was that the part of the cloud must be in the flammable range of the material 

i.e. between the LFL and UFL. Fourth condition was that the speed of flame propagation 

defines the over pressure effects of the VCE. [37] 

After the ignition, the explosion mode was either deflagration or detonation, depending 

on source properties. Deflagration and detonation are two ways energy may be released. 

If the combustion process propagates outward at subsonic speeds (slower than the 

speed of sound), it's a deflagration. If the explosion moves outward at supersonic speeds 

(faster than the speed of sound), it's a detonation. Considering the high amount of energy 

detonation required, the deflagration was the most likely occurrence. Blast is called a 

characteristic feature of explosions. VCE was defined as fast combustion in which high-

temperature combustion products expand and affect surroundings. It has been 

researched that the partially confined and/or obstructed environment has appropriate 

conditions for deflagrative explosive combustion, but also that the parts of the clouds 

which are already in mixed motion at the moment of ignition may develop blast 

generating combustion. This has been called the Multi-Energy concept which created 
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the method of blast modelling. Multi-Energy concept has been described as sub-

explosions of VCE reacting to various sources of blast in the cloud and not as an entity. 

Before the Multi-Energy method can be applied, the volume and the location of the 

flammable cloud must be known or assumed. To find out the placement of the cloud, 

dispersion modelling must be done advanced of the Multi-Energy modelling. [37] 

In Multi-Energy Model, the blast-wave parameters side-on peak overpressure, peak 

dynamic pressure and positive phase duration of the blast wave are presented 

dependant on the distance of the blast centre for a hemi-spherical fuel-air charge of 

radius ro on the earth’s surface. These parameters read from charts presented in 

Appendices B-D. The initial strength of the blast is specified by numbers from 1, for very 

low, up to 10, for detonative strength. These are visible in the Appendices B-D as dotted 

lines. The initial blast strength is defined as a corresponding set of blast-wave 

parameters at the location of the charge radius ro. The blast parameters can be read 

from the blast charts (Appendices B-D). [37] 

The calculation of the Multi-Energy method was presented in the “Yellow Book”. First the 

scaled distance r’ had to be calculated with equation (26) 

 
𝑟′ =

r

(
E

𝑝𝑎
)

1/3, (26) 

where r was the location to the centre of the explosion, E was the energy available and 

pa was the ambient pressure. After this the explosion strength was assumed and read 

from the charts for peak side-on overpressure 𝑃𝑠
′, scaled peak dynamic pressure  𝑃𝑑𝑦𝑛

′  

and the scaled positive phase duration 𝑡𝑝
′ .  Peak overpressure Ps (Pa) was calculated 

with equation (27) 

 𝑃𝑠 = 𝑃𝑠
′ ∙ 𝑝𝑎 (27) 

and the positive phase duration was calculated by equation (28) 

 𝑡𝑝 = 𝑡𝑝
′ ∙

(
E

𝑝𝑎
)

1
3

𝑎𝑎
, 

(28) 

where aa is the speed of sound in the ambient air (m/s). peak dynamic pressure Pdyn (Pa) 

was calculated with equation (29) 

 𝑃𝑑𝑦𝑛 = 𝑃𝑑𝑦𝑛
′ ∙ 𝑝𝑎 (29) 
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and the shape of the blast was defined based on the Appendix D [37]. The positive 

impulse is (Pa∙s) was calculated with equation (30) 

 𝑖𝑠 =
1

2
∙ 𝑃𝑠 ∙ 𝑡𝑝. 

(30) 

One of the biggest deviations of the Multi-Energy model was defining the correct source 

strength for the explosion to read from the blast charts. The “Yellow Book” has made a 

table of the findings of Kinsella (1993) on defining the right source strength class. (Figure 

18) [37] 

 

Figure 18. Table from the "Yellow Book" describing the choosing of the source 
strength. [37] 

The figure classifieds the different circumstances for the explosion and its surroundings. 

Based on the assumed ignition energy and the obstructions of surroundings, the source 

strength class is chosen for the blast charts. [37] The creator of the software in use, DNV 

GL Group, has made a simplified Table 7 for choosing the correct source strength. This 

was more simplified than the table from the “Yellow Book”, but it had concrete locations 

for certain source strength values.  

Table 7. Table of the confinement strength for different degree of confinement. [39] 

1 Completely Unconfined Open farmland 

2 Slightly Confined Fences, bunds or hedges 

8-9 Confined Process units 
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2.5.5 Modelling combustion gas 

While modelling fires, the combustion gas has not been mandatory to model, but 

according to Tukes, combustion gas must be considered while defining the safe limits [2]. 

There is not a simple modelling program for combustion gas, and it must be done by 

defining the amount of necessary components of the combustion gas and then using the 

dispersion modelling. Combustion gases are important to model because its components 

might cause health hazards. Typical components to calculate from the combustion gas 

are nitric oxide (NO2), carbon monoxide (CO), sulphur dioxide (SO2) and benzene (C6H6) 

[40][36]. First it is necessary to define the amount of most common components in the 

combustion gas scenario and then based on the amounts, the components most likely 

formed are modelled via software. The common components and their AEGL values are 

presented in Table 8.  

Table 8. AEGL values for the components of combustion gas of organic substances 
in a fire. Carbon dioxide does not have AEGL values hence the IDLH value. [40] 

 SO2 
(ppm) 

CO 
(ppm) 

CO2 
(ppm) 

NO2 
(ppm) 

C6H6 
(ppm) 

AEGL-2: 10 min 0.75 420 - 20 2 000 

AEGL-2: 30 min 0.75 150 - 15 1 100 

AEGL-3: 10 min 30 1 700 - 34 9 700 

AEGL-3: 30 min 30 600 - 25 5 600 

IDLH: 30 min - - 40 000 - - 

 

The amount of these components in the substance depends on the company and the 

literature values. Out of the nitrogen oxides (NOx), NO2 is considered because it is the 

most oxidised form of nitrogen. Benzene is considered because of its toxicity is 

considerably higher than other components forming in the combustion gas as it is 

illustrated in the table above. The combustion reactions for combustion gas are: [41] 

 𝐶 + 𝑂2 → 𝐶𝑂2 (31) 

 2 𝐶 + 𝑂2 → 2 𝐶𝑂 (32) 

 
𝐻2 +

1

2
 𝑂2 → 𝐻2𝑂 

(33) 

 6 𝐶 + 3 𝐻2 → 𝐶6𝐻6 (34) 

 𝑁2 + 2 𝑂2 → 2 𝑁𝑂2 (35) 

 𝑆 + 𝑂2 → 𝑆𝑂2 (36) 
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The mass of the starting materials and the molar mass is calculated from the composition 

of the combustion gas with equation (37)  

 𝑛 [𝑘𝑚𝑜𝑙] =
𝑚 [𝑘𝑔]

𝑀 [𝑘𝑔/𝑘𝑚𝑜𝑙]
, 

(37) 

where n is the number of moles i.e. amount of substance, m is the mass and M is the 

molecular weight. In some scenarios, more nitrogen is released from the air because of 

the fire. The released nitrogen might react with oxygen and form nitrogen monoxide. To 

calculate the amount of formed nitrogen monoxide from the burning air by using the air 

rate of oxygen and the residual oxygen. The other factors affecting the amount of 

nitrogen monoxide are the delay time of the diesel on the combustion area, the reaction 

rates and the mixing ratio of the chemicals, the temperature of the flame and the height. 

[41], [42], [43] While counting these values, the assumption is made for all of the 

combustion gas to become as much oxidized as possible and there is plenty of oxygen 

available for the reactions.  [41] 

Because the calculation above is performed on perfect burning and assuming that the 

whole amount of carbon is forming carbon dioxide, that must be fixed with emission 

factors. To find out the more realistic amount of carbon dioxide in the combustion gas, it 

is necessary to find out the amount of benzene, carbon monoxide and formaldehyde in 

the combustion gas’ carbon fraction. This is done with equation (38) to for example for 

benzene 

 𝑚𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 𝑚𝑐𝑎𝑟𝑏𝑜𝑛 ∙ 𝐸𝐹𝑏𝑒𝑛𝑧, 
(38) 

where EF is the emission factor from a table of emissions of air toxics burning pools of 

liquid fuels (Appendix K) [45][43]. After finding out these values, it is possible to calculate 

the more realistic amount of carbon dioxide in the combustion gas with equation (39) 

 𝑚𝐶𝑂2
= [𝑛𝑐 − (6 ∙ 𝑛𝑏𝑒𝑛𝑧 + 𝑛𝐶𝑂 + 𝑛𝑓𝑜𝑟𝑚𝑎𝑙𝑑)] ∙ 𝑀𝐶𝑂2

, (39) 

where 𝑛𝐶  is the number of moles of carbon of the burning substance, 𝑛𝑏𝑒𝑛𝑧 is the number 

of moles of benzene forming in the combusting gas, 𝑛𝐶𝑂 is the number of moles of carbon 

forming in the combusting gas, 𝑛𝑓𝑜𝑟𝑚𝑎𝑙𝑑  is the number of moles of formaldehyde forming 

in the combusting gas and 𝑀𝐶𝑂2
 is the molecular weight of carbon dioxide. After this, the 

components of combustion gas can be modelled for example by using the dispersion 

modelling tool in Phast or feeding the components one by one to Slab View for the 3D 

model. [41] 
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2.6 Protective measures 

The most cost-effective way to reduce the risks on the incident is to consider the fault 

situations in the engineering phase and build the structure to uphold raised planned value 

Typically, adding the protective measures in retrospect ends up costing more. [25] 

Protective measures, also known as safety barriers, are meant to prevent, mitigate and 

manage the consequences of incidents. Earlier mentioned and defined proactive and 

reactive measures divide the protective measures into two categories. Preventing and 

mitigating protective measures are proactive measures to reduce the risk of the incident 

and usually they are systematically applied. Center of Chemical Process Safety (CCPS) 

has classified protective measures into four categories: inherently safer design, passive 

protection systems, active protection systems and procedural and emergency measures. 

Inherent safety approach aims to reduction or elimination of the hazard. Inherent safe 

design is one key element of the plant arrangement. In the process engineering phase, 

it is possible to change parameters, equipment design and inventories to implement the 

inherent safety design. For parameters, the change of, for example, less hazardous 

operating conditions can reduce the risk of the hazard significantly. The inherent safety 

design approach in engineering phase is known to be very effective, but it is mostly 

limited to the early phase of engineering. Later in the engineering phase, there might be 

conflicts with other factors, such as costs and standardization. [46] 

The protective action performed in absence of external activation is called passive 

protective system. One typical example of this application is a heat resistant insulation 

on process equipment to reduce the effect of heat flux in case of a fire. Another passive 

fire protection system is a pressure safety valve to avoid the pressure building up. 

Passive protection can also be used as mitigating protection. One example of this is 

installation of blast walls to direct the already formed overpressure in an incident to a 

safer direction. [46] 

Active protection systems require external automatic and/or manual activation. Active 

protections are often compulsory in technical standards and aimed to prevent or mitigate 

consequences. Emergency shutdown (ESD) isolates the process units and limits the 

inventory of flammable materials to reduce the severity of fires and vapor cloud 

explosions (VCEs). Emergency blowdown (EBD) reduces the risk of potential loss and 

the pressure in the target equipment by releasing the formed overpressure from the 

process units by venting the content to a flare. ESD and EBD are active preventive 

protective systems. Active mitigation protection system is for example water deluge 

system (WDS) and foam and water sprinklers. The aim of active mitigation protection is 



42 

 

to protect the target from the effects of the incident. WDS provides a water film on the 

exposed surfaces to absorb heat radiation and to lower the temperature of the metal 

shell to mitigate the heat exposure of the target. The aim of the sprinkler system is to 

prevent the fire spreading. The downside of active mitigation protections is the significant 

time lag of intervention. Because of the time lag, active mitigation protections are not 

suitable for fireballs, overpressure due to vapour cloud explosions or mechanical 

explosions. [46] 

Procedural and emergency measures typically include internal or external emergency 

teams such as consultant firefighters, volunteers or workers who have received a specific 

training. Procedural measures have a longer response time; thus, they are not suitable 

for fast evolving scenarios such as fireballs, VCE or mechanical explosions. [46] 

2.7 Smart site and three-dimensional modelling 

Safety visualisation has become a target for development in many ways. Illustrating the 

incidents and their consequences in 3D pictures, videos of the incident in 3D for training, 

3D models of plants in VR and AR (virtual and augmented reality) for walking in the 

actual site and seeing the effect of the incident have been under development. 

Technically, all of these are possible and have been examined so the focus is on the 

profitability of these tools in consequence modelling and does it give clients more and 

better information.  

Use of VR and AR (virtual and augmented reality) has been considered to be the future 

of safety training and reviews. Also, the 3D videos of modelled incidents have been 

considered more informative and useful in training. Sometimes it has been noticed that 

the video has shown the seriousness of the situation to the client better than a 2D 

pictures.   
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Figure 19. How the company had used 3D structures and 2D drawing to illustrate 
the discharge of flammable gas in a leak scenario.[1] 

Using 3D modelling has been considered to be more informative compared to 2D 

modelling. The advantage is seeing the impacted area clearly drawn into the structures, 

but it is not clear yet how it is the most useful for the clients and most effective to execute. 

Previously the impacted area had been illustrated as in Figure 19. In the figure, the 

flammable mass release was illustrated as a 2D drawing in the 3D structures of the 

scenario. The advantage of 3D modelling is seeing the impact in vertical direction which 

might affect the protective measures or even locations of some critical equipment 

especially in dispersion modelling.  
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3. RESEARCH METHODOLOGY  

This chapter defines how the research questions were answered and introduces the 

used methods in AFRY and the used methods in this study.. Research questions defined 

at the start of the study formed the foundation for the research strategy. The search for 

the used background materials is explained and the software in use for consequence 

modelling and 3D modelling is presented. The modelled scenarios are presented and 

the formation of the questions for the qualitative interviews is discussed.   

3.1 AFRY Finland Oy   

AFRY is a new name for an integration of two old consultant companies. ÅF was founded 

in 1895 and Pöyry in 1958 and the integration of these companies was in 2019. AFRY is 

an international engineering, design and advisory company. There are 17 000 

employees across 40 different countries. AFRY is divided into five divisions: 

Infrastructure, Industrial & digital Solutions, Process Industries, Energy and 

management Consulting. This study was done for the Health, Safety and Environment 

(HSE) team, which belongs to the Process Industries Division in Finland.   

HSE team works among: 

- permitting and authority issues (Seveso permit, ATEX, pressure equipment, machinery 

and CE) 

- Safety management (ISO45001, trainings and audits) 

- Project HSE services (project safety management, risk assessments, site safety, 

design reviews) 

- Risk analyses (HAZID, HAZOP and consequence analyses)  

This study is focusing on improving the visualisation of the risk analysis. Risk analyses 

in Figure 20 below shows all the used risk assessment methods of AFRY and it also 

divides them into two groups: the methods used for hazard identification and methods 

used for modelling the risk scenario. In the figure, the yellow arrow illustrates the 

structure of a project also by first being wide and having multiple possible methods (the 

left edge of the arrow) and then getting narrower and having more specific methods when 

moving towards the head of the arrow.  
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Figure 20. Roughly dividing the risk assessment and modelling in two groups. The 
picture illustrates the most common methods used in evaluating risks [1]. 

It also illustrates the timeline of the project. While going into the narrower path, making 

changes to the project will get harder and more expensive. Consequence modelling has 

been executed at the end of the study to have all the necessary information to use as 

parameters, but at that point, the project has already evolved and it is harder to make 

adjustments to the existing engineering phase.  

3.2 Research strategy 

This study was researched by two research strategies: literature review and qualitative 

interviews. The objectives of each research questions aid in the choosing of the exact 

research strategy. For the first research question, the objectives were to understand the 

process of consequence modelling and the variables affecting it. The first research 

question was answered by a literature review to legislation and regulations and by 

qualitative interviews, where the clients were asked why they needed consequence 

modelling and how they used the results. (Table 9) 
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Table 9. The research strategy for the research questions. 

Research questions Research strategy 

1. What are consequence analysis and consequence 
modelling and how are they used? 
 

- To understand the process of consequence models in 
consequence analysis 

- To understand the variables affecting modelling 

Literature review and 
qualitative interview 

2. How to emphasize better to a client the 
consequence modelling and its impacts as a part of 
an engineering process?  
 

- To understand the impacts of consequences 
- To understand the effect of the protective measures to the 

consequences 
- Find suggestions to make analysis more comprehensive    

Qualitative interviews    

3. What is the optimal moment in the project for 

modelling?  

- To understand the impact of the modelling to the project 
- To find the optimal moment of modelling 

Qualitative interviews 

 

The examining the second research question demanded more phases. The objectives 

were to understand the impacts of consequences and the effect of protective measures 

and to present a visual model to clarify the connection of risk assessments and 

consequence modelling. This was done through illustrating the relation of protective 

measures to the different threats in a Bowtie diagram. The goal of the Bowtie diagram 

was to show the effect of certain protective measures to prevent or mitigate threats to 

avoid the hazard consequences. Bowtie diagram also illustrated the defining of the 

modelled scenario and its relation to risk assessment. The impacts of consequences 

were illustrated with 3D models in this study to clarify the consequences of certain 

scenarios. The goal was to find an easy way to produce useful 3D models with the tools 

available in the company. Both Bowtie diagrams and 3D models were executed for two 

realistic scenarios. The research strategy was to execute these models and then proceed 

with qualitative interviews with clients for results of the success of these created models.  

3.3 Background materials 

The European legislation had created the foundation for the need of consequence 

analysis. The national legislation and the guides by Tukes have been done based on 
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those. Some other material used in this study were articles and previous research studies 

done around the subject. There was not a specific subject for the same study, but for 

example there was a lot of information available of consequence modelling of flammable 

substances. There are standards specifically for flammable and combustible substances, 

which were used in this study.  

Articles and previous research were found via Google scholar or hinted by the 

supervisors. The search for articles was done with words such as “consequence 

modelling”, “flammable substances” and “Bowtie”. Any article of the exact same subject 

was not found. The used software was discovered by supervisors and the background 

information found on their user manuals. The introduction to the used software was done 

by consultants in the company and YouTube tutorials of the creators of software. The 

search for YouTube videos was done with words such as “3D modelling in Phast”, “How 

to use Phast DNV” or the videos where found from the channel of DNV GL. 

Some material was collected by interviewing consultants who have experience on 

modelling, and this was used specifically to research the importance of certain 

parameters in consequence modelling. This was done by Teams meetings. The 

questions were sent in advance to all the clients and the time reserved for each interview 

was an hour. The questions were based on the findings in the theory and presenting the 

done Bowtie diagrams and 3D consequence models.  

3.4 Process Hazard Analysis Software  

Process Hazard Analysis Software (Phast) is a simulation software for the progress of a 

potential incident created by DNV GL Group. Phast is a standard PHA-tool used for the 

analysis of flammable, fire, explosion and toxic hazards. Phast is used in over 800 

organizations around the world. The benefits of Phast software is the trustworthy and 

results its capability to model dispersions of toxic gases and the consequences of 

explosion and fires. Phast uses the geometry of the modified cloud and the direction of 

the wind to calculate the impact of the possible explosion and its heat radiation intensities 

and overpressure. [47] 

Consequence modelling via Phast includes three main steps. First is the determination 

of discharged substance to set the release characteristics. Possible scenarios for this in 

Phast are LOCs from vessels, (leaks or catastrophic ruptures), short or long pipes and 

combustion products following a warehouse fire. Secondly, to determine the 

concentration of the hazardous substance, the dispersion calculations are carried out. In 
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these calculations, the direction of the wind is considered. This phase models the pool 

formation or spreading if needed. The last phase is the one where the calculations are 

carried out completely. For flammable substances the possible outcomes are fireballs, 

jet fires, pool fires, vapour cloud fires or explosions. [48] 

When modelling a dispersion in Phast, the used program often is Unified Dispersion 

Model (UDM), which can model continuous, instantaneous, short duration and time-

varying types of clouds. The basic structure of modelling via Phast is shown in Figure 

21. [39] 

 

Figure 21. The schematic of the modelling process via Phast software. [39] 

In the figure above, the User Defined Source Model means a scenario where instead of 

feeding the input to calculate the discharge of the scenario via Phast, the input can be 

fed manually to the dispersion phase. This can be used for example, when discharge 

results are known already beforehand. Alternative Inputs include standalone models 

which are used for scenarios with less needed inputs or for some more flexible and 

extensive reports. For example, 3D results for radiation and dispersion via Phast can 

only be modelled by using standalone models. [39]  

3.5 Programs for three-dimensional modelling 

The software version of Phast has not been suitable for executing 3D models before this 

spring. Before that, the 3D model could be drawn to, for example AutoCAD, based on 

the results gotten from Phast. This study examined the new possibilities for executing 

the 3D modelling. One aspect was to find a combination of programs that s easily usable 

and gives the results as 3D.  

Slab View version 5.1.0 is an excellent tool for dispersion models, because it gives the 

results as 3D if necessary. From Slab View the 3D results are easily imported to 

MicroStation or to CAD models. The advantage is that the software is easy to use, and 
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it gives the 3D animations without a need to change a program. In this study, Slab view 

is used to visual the combustion gas 3D. Some disadvantages of Slab view are that it 

can only calculate the dispersion models for releases that are denser than air so it cannot 

be used for heat radiation intensities or overpressure waves. Slab view also has a more 

limited amount of chemicals in its chemical library and it cannot model the results of 

mixtures as well as Phast. The same distances can be modelled with Phast but as a 

result, there will only be a 2D image. [49] 

Fire Dynamics Simulator (FDS), Smokeview and PyroSim x64 visualization software 

have not been in use a lot in the company, but they are also tested in these scenarios. 

PyroSim is a graphical interface for the FDS. FDS is used to model the consequences 

of fire such as smoke, temperature, carbon monoxide and other substances. FDS can 

model scenarios from room fires to tank storage fires. The results can be used as a part 

of consequence analysis, ensure the safety of buildings before construction or safety of 

existing buildings. FDS can also reconstruct fire scenarios post-accident and assist in 

firefighter training. This fire simulator was developed by National Institute of Standards 

and Technology (NIST). FDS uses the computational fluid dynamics (CFD) to build the 

fire scenarios. CFD is a high-tech method which can be applied in FDS also to model 

ventilation in buildings. Smokeview and FDS are intergraded in to PyroSim but it is 

needed to download them separately. [50] 

Autodesk Navisworks Simulate is software for 5D simulation to visual and communicate 

better during a project. Navisworks supports multiple different filetype and can fit the 

consequence modelling into an existing model of process plant design. The big 

advantage of using Navisworks is including all parts of the engineering phase on the 

same platform. The companies, such as AFRY, have consultants on different fields 

working on a same project. Sending the needed information for each other so the 

platform, such as Navisworks, which makes it possible for all the consultants to see the 

bigger picture of the project. [51] Figure 22 presents the view from one Navisworks’ 

model. The figure shows for example plumbing, stairs, valves, storage tanks and the 

danger zones. Process engineers draw the Navisworks model, other consultants sent 

their information to process engineers who apply and update the model. The downside 

of Navisworks is that it is a viewing software. It is only meant for visualisation, but there 

are other programs which for example contain more information than Navisworks. They 

can include for example documents which can then be open in the program so those 

platforms are for integrating the information into one model.  
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Figure 22. Screenshots from Navisworks. 

Via Navisworks, it is also possible to walk in the model as in the picture on right upper 

corner. This gives realistic proportions for the elements in the model. VR and AR could 

be used with the model created in Navisworks. This can be used as an advantage in for 

example, training safety training situations. Building this model in Navisworks takes a lot 

of time and a lot of professionals and different programs. The complication is getting the 

right file forms out of the modelling software to easily import them to Navisworks.   

3.6 The modelled scenarios 

Two different scenarios were executed via Phast 8.2. The first scenario was diesel pool 

fire in a tank creating heat radiation and combustion gas. The second scenario was 

propylene leak leading to an explosion in the compressor. Bowtie diagrams were made 

of both scenarios. The 3D models were executed on the dispersion and heat radiations 

with Phast 8.2. After executing the models, the possibility of importing them to 

Navisworks or to 3D structures were also reviewed.   

3.6.1 Scenario: Propylene leak leading to an explosion 

According to the standard (SFS-3353:2016) and the Pressure Equipment Act 

(1144/2016) the pressure equipment, such as compressor, are required to be protected 

with adequate protective measures, which includes besides safety devices also alarms, 

lockdowns and manual procedures to limit a forming high pressure. The Pressure 

Equipment Act states that the pressure equipment must have proper safety devices if 

the pressure can raise above the permitted operating pressure. [52] According to the 
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standard it is necessary to provide the safety devices in case of low pressure to ensure 

the safety of people, equipment and the environment. The most common glitches to 

cause overpressure are process faults, such as power failure, equipment breaking, due 

to mechanical fault or trouble of control valve, and fires. [25] 

The standard states that the plant must prepare for foreseeable incidents with active and 

passive protective measures and the elementary assumption is to prevent the incident 

spreading as soon as possible. Based on the risk assessment, process equipment can 

be protected with solid water spray system. Equipment and pipes are typically protected 

by active protective measures which cool them down in case of an incident.  [25] 

3.6.2 Scenario: Diesel leak leading to a pool fire  

Some passive prevention protection measures are listed in the standard SFS-3350:2016 

for tank storage of flammable and combustible liquids and associated handling facilities. 

One safety design measure is to build a substantial fence at least 2.4 meters high. The 

gates must be overseen via remote control or some other trustworthy access control 

system. The gates must be easily and trustworthily opened from the inside in case of an 

incident and the gates must be built so that they are possible for rescue personnel to 

open and get in from the outside. The fence is located to the edge of the property or to 

a safe limit from the certain target such as bund, pumping station or refilling and 

discharging locations for vehicles. [24] 

Passive fire protection includes supporting of structures that might cause an incident or 

escalate the original incident by collapsing. Passive fire protection is not replacing the 

active fire protection but giving more time for active fire protection to start. So, all the 

equipment in the plant that are needed for active fire protection must be protected 

passively. The most profitable way to protect the needed cables for active fire protection 

is to locate them outside of the safe limit. [24], [25] 

During the engineering phase, a coherent fire-resistant requirement is defined for all the 

structures on the area. The requirement will direct the engineering. Typical burning 

scenario is the pool fire. The maximal burning time in seconds for a pool fire is defined 

by equation (40) 

 𝑡 =
𝑉∙𝜌

𝑝𝑛 ∙𝐴
, (40) 

where V is the volume of the leaked flammable substance in m3, pn is the burning rate 

of the substance in kg/m2s, A is the burning area in m2 and 𝜌 is the density of the 
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substance in kg/m3. The typical burning rate for hydrocarbons is 0.08 kg/m2s.The 

assumptions in using equation (40) are that the whole content of the tank or equipment 

in the scenario leaks out and this calculation will not take into consideration the amount 

of substance collected into the sewer.  [24], [25] 

3.7 Interviews 

The questions used in the interviews were formed based on the theoretical part and the 

execution of the Bowtie diagrams and the 3D modelling. With clients the focus point was 

on the usefulness of the results for them and finding out if these suggestions made the 

subject more understandable or not. For consultants the pressure point is more on the 

technical execution of these suggestions and if it is seen worthy.  

The timing of interviews was at the beginning of October after executing the required 

models. Interviews were held as Teams meetings due to the corona virus problem.  The 

persons interviewed were suggestions and contacts of the supervisor of this study. All 

the companies participating into this study were anonymous, but they gave the 

permission to use their occupational titles and descriptions of their background regarding 

to the subject.   

There were three client interviews from different companies. In the first client interview, 

there were two process safety experts, the other one was specialised in projects and the 

practical contribution of these methods and the other one worked more on everyday 

process safety investigations. In this company, the Bowtie diagram was already in wide 

use and 3D modelling was known and used. The second interview was with an EHSQ 

manager, who had more knowledge and experience on the chemical dispersion 

modelling. This company had not used Bowtie diagrams in any form or 3D models. In 

the third client interview, there were a technology manager and a HSEQ manager who 

both had experience working with authorities and consequence modelling depending on 

applying permits. Bowtie was familiar as a concept and 3D models had not been used in 

the company.   

The consultant interviews were executed at the same time with two consultants in the 

company. In this interview, there were present a design engineer and a director of 

Chemicals & Biorefining and Metal & Mining Technology. The design engineer worked 

among 3D models but had not drawn any 3D models of chemicals before. The director 

of Chemicals & Biorefining and Metal & Mining Technology had not executed a 
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consequence modelling, but he knew the theory behind it and the applications for 

consequence models.  

The question forms are presented as Appendix F for clients and Appendix G for 

consultants. 

3.7.1 Client 

With Clients the interviews started by asking their knowledge of consequence modelling 

and their experience with the subject. The background of the client is asked only 

superficially to not reveal any information of the interviewed clients. The reason why 

these clients ask for the consequence analysis was also asked to know the meaning of 

the analysis for the company and understanding the relation of the consequence 

modelling with the engineering process.  

Both Bowtie diagrams were presented for both clients to demonstrate the possible variety 

of the method. Clients had been chosen so that the other Bowtie was important for their 

company. First the method was introduced, and client’s experience and knowledge of 

Bowtie diagrams was clarified. From both diagrams there was three focus points: the first 

impression and overall look, plusses and negatives of the diagram and the intelligibility 

of the diagram compared to the normal risk assessment presentation. After examining 

both diagrams, the general opinion of these were formed and if they managed to improve 

the readability of the scenario. the clients were also asked if there was something that 

they would do differently or was there something to improve or something else to that 

would drive the purpose better than a Bowtie.   

The questions about 3D modelling started the same way as previous parts of the 

interview. First it was defined how known the subject is for the client and has their 

company had the need for 3D modelling before. Diesel pool fire scenario’s combustion 

gas and heat radiation 3D modelling results were presented. The main points with the 

3D models were the general impression of the results and the comparison to the 2D 

results. The clients were asked if the results were more informative and could they 

imagine using 3D modelling in some situations.  

At the end of the interview it was asked if clients thought these suggestions were useful 

or not. Also, the clients were asked, if they had any other suggestions what could be 

done better or what would clarify the results and the process better.  
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3.7.2 Consultants 

Interviewing the consultants started the same way as with the clients, the background 

with consequence modelling was defined. Compared to the interview with clients, the 

consultants could tell more background of their own work and experience with the 

subject. The consultants were also asked to define the optimal moment to execute the 

consequence modelling in a project. 

With consultants, the focus point of the interview was more on the 3D consequence 

modelling. Consultants were asked if they have done any kinds of 3D models. These 

include the structural models done possibly in CAD or Navisworks. After that they were 

asked more specifically if they have worked with 3D consequence modelling. If they have 

drawn 3D consequence models, it was asked how they imported the data to the program 

they used. The different 3D models were introduced, and the consultants were asked 

their opinion of them in general. It was asked if they thought that the heat radiation model 

was more informative or clear with 3D than 2D or not. With combustion gas, different 3D 

models were presented from Phast and the consultants were asked which of these 

seems more informative or if the data is easier to move to another program from the 

other one of these models. Overpressure wave was illustrated with 2D model and 3D 

model drawn manually to a 3D picture and the opinion of the consultants were asked on 

those. After showing all the 3D models, the consultants were asked in general if they 

found 3D modelling useful. They were asked if they have had situations where using 3D 

modelling would have given an advantage. Consultants were also asked what kind of an 

effort it demands to import and export the information between the programs. It was also 

asked if the 3D model from Phast aids in drawing the consequences into another 

program even if the model cannot be exported and imported straight between the 

programs.  

At the end of the interview the consultants were asked if they find the visual side of 

analysis important and their opinion on these suggestions in general. They were also 

asked if there was something else to do that could aid their job with drawing these 

modelling results.  

3.8 Analysing and reporting the results  

While the experimental part was done, the opinions and help from consultants were 

collected into the analysis. The difficulties and conflicts while executing the study were 

also written into the analysis. After the models were executed, they were presented in 
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the interviews to the clients and consultants. The feedback from the clients was crucial 

for the analysis of the results.  

While analysing the models, the focus point was on answering to the research questions 

based on the interviews. Then it was needed to discuss the trustworthiness of the study, 

what kind of assumptions were made and had it affected the results. The discussion 

chapter included the possible subjects to examine more in the future, the most important 

findings and the ideas to improve consequence analysis based on this study.  

It was also necessary to ponder, if there was a possibility to practical contribution with 

the work- could for example, other companies or Tukes use the results gotten in this 

study. As a part of the practical contribution, at the end of this study, a presentation or a 

poster of the findings is made. The poster could work as a guideline of the timing of the 

consequence modelling in an engineering process and highlight the most important 

information needed in certain points of the process. Also, instructions for using the Phast 

software and adding for example AEGL-values into the modelling, was requested. 
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4. RESULTS AND ANALYSIS 

This chapter was written based on executing the experimental part of the study. The 

experimental part started on the Bowtie diagrams and forming them based on done risk 

assessments. Risk assessments were done beforehand in projects apart from this study. 

Bowtie diagrams’ hazard scenario was illustrated as the scenario to model. The 

consequence modelling was executed via Phast 8.2 for diesel pool fire and propylene 

explosion. For the diesel fire’s combustion gas, the amount of released components of 

combustion gas were calculated in Excel and then the combustion gas components were 

modelled via Phast 8.2.  

After executing the Bowtie diagrams and the 3D models, the interviews were done. Three 

client companies were interviewed, and their opinions were asked of the executed visual 

models. From the company, two engineers were interviewed. All the statements 

presented in this chapter are based on the comments and experience of the consultants 

who have used these software or methods.   

4.1 Bowtie model 

Bowtie diagrams were executed by a trainee and thesis worker. The analysing and 

improving the Bowtie diagrams were done with a group inside the HSE team. In the group 

there were two HSE engineers, director of HSE team and a global manager. Bowtie 

diagrams were executed for this study and the diesel leakage diagram was used in an 

article marketing Bowtie as a method. The Bowtie diagrams were first executed via 

Microsoft Visio Professional 2019 32Bit MUI and then via Excel. 

4.1.1 Propylene leak leading to an explosion in compressor 

The execution of Bowtie diagrams started from the propylene scenario. The risk 

assessment process in this scenario was huge. There was a lot of valves and safety 

guards, because the whole process had just been evaluated and modified according to 

the risk assessment.  The base structure for the Bowtie diagram was taken from the 

articles introduced in the beginning of the study. The visualisation of the Bowtie was hard 

in this scenario, because there were so many nodes to consider. First Microsoft Visio 

was used to illustrate the Bowtie diagram. One noticeable problem was with the 

identification of the valves, tanks and other equipment. For the operators of the system, 

the knowledge of those is valid and important but it also takes a lot of space in this visual 
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presentation. It was noticed, that it is possible to create different layers on Microsoft Visio 

and choose how much information is wanted available. This helped creating a bit smaller 

version and keeping all the valuable information on the same file. Making these double 

layers took some time and it was discovered that this method is quite laborious for a 

process this wide. The created Bowtie is presented below in Figure 23 to show the visual 

appearance of the diagram. Full version in scale is presented as an Appendix (H). 

 

Figure 23. Bowtie diagram of propylene incident via Microsoft Visio. 

The first impression of the diagram was messy. With this diagram, it was impossible to 

adjust the sizes or the locations of the protective measures better. The aim of the 

visualisation was to make scenarios more understandable and if the diagram could not 

be read clearly, the scenario was too wide to be presented visually in this form and fit to 

one page.  

Microsoft Excel was tried as a tool to draw the diagram. Properties of Excel made it 

possible to group cells and save space which gave a huge advantage comparing to the 

layers which hid the information but did not safe space. That saved space and made the 

visual appearance clearer. Excel was also more straight forward, and the program was 

not as heavy to use as Visio turned out to be. The created Bowtie is presented in Figure 

24 and the full version is as an Appendix (I).  
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Figure 24.  Bowtie diagram of the propylene incident via Microsoft Excel. 

The first impression of this diagram was much clearer, and the lines were easier to follow. 

The absence of the Bowtie schematic at the background was noted, but it was not 

possible to draw or add figures behind the cells in Excel.  

The main differences between these two diagrams was the absence of the small 

protective measure equipment in the diagram drawn by Excel. In Excel the boxes were 

straight with lines to each other. One possibility of making the diagram simpler in Visio, 

was to delete the protective measure equipment, which would safe space. But even with 

that modification, there was still too many nodes to present a “pretty” version of Bowtie 

diagram with Visio.  

4.1.2 Diesel pool fire in a tank  

The second scenario was the diesel pool fire. The risk assessment of the pool fire from 

a LOC of diesel storage tank scenario was very simple. There was only one node to take 

into consideration. From the PHA-pro all the scenarios leading to a LOC were 

considered. After struggling with the visual presentation of the propylene Bowtie diagram, 

the small equipment illustrating protective measures were left out to simplify the diagram. 

Figure 25 illustrates the Bowtie diagram drawn by Microsoft Visio and it is as a full version 

in an Appendix (J).  
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Figure 25. Bowtie diagram of diesel incident via Microsoft Visio. 

This scenario fit well into the Bowtie diagram on Microsoft Visio and was easy to execute. 

Diesel storage tanks were common in the field of industry, so this Bowtie illustrated well 

the general representation of that scenario. This version of Bowtie also moved the hazard 

consequences of the leak to the right side and then separated more clearly which 

protective measures were used to mitigate the impact of the LOC.         

4.2 Three-dimensional modelling via Phast software 

Experimental part of 3D modelling started by watching tutorial videos of Phast. There 

were a lot of tutorial videos produced by the creators of the software, DNV GL [52]. 

During this research a tutorial video was found that demonstrates the dispersion and 

heat radiations intensities in 3D via Phast. The tutorial video was added 23th of March 

2020, so this was quite new quality in Phast. In this video, DNV GL introduced a way to 

model 3D results to a CAD model straight in Phast. If there was no CAD model as a map, 

the 3D model was illustrated as in Figure 26. The heat radiation intensities were able to 

model as 3D for jet and pool fire scenarios but not the overpressure waves at all. This 

3D modelling feature was still under development in Phast which meant that this was for 

now, only a 3D viewer. It illustrated the shape of the impacts but there was not any way 

yet to get exact distances in meters for the 3D image.  
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When modelling heat radiation in 3D, it was necessary to model the standalone scenario. 

Radiation calculations from the properties of pool fire or jet fire, had to be set “radiation 

contours”, which opened a new tab, where it was necessary to select which type of chart 

was being plotted. In the model tab, under the “preview features” tab, tagging the “3D 

dispersion” and “Radiation shielding” opened the 3D viewer parameters in the 

parameters tab. From the parameters tab, the 3D parameters were specified, such as 

the height of the results. [54]  

 

Figure 26. An example of a jet fire 3D model illustrating the heat radiation level 
1 kW/m2 as blue figure via Phast 3D viewer.  

The 3D viewer model drew multiple layers of results and showed the chosen heat 

radiation level (kW/m2) or concentration (ppm) as blue. The blue figure was moved and 

chosen to present wanted values in the software. The distances were the same as the 

ones calculated via the more accurate modelling scenario. For example, the 3D model 

above was from an ethane line rupture and jet fire was only one of the possible 

consequences for it. In this case, the 3D model had been executed as a standalone 

scenario of jet fire separately. The advantage of this 3D viewer was to see the shape of 

the cloud in 3D.  

4.2.1 Propylene leak leading to an explosion in compressor 

As it was possible to see from the Bowtie diagram of propylene leakage in the Figure 23 

and Figure 24, there were many possible threats leading to the same scenario. The one 

chosen for modelling was based on only having one proactive protective measure, which 
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only was an alarm. The chosen scenario was when the surface of the Knock out return 

tank arose, which could happen for 20 different reasons. This scenario was highlighted 

in Figure 27 (Appendix K). 

 

Figure 27. Bowtie diagram of propylene chosen scenario highlighted. 

The threat in this scenario was the failure of the level measurement. Level measurement 

failed and as a result, the surface on the Knock Out return tank arose and the liquid 

propylene travelled the line meant for gaseous propylene. Liquid propylene managed to 

travel all the way to the compressor where the H-alarm was located and then the 

accident had already happened, and a flange leakage was formed. The presented 

parameters in Table 10 were collected from the Tukes regulations [2] and from an actual 

compressor’s leak scenario.   

Table 10. Parameters needed for modelling the propylene explosion via Phast. 

Parameter Value 

Diameter of the pipe 15.24 cm 

Orifice 6 and 12 mm 

Pressure 6.5 kPa 

Release location elevation 2 m 

Height of interest 1.5 m 

Temperature of propylene -47 °C 

Leak time 10 min 

Concentration of interest 20 000 ppm 
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From Phast it was possible to see the Upper and Lower Flammability Limits (UFL and 

LFL) from the properties of the chemical. In the scenario the LFL was 20 000 ppm which 

was marked to the input of the scenario. First the modelling was executed with different 

equipment such as long pipeline leak and pressure vessel leak to preview what 

information was available from each equipment in this scenario. The information 

available of this equipment was presented in Table 11. The information of the standalone 

Multi-Energy Explosion model was also presented in the table.  

Table 11. Possible results gotten out of the same scenario with a different equipment. 

Results obtained 
Long pipeline 

leak 
Pressure Vessel 

leak 
Standalone 

ME explosion 

LFL and UFL N/A N/A - 

Jet fire results x x - 

Pool fire results x x - 

Explosion results x x x 

Indoor modelling /confined - x x 

3D viewer x x - 

   

While modelling a leak, the Phast software automatically modelled the possible 

consequences such as explosions or fires. In this scenario the possible consequences 

were jet fire, early or late pool fire and dynamic fireball. Jet fire were modelled in Phast 

software’s 3D viewer as a standalone scenario, but the explosion was not possible as a 

3D model via Phast. Modelling a long pipeline was the most reasonable equipment for 

the compressor scenario, based on the experience of consultants. That created variables 

that could have affected the outcome. For example, the length of the pipeline might have 

affected the modelling result and the minimum length of the “long pipeline” was 10 

meters. Long pipeline was modelled with three different lengths of the pipe (10, 20 and 

30 meters) and the breaking point was 1 meter from the start in every scenario. This was 

done to see the effect for example to the amount of flammable mass in this scenario, 

which then was used in the standalone model to model the explosion. The different 

flammable masses are presented in Table 12. From the table, it was clear that the effect 

of the different pipe length did not cause a big variation to the weather condition 3/D, but 

the night conditions (F) and stronger wind had larger effect on the amount of flammable 

gas with a different length of pipe.  
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Table 12. Defining how much the pipe length affected the amount of flammable mass 
for propylene leak on all Tukes demanded weather types. 

 Flammable mass (kg) 

Weather conditions Pipe length 10 m Pipe length 20 m Pipe length 30 m 

3/D 0.005 0.005 0.005 

3/F 0.007 0.007 0.007 

5/D 0.005 0.005 0.007 

5/F 0.005 0.006 0.007 

 

Based on the results above, the difference between the length of the pipeline was not 

remarkable in the 3/D weather condition. The weather condition 3/D was used to 

examine variations of propylene dispersion of the leak scenario. There were four 

variations of the same scenario executed. First parameter observed was the release 

location elevation and the second was the orifice. The pipe diameter was defined to be 

6 inches (15.24 cm) and it was used as the inner diameter in every scenario. The pipe 

diameter came from the HAZOP scenario and was the actual size of the pipe in the 

scenario. If the diameter of the pipe was unknown, 25 cm should be used as a diameter 

based on Tukes recommendations. The results of the comparison are visible in Figure 

28.  The amount of flammable mass is from the moment when the dispersion cloud 

research the ignition source.  

 

Figure 28. 3D models of the dispersion of propylene leak from a long pipeline at the 
moment of explosion. LFL was 20 000 ppm and drawn red and UFL was 110 000 ppm 
and drawn turquoise. Red area described the location of the flammable mass. 
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The elevation affected the leak more with bigger orifice. With the orifice of 6 mm, the 

flammable mass stayed almost the same when varying the elevation height. When 

varying the orifice and keeping the elevation on 1 meter, the flammable mass was bigger 

for the smaller orifice. For the elevation of 2 meters it was the opposite.    

While modelling explosions, it was assumed that an ignition source was provided. In this 

scenario it had been defined to be locate at 2 meters from the leak. Modelling explosion 

was executed by standalone Multi-energy explosion model. Standalone model was used 

because it had a greater flexibility for input data. The flammable mass used as an input 

was calculated in the long pipeline leak scenario. Multi-energy (ME) explosion was 

modelled as confined explosions. The model matched reality reasonably and it predicted 

high and low overpressures well. The source strength value was estimated based on the 

presented Table 7 and Figure 18. From these tables and by knowing that the location of 

this scenario was a process hall, the degree of confinement is either 8 or 9. The 

confinement strength was assumed to be 8. The hall in this scenario was fictional and 

the size of the hall had been decided to be 15x20x5 m3, thus the confined area in this 

scenario was 1500 m3. The overpressure effects were modelled for two different 

flammable masses from Table 12, the lowest and the biggest to see the effect of the 

weather and the pipe length to the results. The results of the modelled scenario are 

presented in Table 13. In an explosion, the weather conditions do not affect the scenario 

because the explosion is fast scenario. The 3D model was not possible to produce with 

the 3D viewer in Phast.    

Table 13. Obtained results of the propylene explosion for the biggest and lowest 
flammable mass formed in the leak scenario in the Table 12. 

 Distance downwind to overpressure 

Flammable mass 
5 kPa 
(m) 

15 kPa 
(m) 

30 kPa 
(m) 

0.005 kg 6.5 2.6 1.7 

0.007 kg 7.7 3.1 2.0 

 

For jet fire, the results were obtained from the same calculation already ran for the 

propylene long pipeline scenario. The needed input parameters were found from the 

report ‘s equipment tab. As an input parameters standalone jet fire scenario demanded 

mass flow rate, temperature after atmospheric expansion, liquid fraction (if formed), 

velocity after atmospheric expansion and the jet velocity. These were presented in Table 

14.  
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Table 14. Input parameters from the long pipeline scenario to the standalone jet fire 
scenario. 

Parameters Value 

Mass flow rate  0.045 kg/s 

Temperature after atmospheric expansion -47.7 C 

liquid fraction 0.997 

jet velocity 5.08 m/s 

  

The standalone jet fire scenario did not give the heat radiation results as a table. It only 

calculated the length of the flame and then the shape of the heat radiation levels were 

visualised with the 3D viewer. To be sure that the right input had been used and the 3D 

model was comparable to the results gotten before, the flame length from the reports 

was compared. In this scenario the 3D viewer did not give any digits on the axels for the 

jet fire. This is shown in Figure 29. 

 

Figure 29.Standalone jet fire scenario with the parameters presented in the Table 14 
above. The blue area describes the heat radiation of 12 kW/m2 for weather condition 
3/D and black area for weather condition 5/D. 

The input parameters were the same for all lengths of the pipes and weather conditions. 

Standalone model for jet fire did not give the table of results. The actual distances of heat 

radiation were obtained from the report summary of the long pipeline scenario already 

ran before. These results are presented in Table 15 below.  
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Table 15. The jet fire results obtained from the propylene leak long pipeline scenario 
of elevation 1 meter and orifice 6 mm for 3/F and 3/D weather conditions. 

Scenario Weather 
Flame 
length 

(m) 

Distance to downwind to intensity level (m) 

1.5 kW/m2 3 kW/m2 8 kW/m2 12 kW/m2 

Propylene leak 

1 m d 6 mm 
3/F 5.2 10.2 8.7 7.1 6.7 

 3/D 5.2 20.2 8.7 7.2 6.6 

 

4.2.2 Diesel pool fire in a tank  

Diesel pool fire was first modelled as a leak from an atmospheric storage tank. In this 

scenario, there was a safety bund which according to the legislation, holds the whole 

volume of the tank. On top of this the safety bund also holds 10 % of extinguishing foam. 

The safety bund was made separately to the map-tab and then added to the properties 

of the atmospheric storage tank. The material of the bund was concrete, and the type of 

terrain was default. In this scenario, the height of the safety bund was 0.5 meters and 

the area 145.2 m2. The other parameters are presented in Table 5. From the summary 

of the results, the diameters for the early and late pool fire were obtained. These results 

are presented in Table 16. From the results, it can be calculated that the safety bund 

holds all the content in, and the area of the pool is the same as the area of the safety 

bund.   

Table 16. Results of the pool fire of the 60 m3 diesel storage tank leak scenario from 
an atmospheric tank. 

Scenario Weather 
Pool 

diameter 
(m) 

Distance to downwind to intensity level (m) 

1.5 kW/m2 3 kW/m2 8 kW/m2 12 kW/m2 

Diesel 

pool fire 

3/F 13.6 49.5 37.5 25.6 21.3 

3/D 13.6 49.6 37.6 25.7 21.1 

5/F 13.6 49.4 38.2 26.7 23.0 

5/D 13.6 49.7 38.5 27.0 23.1 

 

To execute the 3D model of the pool fire, it was necessary to use the standalone model. 

The information the pool fire standalone model requires is the chemical compound, pool 

diameter and the elevation. With pool fire calculations there is also a possibility to locate 

the fire on land or on water. This scenario is on land, but the ground is not defined any 

more specific. From Figure 30 the effect of wind is visible in the 3D results for the different 
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weather conditions for the heat radiation. With the 3D viewer, the modifying the axels it 

is not possible.  

 

Figure 30. 3D model of standalone diesel pool fire of 60 m3 storage tank 
demonstrating the effect of wind to heat radiation level 12 kW/m2. 

In this study, the composition of diesel fuel was assumed to be the one presented in 

Phast (Table 6). The composition in Phast does not have all the mass percent so the 

ratios are gotten from IEA-AMF website which serves research, development and 

deployment on sustainable transporting [55]. The calculation was executed in 

Excel. (Appendix L) The amount of diesel being released is assumed to be the volume 

of the storage tank, which was 60 m3. By using equation (37), the amount of the starting 

products in the diesel was calculated based on the composition of diesel (Table 6). These 

are presented in Table 17 below. As an example, the calculation of the amount of carbon 

is presented with equation (37) 

𝑛 [𝑘𝑚𝑜𝑙] =
𝑚 [𝑘𝑔]

𝑀 [𝑘𝑔/𝑘𝑚𝑜𝑙]
=

60 m3 ∙ 845 kg/m3 ∙ 0.86

12.01 kg/kmol
= 3630.172 kmol 

≈ 3630 kmol. 

 

Table 17. Composition of the calculated starting material of diesel. 

Starting 
products 

Mass (kg) 
Molar 
weight 

(kg/kmol) 

Amount 
of 

substance 
(kmol) 

need for 
O2 (kmol) 

C 43600 12.0 3630 3630 

H2 6790 2.05 3370 1680 

S 50 32.0 1.58 1.58 

O2 127 31.1 3.96 -3.96 

N2 127 28.0 4.53 9.05 

H2O 76 18.0 4.22 - 

Combined: 50800 - 7010 5320 
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After finding out these,  the combustion reactions (presented in the equations (31)- (36)) 

define the relations between the need for oxygen in the Table 17 above and the end 

products in Table 18 below.  

Table 18. The calculated components of the combustion gas in kmol. 

Starting products CO2  
(kmol) 

H2O 
(kmol) 

NO2 
(kmol) 

SO2 
(kmol)   kmol 

C 3630 3630 - - - 

H2 3370 - 3370 - - 

S 1.58 - - - 1.58 

N2 4.53 - - 9.05 - 

H2O 4.22 - 4.22 - - 

Combined: 7010 3630 3370 4.53 1.58 

 

From Table 18 it was straight forward to calculate the mass of the forming gas for each 

component with the modified equation (37) 

 𝑛 [𝑘𝑚𝑜𝑙] =
𝑚 [𝑘𝑔]

𝑀 [𝑘𝑔/𝑘𝑚𝑜𝑙]
→  𝑚 [𝑘𝑔] =  𝑀 [

𝑘𝑔

𝑘𝑚𝑜𝑙
] ∙  𝑛 [𝑘𝑚𝑜𝑙] . 

Table 19 presents the calculated theoretical amounts of different toxic components in 

the combustion gas.  

Table 19. The mass of the components forming in the combustion gas in theory. 

Combustion 
gas 

CO2 H2O NO2 SO2 

Amount of 
substance 

(kmol) 
3630 3370 4.53 1.58 

Molar mass 
(kg/kmol) 

44.0 18.0 46.0 64.1 

Mass of the 
substance 

(kg) 
160000 60800 416 101 

 

At this point it was necessary to remember that the amount of carbon dioxide in the 

combustion gas includes all the carbon from the combustion gas. In reality, there were 

benzene, carbon monoxide and possibly formaldehyde formed also. In this situation, 

there was limitless amount of oxygen and the assumption was that everything oxides as 
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much as it can so carbon monoxide can be left out. From the table (Appendix E) it was 

noticed that benzene was the one forming most of volatile organic compound fumes in 

this scenario [56]. With equation (38) the mass of benzene in the combustion gas was 

calculated 

 𝑚𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 1.022
g

kg
∙ 60 m3 ∙ 845 

Kg

m3 = 51815.4 g ≈ 51.8 kg. 

Then the more realistic mass of carbon dioxide was calculated by using the calculated 

benzene value and equation (39) 

𝑚𝐶𝑂2
= [3630.17 kmol − (6 ∙  

51.8154 kg

78.108
kg

kmol

)]  ∙  44.01 
kg

kmol
= 3454.999 kg ≈ 3 460 kg 

In Table 20 below, the realistic amounts of the modelled hazardous substances of the 

combustion gas are presented.  

Table 20. The amounts of the substance in the combustion gas of a storage tank 
volume of 60 m3. 

 
SO2   
(kg) 

CO2 
(kg) 

NO2 
(kg) 

C6H6 
(kg) 

Mass of the substance 101 kg 3 460 kg 416 kg 52 kg 

 

These calculated masses were used as input values in Phast. The temperature of the 

fire was estimated to be over 200 °C.  However, that could not be used as an input in 

Phast because the temperature was higher than the defined boiling point for the 

substance in question. Thus, the temperature of the scenario was set just under the 

boiling point for each of the components. The vaporisation of the gas had to be executed 

via atmospheric storage tank leak or short pipe leak. Exception from this was carbon 

dioxide that needed to be modelled with pressure vessel leak because carbon dioxide 

needed pressure as an input. The leak also had to simulate the vaporisation of gas from 

the fire, so it was necessary to find out the dispersion rates of the substances from diesel. 

This was done based on the emission factors. The dispersion rate for the substance was 

calculated with the burning area and the burning rate of diesel in the scenario. The 

dispersion rate for carbon dioxide was calculated 

𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 0.045
𝑘𝑔

𝑚2∙𝑠
 ∙ 2.899

𝑘𝑔

𝑘𝑔
∙ 145.2 𝑚2 = 18.90

𝑘𝑔

𝑠
 . 
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The used emission factors and calculated dispersion rates are presented in Table 21. 

Table 21. Emission factors and the dispersion rates for the components of the 
combustion gas. 

 CO2 NO2 SO2 C6H6 

emission factor [56] (mg/kg) 2900 2.40 2.30 1.0 

Dispersion rate (kg/s) 19.0 0.02 0.02 0.01 

 

Dispersion rates were then used to compare to the flow rate of the calculated scenario 

and the leak parameters, such as orifice, was changed to match the calculated 

dispersion rate. For the atmospheric tank short pipe leak scenarios, the orifice was 

changed into 3 mm to achieve the wanted peak flowrate. For carbon dioxide this was 

done by changing the pressure of the pressure vessel into 6 bar and the orifice of the 

short pipe leak into 117 mm. The flow rate is seen from the summary of the ran scenario 

(Table 22). 

Table 22. Discharge results from 3455 kg of carbon dioxide to show the flow rate of 
the scenario. Temperature was 10 °C and pressure 6 bar, the orifice 117 mm. 

Scenario Weather 

Peak 

flowrate 

(kg/s) 

Temperature 
(°C) 

Liquid 
mass 

fraction 

Expanded 
diameter 

(mm) 

Velocity 
(s) 

Carbon 

dioxide 

leak  

3/F 19.0 -78 0.01 0.15 376 

 

The other complication of dispersion modelling is defining the AEGL-values. Modelling 

combustion gas substances, each AEGL-value needed its own scenario of leak where 

the exposure time and the concentration of interest were changed according to Table 8.  

With carbon dioxide there was the IDHL-value, which was possible to define with Phast 

software (Table 23). 

Table 23. Dispersion distances for AEGL-values of Carbon dioxide.  

IDHL-value on height of interest 1.5 m 
5/D 
(m) 

3/F 
(m) 

IDHL: 30 min (40 000 ppm) 18 19 
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For other components of the combustion gas, both the leak straight from the tank and 

the short pipe leak were examined and the short pipe leak was found more realistic. The 

results for sulphur dioxide were modelled first. The temperature of the scenario was set 

to -11 °C. The results of sulphur oxide are presented in Table 24. There are the two 

weather conditions with the biggest variation presented and Appendix M presents all the 

modelled weather conditions’ results. The biggest variation was between the 5 m/s wind 

at day (D) and 3 m/s at night (F). The dispersion at night was noticeable wider than the 

dispersion during the day.   

Table 24. Dispersion distances for AEGL-values of sulphur dioxide from a diesel pool 
fire of 60 m3.  

AEGL-values on height of interest 1.5 m 
5/D 
(m) 

3/F 
(m) 

AEGL-2: 10 min (0.75 ppm) 240 1100 

AEGL-3: 10 min (30 ppm) 30 130 

AEGL-2: 30 min (0.75 ppm) 240 1100 

AEGL-3: 30 min (20 ppm) 30 170 

 

Nitrogen dioxide was modelled the same way as sulphur dioxide. The temperature of the 

scenario was set to 20 °C and the scenarios were built the same way as in sulphur 

dioxide modelling. The results of nitrogen dioxide modelling are presented in Table 25.  

Table 25. Dispersion distances for AEGL-values of nitrogen dioxide from a diesel pool 
fire of 60 m3.   

AEGL-values on height of interest 1.5 m 
5/D 
(m) 

3/F 
(m) 

AEGL-2: 10 min (20 ppm) 40 170 

AEGL-3: 10 min (34 ppm) 30 130 

AEGL-2: 30 min (15 ppm) 50 120 

AEGL-3: 30 min (25 ppm) 40 150 

 

For benzene the scenario was modelled as for others and setting the temperature to 

80 °C, but as it can be seen from appendix M, there were no results for benzene. The 

height of interest was changed a bit to see the effect of it to the scenario and by setting 

the height of interest into 0.5 m, there were some results for benzene.  
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Table 26. Dispersion distances for AEGL-values of benzene from a diesel pool fire of 
60 m3.   

AEGL-values on height of interest 0.5 m 
5/D 
(m) 

3/F 
(m) 

AEGL-2: 10 min (2 000 ppm) - 1 

AEGL-3: 10 min (9 700 ppm) - - 

AEGL-2: 30 min (1 100 ppm) - 2 

AEGL-3: 30 min (5 600 ppm) - - 

 

3D models were produced of Sulphur dioxide, nitrogen dioxide and carbon dioxide. 

Benzene values were so low that the 3D model was not visible. While 3D modelling the 

3D viewer parameters view time had to be set to 30 minutes to be able to have the view 

of the dispersion after 30 minutes of spreading. Figure 31 illustrates the 3D model for 

sulphur dioxide.  

 

Figure 31. 3D model of sulphur dioxide dispersion. AEGL-2: 10 min and as black the 
weather condition 5/D 

3D models of nitrogen dioxide held the same form as sulphur oxide. The dispersion 

stayed relatively low and the shape of the cloud was narrow through the dispersion. 

4.2.3 Interview results of Bowtie 

The first interviewed client company used Bowtie diagrams in their facility. In the second 

interview, Bowtie was not used and not familiar as a concept. In the third interview the 

concept of Bowtie was known but not used in the company. 

In the first interview, for the clients who had used a Bowtie diagram before, the diagram 

for diesel leak scenario was taking more the form of a fishbone diagram and the visual 

presentation was different from the Bowtie diagrams they were used to. The right side 
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with the reactive protective measures was seen more detailed in this diagram than in the 

ones they have used before. The way of dividing the possible consequences into injuries, 

environment damage, financial loss and production interference was found helpful and 

useful. In the second and third interview, this diagram was found visually good and 

illustrating the scenario well. All of the clients  found the presentation of the proactive 

and reactive protective measures helpful. The right side of the Bowtie was received 

better than the left side and most of the clients said, that they have not described the 

mitigating protective measures in those details. (Appendix J) 

In the first and second interview, the same problem with the diagram came up. The 

diagram was missing the risk categories. While demonstrating the defining of the 

adequate safety measure, it would have been useful to write in the mitigating effect of 

the reactive protective measure to the risk category. In all the interviews, the increased 

work and knowledge to create the diagram was brought up. (Appendix J) 

In the first interview, the visual impression of the propylene Bowtie was received the 

same as the diesel Bowtie. For the Bowtie diagram of the propylene leak the problem 

was updating all the process details. The scenario was wide and held a lot of information 

and someone would have to keep the diagram updated after every risk analysis and 

check it to be sure that the diagram held all the same information as other systems so 

there would not be any mixed messages. The question following this was, if it is worthy 

to have another system to update and where to keep it so it is not wasted if it is done. 

The question of the depository of the diagram was also brought up in the third interview.    

The amount of effort put into producing this Bowtie came up in every interview. In all 

interviews, it also was said that the clarifying effect of the diagram is better in the simpler 

scenarios and this propylene scenario held a lot of details. In the third interview this 

version was still seen usable, but it demanded a lot of knowledge from the one creating 

the Bowtie and the one reading it. This presentation was still visually supporting the 

traditional table. (Appendix I) 

The most noticeable problem in the first interview was that the diagrams held too much 

details for the use with management and too little details for the use with operative 

personnel unless the operative personnel knew the system well. Even if one of these 

diagrams were attached to the common risk analysis describing the scenario, the 

diagram still would not be explaining enough. In two out of three interviews, the 

missing nodes, modes and LOC categories made the Bowtie diagram too general for risk 

analysis. Some guidewords were also missing or not as clearly presented, which made 

it more difficult to compare the information with HAZOP study. 
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In the second interview, the readability and the location of the boxes also could still be 

improved. The same comments came up about the missing risk categories also in the 

second and third interview. In both interviews, the Bowtie diagram was seen useful 

to illustrate some chosen hazards based on the risk categories. In the third interview, 

the idea of colouring the boxes to describe the risk matrix categories was discussed.  

The Bowtie was seen as a visual useful tool demonstrating different scenarios, and these 

models were seen to hold the informational value that was expected. Especially, in 

bowtie diagrams the mitigating protective measures were included well. As its form right 

now in these two diagrams, it was a useful tool for educational purposes for example to 

operative personnel in every interview. In the third interview, an application of utilising 

the Bowtie diagram in a HAZOP meeting was suggested. The idea was to create a bowtie 

of the scenario to the beginning of a HAZOP meeting and illustrate the course of the 

HAZOP study and the importance to write in the proactive and reactive protective 

measures.  

Two of the interviewed client companies could imagine using this kind of Bowtie 

diagram in the future. The client who had their own Bowtie diagrams, did not really see 

a lot of use for this version presented in this study. Bowtie can be used in many different 

situations, illustrating very different views to a same hazard. In every interview, it was 

discussed that the appearance of diagram completely depends on its purpose. Who do 

you want to present it i.e. what information is important to present., defines the content 

of the diagram. But the overall impression of the Bowtie diagram as a visual tool is seen 

as clarifying, because it demonstrated the chain of consequences adding the protective 

measures and connected the modelled scenario and the possible threats leading to it 

into one picture.  

4.2.4 Interview results of three-dimensional modelling  

For all the clients, consequence modelling was familiar and most run into consequence 

models in their work. Common reasons for modelling were legislation, risk assessments, 

layout planning for green field and brown field projects, estimating the possible domino 

effects and industrial hazards. The consultants interviewed also worked alongside with 

consequence modelling results. The other one knew more of the theoretical side of why 

to model and where to use them and the other one worked more with 3D modelling of 

structures and was familiar with the concept of consequence modelling.  
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First the previously done 3D illustration was presented. In every interview, the 3D 

structural environment was valued even if the picture was just 2D in Figure 19. 

3D dispersion modelling was found useful possibly for layout planning and defining or 

specifying the hazardous areas classification in all interviews. The 3D modelling of 

propylene leak with different parameters (Figure 28), did not demonstrate the impact of 

certain parameters better but that was mostly because of the appearance of the 3D 

picture. In all of the interviews, the models were not seen that useful in the coordinate 

without the actual 3D structures of the scenario. In the second client interview, the 

client said that 3D modelling the dispersion is not necessary because modelling is 

supposed to provide the client with a right size of magnitude which does not depend on 

millimetres. The client on the first client interview, found the next step of the scenario 

more interesting, where the cloud explodes and what are the pressure effects. 

The heat radiation models were presented (Figure 29 and Figure 30). The client in the 

first interview said that 3D heat radiation was something they have needed and wanted 

on some previous projects. For this client, the heat radiation as a 3D model was more 

useful because it was hard to estimate the heat radiation level to the surrounding 

equipment or pipes on the process area. In the second client interview 3D heat 

radiation models were not found useful for the company.  

In two out of three client interviews found the dispersion modelling more useful to 

illustrate the results and one the heat radiation levels, so this depended on the needs of 

the client. All clients and consultants agreed that the 3D picture was more 

informational than 2D, but 2D became more useful when the results were presented in 

a map or in the structures.  

For one client, 3D models were found useful in illustrating the impacts of the scenario 

for someone who had not been involved in the scenario but needed to understand the 

results. Another client wold use 3D models in internal education and with bigger leaks. 

With authorities, clients had different opinions. One client would use the 3D model to 

illustrate the impacts for authorities and another client thought it would be too unclear 

and not necessary. The consultants’ opinion of the 3D modelling was that it is part of 

the modern planning and these models here are promising raw versions but not yet filling 

the full potential of 3D abilities. 3D modelling was thought to have more value in the 

future while the software for it develops better. According to the consultants, there were 

already competition where a good 3D modelling was the decisive factor when choosing 

the consultants for a project.  
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In the interviews with clients, the defining the right parameters were brought up. The 

defining the right parameters was seen as the most important step in defining the 

scenarios because the models always work the same way. The starting information 

defined the outcome. All clients felt that, the client who ordered a consequence 

modelling usually had a vision what they wanted, for what and what was the scenario 

and that defined the need for the other visual presentations and outcome of the 

modelling. The optimal timing for modelling depended on the type of the project 

according to the consultants. There was certain foundation that had to be defined before 

there would be enough information to make assumptions for executing the modelling. 

This foundation depends if it was a green field or brown field project and what the 

modelling was meant for. Typical applications of consequence modelling were 

mentioned to be layout planning and affecting on the safety culture. The consultants’ 

opinion was that the easier the modelling is to execute, the sooner it could affect the 

layout planning. There was then the question of the trustworthiness of the models in 

general or the trustworthiness of the assumptions made to execute the modelling in the 

early stages.     
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5. DISCUSSION 

The aim of the study was to illustrate placement of consequence modelling in a risk 

analysis so, that consequence modelling could be included into the engineering process, 

as well as risk analysis. This was done by visually integrating the different parts of 

engineering process. In the Bowtie diagram, the risk analysis done by HAZOP study was 

used as foundation, the protective measures were illustrated to the threats they affected, 

and the scenario chosen as the possible worst-case hazard was set to the middle and 

modelled via Phast. The 3D viewer was used to produce the 3D models presented in the 

interviews and, they were seen as promising raw versions. The Bowtie diagram was 

seen as a useful visual tool, but it needed adjusting depending on the purpose of use for 

the certain Bowtie diagram presented. Bowtie diagram was seen as a visual tool that 

could be used to demonstrate multiple different points of view for one scenario. 

5.1 Trustworthiness of a qualitative research 

The clients were all interested in the subject, well-known with the basics of consequence 

modelling and from companies which had experience on the subject. The use of Bowtie 

diagram as a visual tool and the 3D modelling came from the consultants of the company 

who have been working on the subject actively. This study was executed with literature 

review and qualitative interviews. 

Trustworthiness of the qualitative research was evaluated in this study with the concept 

of qualitative Rigor. The concept of rigor was defined as the degree of accurate and 

through procedure. Rigor was an ongoing process during the research. Four criteria 

defined by Egon G. Guba, were presented to evaluate rigor in qualitative research: 

credibility, transferability, dependability and confirmability. [57] 

All interviews had same models and questions to confirm the credibility. In the interview 

invite the time reserved to the interview was an hour and, at the beginning of the interview 

the interviewees were asked if the interview could be recorded. This made it possible to 

focus on the interview and not the writing of notes and the parts of the interview could be 

used as referential adequacy material. The peer debriefing was also used, and, with the 

Bowtie diagrams, the modifications were done to improve the second Bowtie diagram for 

the interviews. The questions for the interview were asked so that they repeated the 

same pattern. Member checking was included, and the investigator repeated the 

summaries and findings for the interviewees during the interview. The credibility was also 
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double checked at the end of the study by comparing the results of qualitative interviews 

and literature review. [57] 

The transferability in qualitative research indicates the usability of the discoveries in 

this study to another similar study. In qualitative research, the generalisability is not as 

relevant as it is in quantitative research. The transferability of the study was considered 

while choosing the clients for interviews. The companies for the interviews were chosen 

based on client contacts and interest. With the results of this study, the interviewed 

companies were organisations with already a strong safety culture, which might influence 

the transferability of the findings. To guarantee the transferability of the study the 

companies interviewed should also have experience on hazardous chemicals. This study 

is considered to be transferable in the MAPs or safety report plants that have a need for 

consequence analysis. [57] 

Dependability is described as consistency of the discoveries. The study is considered 

to be dependable if the discoveries of the study could be discovered again. This study 

has been written with details to meet the criteria of dependability. In the scenarios chosen 

for this study, all the possible consequences were modelled. There were dispersion, heat 

radiation levels and overpressure waves. The scenario of diesel storage tank leakage 

leading to a pool fire, was a common scenario to model in industries. The scenario of 

propylene compressor leakage leading to an explosion was describing the difference 

between a situation in storage tank area and in process unit. The modelling of scenarios 

has been described with details in order to be able to execute these same scenarios 

later. [57] 

The discoveries in the study are solely formed based on the required information from 

subjects to  ensure the confirmability. To ensure confirmability is done by triangulation 

and reflexivity. Triangulation is described  as utilising different methods to confirm the 

investigator’s vision. Reflexivity is practiced by investigator  intentionally revealing their 

assumptions and conclusions based on it. To achieve confirmability, all the results of the 

study were based on the interviews or colleagues in the company. The questions for 

interviews were formed general and not leading towards certain answers to maintain 

objectivity. The interviews were conversational where the investigator could test some 

assumptions made of the methods. [57]  
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5.2 Discussion of the research questions  

The first research question was defining what consequence analysis and consequence 

modelling are and how are they used in companies. Consequence analysis was defined 

as the complete report including the consequence modelling and the protective 

measures. This was demanded by Tukes from all the safety report plants in Finland 

[21][28]. The scenarios chosen to the consequence analysis came from the risk 

identification of risk analysis such as HAZOP. The consequence modelling was 

necessary to be able to estimate the impacted areas outside of the factory area [21]. To 

answer, how the consequence analysis and consequence modelling are used, the clients 

were asked in the beginning of the interview why and to what have their companies 

needed or used consequence models. Consequence models were executed mostly 

because of the legislation, but for some companies the consequence models were also 

utilised for rescue plans and already included into the predesign phases. All the 

interviewed clients worked in plants that were categorised as safety reporting plants. The 

companies were obligated to execute consequence models, but they all were interested 

in exploiting the models more. This validated the information found from the literature but 

also brought up the use of consequence modelling in the internal education. This 

supported the original need for the study, that consequence modelling was more than 

just a legally demanded report and, based on the interviews, the companies were also 

interested in using the executed models in their own internal development.  

The second research question was for finding methods to illustrate the choosing of the 

hazardous event for consequence modelling from the risk analysis. Bowtie was found 

useful and the illustration of protective measures was appreciated. 3D modelling was 

seen as a good idea and useful in certain scenarios, but with the software in use right 

now, it did not bring a lot of additional value to the results compared to the 2D models in 

a map or in the 3D structures. The Bowtie diagrams and 3D were found as useful tools 

to illustrate the consequence modelling and its impacts. In general, the visuality of the 

consequence modelling and the analysis was appreciated in the interviews, and 

improving it was found interesting. The Bowtie diagram was found as a good method to 

illustrate the relation of HAZOP study and consequence modelling, but it was not 

considered profitable to create a diagrams for all the possible consequences in a process 

unit. One way to choose the scenario to illustrate in the diagram would be by the 

suggested risk categories mentioned in the interviews. Then the Bowtie diagram could 

be used to only illustrate the major hazard scenarios.  
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To look more deeply into the illustrated Bowtie diagrams, the diesel leak scenario was 

seen more simple, prettier, and more understandable. That brought up a question if that 

kind of scenario, which was already described as simple, needed a visual presentation 

form or was it already understandable. For the propylene leak scenario, two clients still 

found it supporting the traditional HAZOP table form of the risk analysis. Even if it had 

multiple threats and protective measures, the visual presentation was valued. The 

biggest question with the propylene scenario was the effort to put into forming the Bowtie. 

It was asked in the interview, if there was a way to form the Bowtie at the same time with 

the HAZOP table. This is something that could be examined in the future.  

3D models were found helpful, but the usefulness of dispersion and heat radiation 3D 

models divided opinions. The usability of the 3D models in the future were linked straight 

into the needs of clients. Some clients appreciated the visual 3D model as they were in 

these models but all of them preferred a 2D model on a map to a 3D model in the 

coordinate. 3D models were seen useful right now as illustrating versions in addition with 

the 2D models on a map. Overall, the 3D models were seen important in the future and 

the full potential of them is not yet discovered in these models. In the interview of the 

consultants’, the developing 3D models was seen crucial and necessary for maintaining 

the competitiveness in consequence modelling. To upgrade the presented 3D models, 

the importing the 3D model into the 3D structures was seen as the best option. This 

possibility was examined already during this study and there were complications with the 

scale of the 3D structures and locating the right release location on Phast software. 

Unfortunately, this issue was not solved during the study. The explosion 3D model was 

highly interesting for clients so the work with the 3D explosion model will continue after 

this study.   

The third research question was about finding the optimal moment for modelling and 

a clear answer for that was not found. It depended on the type of the project, if it was 

green field or brown field and the demands of legislation mostly. In the green field project, 

the modelling was seen useful to execute quite early to affect in the layout planning and 

the possible consequences to it, based on the safe limits and the executed consequence 

model could be updated while the parameters become more specific. But to be able to 

execute the modelling, there needed to be enough information already of the project 

such as equipment, materials, flow charts etc. to be able to make a trustworthy model. 

The optimal timing for modelling was also examined based on the important necessary 

parameters and the assumptions. The assumptions done in these models are presented 

in Table 27. These assumptions were done to be able to execute the modelling in Phast 
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software. The first assumption for the propylene leakage, was the equipment used for 

modelling, which was a long pipe leak based on the experience of consultants in the 

company. The size of the orifice of the leak was not known for the scenario. The effect 

of two different orifices in the scenario was examined to find the worst-case scenario. 

The chosen orifice was the one with the bigger amount of flammable gas.  

Table 27. Assumptions done in executing the consequence models. 

Scenario 
Phase of 

modelling 
Assumption Why? 

Propylene leak 

Discharge 

Equipment: long 
pipe leak 

No exact match 

Orifice of the pipe: 
6 mm and 12 mm 

Testing the effect of almost 
full flange leak and half 
smaller flange leak 

Explosion 

Assumed an ignition 
source 

To goal was to cause an 
explosion 

Source strength: 8 Based on the tables but still 
an assumption 

Process hall volume: 
1500 m3 

Assumption of the confined 
space for calculation 

Diesel leak 

Pool fire Safety bund Fictional but mandatory with 
storage tanks 

Combustion 
gas 

Fuel composition For the combustion 
calculations 

Temperatures of the 
components 

The calculations did not run 
with the estimated 
temperature of the fire 

Equipment: short 
pipe leak 

The leak did not give as 
much results 

Equipment for 
carbon dioxide: 
Pressure vessel 

Did not run without pressure 
and pressure was not able 
to add to the same 
equipment 

 

For the propylene compressor explosion, it was assumed that there was an ignition 

source within two meters of the leak. In Phast, the explosion modelling needed the 

source strength number which was estimated to be 8 from the tables and based on the 

“Yellow Book” [37]. The volume of the process hall was also necessary to estimate so, 

that the calculation was able to run via Phast.   
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For diesel leak scenario the safety bund was assumed to be the size that fulfil the 

demands of standard SFS 3350:2016 [24]. The composition of diesel was assumed to 

be the one presented by the International Energy Agency (IEA) Advanced Motor 

Fuels [55]. But, the composition of diesel in consequence modelling does not vary so 

much that it affects the results of heat radiation levels. The composition of diesel was 

important for the components of combustion gas modelled. The necessary assumptions 

done for executing the combustion gas modelling started from choosing the equipment, 

and the temperatures to be able to run the calculations. The biggest assumption for the 

combustion gas modelling was the temperatures of the substances in the scenario. The 

boiling points were noticeably lower than the estimated temperature of the fire, which 

probably affected the shape and the height of the cloud in 3D model. The cloud stayed 

quite low in the model which presumably is not the reality. Evaluating the trustworthiness 

of the results gotten from Phast software demands knowledge and experience of the 

behaviour of chemicals under certain circumstances.   

5.3 Discoveries of the research 

The focus point of the research was to improve the visual presentation of the 

consequence modelling and illustrating the placement of consequence modelling in a 

risk analysis. The optimal moment for modelling was not defined but some necessary 

parameters and information was found according to the consultants. Also, the necessary 

parameters for Tukes recommendations were collected in this study and later presented 

as a PowerPoint presentation. For a thorough analysis of the optimal moment for 

different types of green field and brown field projects, the subject should be researched 

in the future. 

Using the Bowtie diagram was found helpful illustrating different things depending on 

what was the purpose of the Bowtie. The limitations of the Bowtie diagram were in line 

compared to the limitations of HAZOP study, which was used as the foundation of the 

diagram. Creating the Bowtie diagram with a complex scenario, demanded the 

knowledge of the HAZOP study and the scenario in question. The Bowtie was found to 

be a useful method, but the purpose of it defines which information is valid for the 

diagram. For example, internal education purposes, the Bowtie demands risk categories 

and the mitigating effect of it, the positions and other detailed knowledge of the process. 

For the management, the Bowtie could be used also in investment purposes to 

demonstrate only the effect of certain protective measures on a certain threat, but for 

this the Bowtie should hold only the necessary information financially and not detailed 

process information. The different purposes of use for Bowtie and a general informational 



83 

 

structure could be one possible research subject in the future. To further develop the 

Bowtie diagram to illustrate the relation of consequence modelling and the risk analysis, 

the Bowtie diagrams could be first applied only to major hazard scenarios. 

One suggested application was the use of a raw version Bowtie diagram as a “warm up” 

in a HAZOP study to set the minds more towards the safety culture for the participants, 

which was found surprisingly accurate with the information of the article “Bow‐tie 

diagrams in downstream hazard identification and risk assessment”. The article stated 

that the use of the Bowtie diagram had been found to improve the ability of participants 

to evaluate the risk categories more realistically, because the location and the effect of 

protective measures were seen visually [12]. This could give a clearer image for clients 

in the HAZOP meeting of the risk analysis procedure. This could be research in the 

future.  

Producing 3D models via Phast was discovered during this study, but the form right now 

was not enough to displace the 2D models on a map. The current 3D models could be 

used besides 2D models as an extra but the informational value of them is not high. The 

development of the Phast 3D model continues from examining the importing of the CAD 

model which was not succeeded in this study. The future of consequence modelling is 

believed to be in 3D models which are imported to the 3D structures of the plant.  

 

3D viewer in Phast cannot model explosions at all in its current state. However, modelling 

the overpressure wave of the explosion was found as an interesting subject to research 

more and a 3D explosion model was drawn into 3D structures in cooperation with a 

design engineer after the interviews. This model is presented in Figure 32. The 

information needed for drawing was imported to Excel form Phast. The research with this 

model will continue to improve the cooperation of design and HSE engineers for 

executing this 3D model. The work with 3D models will continue because it was proven 

in this study to be an important and interesting subject for future.   
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Figure 32. 3D model of the propylene leak leading to an explosion created after the 
interviews. 1. is the location of the ignition source, 2. is the overpressure impact 30 
kPa, 3. is the overpressure impact 15 kPa, 4. is the overpressure impact 5 kPa and 
5. is the starting point of the propylene leak. 

 

The finding of the optimal timing was an ambitious objective and one optimal general 

moment could not be defined based on this study. This was not the main point of the 

study, so it was not stressed in the interviews. The assumptions in this study were also 

considered as discoveries of complications in modelling process, where the situation is 

not defined completely, and all necessary information is not available. Some of the 

assumptions presented in Table 27 were also answering to the question of the necessary 

information demanded for consequence modelling. An important part in consequence 
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modelling is also remembering the limitations of it, and that the results are never the 

absolute truth. Based on Table 27, there were a lot of assumptions to be done just to be 

able to execute one scenario of consequence modelling. Modelling demanded many 

different calculations while trying to find the most realistic worst-case scenario. The 

problem with timing the modelling is to have enough of information and to still be able to 

affect the engineering phase of the project if necessary. One way working through this, 

is to model “raw versions” at the beginning to give some guidelines of the safe distances 

and update them when there is more information available.  All these factors influenced 

the consequence modelling results. In general, the critical evaluating of the consequence 

modelling results is needed every time from the consultants.  

Based on the interviews, 3D models are not valuable without the 3D structures, so the 

focus in the future should be on the 3D models in 3D structures. Especially, the 3D 

explosion models were in the clients’ interest. The future research for this already started 

with the 3D explosion model presented in Figure 32 and developing this will continue 

after this study. This study examined the 3D-viewer feature in Phast 8.2., which had not 

been used in modelling scenarios in advance. The feature in the software can be useful 

in the future if the CAD models can be imported to the software in the right scale. This 

would make modelling scenarios into the 3D structures much easier and bring a new 

level to the consequence models in use in the company. Examining this possibility should 

also continue after the study.  

The Bowtie diagram was well-received in the interviews, but not as informational yet, as 

it was hoped to be. The goal was to create the Bowtie diagram to ease the understanding 

of the chosen scenario for the consequence modelling, but it seemed to be more helpful 

in conceptualising the positions of the protective measures. The importance of the right 

content in the Bowtie must be researched more, if the diagram is wanted to be useful in 

the original purpose. The biggest lack of the diagram was the risk categories, which 

would also be useful in justifying the chosen scenario based on the diagram. There was 

interest in also demonstrating the major hazard scenarios with the Bowtie diagram for 

authorities. Most of the clients, who use consultant companies, such as AFRY, are 

working with authorities. In the future, the use of Bowtie diagram should be investigated 

with authorities. If authorities appreciate the visuality and find it illustrating the scenario 

and the protective measures well, the use of  bowtie diagram would be more valuable 

for clients working with authorities.  
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6. CONCLUSIONS 

Clients find visuality important in reports in general. The safety related issues can be 

sometimes difficult to understand, and in many of the interviews, it was mentioned that 

these models created in this study, could be used to illustrate the situation to someone 

who does not understand as much of the concept, or is familiar with the details of the 

scenario. This study focused only examining the additional value of these methods for 

clients as an interest group. The other important interest group would have been 

authorities. Most of the consequence analysis are made because of legislation for 

authorities, when applying for permits or designing the layout to the facility. If the 

authorities found these visual methods more useful and helpful in their work, it would 

also bring more additional value to the methods for clients.  

Right now, this study focused more on the opinion of the clients, who did consequence 

analysis for authorities but also to their own use. One point of view was also to make the 

choosing of the hazardous event based on the risk identification of risk analysis more 

understandable for the clients themselves, and that way bring the consequence 

modelling closer to the engineering process in general. This drew the attention to the 

content of the Bowtie diagram. Illustrating the exact preventive and mitigating effect of 

every protective measure, for a certain threat, was found helpful and useful. It was found 

to describe the adequate protective measures well. Bowtie diagram was also found 

visually pleasant, and it could be used beside the traditional HAZOP table. Multiple 

different ways to use a Bowtie diagram were discovered in the interviews, which proves 

the method useable for different purposes in the future. The additional work Bowtie 

diagram demands, to create and to keep updated, was noticed in every interview, thus 

in the future, the possibilities of producing the Bowtie beside the HAZOP study should 

be examined.  

The main reasons for executing the consequence models were the Tukes 

recommendations based on legislation. The companies interviewed were still good 

examples of utilising the consequence models also in their own layout planning, rescue 

practices, and internal education. This shows the companies interest in using these 

consequence analysis and models for other purposes than legislative.  

Safety visualisation has been under development in many ways and there are a lot of 

expectations. Illustrating the incidents and their consequences in 3D pictures, 3D videos 
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of the incident for training, 3D models of plants in VR, and AR for walking in the actual 

site and seeing the effect of the incident in 3D, are the future. These all can be produced 

already, and now the question was the additional value they bring to the clients compared 

to the 2D models with the tools in use at this moment. The 3D models presented in this 

study were valued, but as it was said in the interviews, they need to develop a bit more 

before they reach their true value. The examination of producing 3D models with the 

tools in use showed the difficulty of creating, for example, a video of a modelled incident. 

Clients did see the advantages of 3D, but 3D modelling was not yet seen a necessity.  

When the technology evolves, the possibility of using only 3D models must be 

considered, and the developing of the 3D models must continue after this study.  3D 

modelling is a part of the future in consequence modelling. The safety visualisation, VR 

and AR, demands 3D models, if the impact of consequences were used as input to the 

3D structural models and used in videos, for example, to safety training. One solution for 

executing 3D models into 3D structures, with the tools in use at this moment, could be 

to create a directive for drawing the 3D model in cooperation with the design engineers. 

The directive could be done in a further study based on the drawn 3D explosion model. 

In the future, the examining of the 3D models should continue, via the Phast 8.2.  

software or the directive in cooperation with a design engineer. This study focused only 

to the additional value for the clients, but in the future, the study should include the 

financial aspect. The financial value of the created 3D explosion model was not yet 

defined, because it was unclear how much time executing it actually takes, when the 

guidelines for the procedure are already done. The same aspect should be considered 

with the Bowtie diagram. One important research for the future would be to include the 

authorities and find out, if they feel the need for a visual tool and what it should include 

to be informative for them. Producing a model, that authorities recommended and valued, 

would be beneficial for clients, authorities and consults.   
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APPENDICES 

Appendix A: Graphs of Hottel (1967) 

 

 

 



 

 

Appendix B: M-E method blast chart: peak side-on 
overpressure 

 

 

 

 



 

 

Appendix C: M-E blast chart: peak dynamic pressure 

 

 



 

 

Appendix D: M-E blast chart: positive phase duration and blast-
wave shape 

 

 



 

 

Appendix E: Emissions of air toxics from burning of liquid fuels 

 

 



 

 

Appendix F: Questions for client interviews  

 
 
Yleinen käsitys mallinnuksista / mallintamisesta / oma tausta aiheen parissa: 
- Mikä on roolisi töissä? 

- kuinka tuttuja seurausmallinnukset/simuloinnit/leviämismallinnukset ovat?  

- tuleeko usein vastaan työssäsi? 

- Miksi teillä teetetään mallinnuksia?    

BowTie visuaalisena työkaluna perinteisen riskinarvioinnin tukena:  
- Yleinen käsitys menetelmästä? Entuudestaan tuttu? 

1) Kummallekin skenaariolle: 

o Yleisvaikutelma 

o Hyviä puolia? 

o Huonoja puolia? 

o tuntuuko selventävältä vrt. tavallinen riskien arviointi taulukointi?  

2) Kummallekin skenaariolle: 

o Yleisvaikutelma 

o Hyviä puolia? 

o Huonoja puolia? 

o tuntuuko selventävältä vrt. tavallinen riskien arviointi taulukointi?  

- yleinen kommentti menetelmän toimivuudesta kummassakin tapauksessa?  

- ostaisitko tämän lisäksi? 

- Voisiko tätä parantaa jotenkin? 

3D mallinnukset (Yleinen mielipide): 
- Onko entuudestaan tuttuja?  

- Onko ollut tarvetta 3D malleille muuten? 

Leviämismallinnus 3D Phast (räjähdyskelpoisen ilmaseoksen hahmottaminen):  
- Yleisvaikutelma mallista:  

- Selventääkö kuvat eri parametrien väleillä olevia eroja? Tuoko tämä lisäarvoa 

mallinnukseen? 

- Olisiko hyödyllinen 2D mallinnuksen tukena? 

Lämpösäteily 3D Phast: 
- yleisvaikutelma: 

- Olisiko hyödyllinen 2D mallinnuksen tukena? 

- Selkeämpi vai sekavampi?  

Kysymykset 3D tulosten näyttämisen jälkeen:  
- Ehdotuksien jälkeen, näkeekö 3D mallintamista hyödyllisempänä työkaluna?  

- Tuleeko mieleen tilannetta, jossa 3D mallinnusta olisi voinut hyödyntää? 

Loppukysymykset: 
- Mielipide näistä ehdotuksista? Onko visuaalisuus tärkeää/helpottavaa raportissa? 

- Onko jotain muuta jota mahdollisesti haluaisi alleviivattavan mallinnuksissa tai niiden 

käsittelyssä? 

- Olisitko valmis maksamaan 3D tuloksista 

- Sana aiheesta vapaa, jos tulee jotain mieleen! 

 

 



 

 

Appendix G: Questions for consultant interviews  

 
 
 
 
Yleinen käsitys mallinnuksista / mallintamisesta / oma tausta aiheen parissa: 
- Minkä parissa teet töitä? / Mihin osastoon kuulut?  

- Mitä työn kuvaasi kuuluu ja miten liittyy seurausmallinnuksiin?  

- Missä kohtaa projektia seurausmallinnus olisi kannattavinta tehdä, jotta projekti etenisi 

mahdollisimman hyvin? 

 
- 3D mallinnukset (Yleinen mielipide): 

- Onko entuudestaan tuttuja?  

- Oletko tehnyt 3D malleja seurausmallinnuksista / leviämismallinnuksista / 

simulaatioista? Jos olet, millä ohjelmalla? 

- Oletko siirtänyt 3D mallinnuksia 3D malleihin? Jos olet, miten? 

Räjähdys 3D Phast (räjähdyskelpoisen ilmaseoksen hahmottaminen) : 
- yleisvaikutelma 

- onko informatiivisempi kuin aikaisempi 2D mallinnus?  

- Selkeämpi vai sekavampi?  

Lämpösäteily 3D Phast: 
- yleisvaikutelma 

- onko informatiivisempi kuin aikaisempi 2D mallinnus?  

- Selkeämpi vai sekavampi?  

Kysymykset 3D tulosten näyttämisen jälkeen:  
- Ehdotuksien jälkeen, näkeekö 3D mallintamista hyödyllisempänä työkaluna?   

- Tuleeko mieleen tilannetta, jossa 3D mallinnusta olisi voinut hyödyntää? 

- Minkälainen työ on siirtää mallinnustulokset 3D muotoon?  

- Onko Phastin 3D / Slab 3D malleista parempi siirtää tulos kuin 2D malleista, jos 

tiedostomuoto ei silti salli suoraan import / export?  

Loppukysymykset: 
- Mielipide näistä ehdotuksista? Onko visuaalisuus tärkeää raportissa? 

- Onko jotain muuta jota mahdollisesti haluaisi alleviivattavan mallinnuksissa? 

- Sana aiheesta vapaa! 



 

 

Appendix H: Bowtie diagram of propylene incident via Visio 

 

 



 

 

Appendix I: Bowtie diagram of propylene incident via Excel 

 



 

 

Appendix J: Bowtie diagram of diesel incident via Visio 

 



 

 

Appendix K: Bowtie diagram of propylene highlighted scenario 

 



 

 

Appendix L: Combustion gas Excel sheet 

Volume of 

the tank
Density

m3 Kg/m3 C H O+N S Upper Lower

Diesel 60 845 86 13,4 0,5 0,1 46 42

100

Starting 

products
Mass (kg) Mass-%

Molar weight 

(kg/kmol)

Amount of 

substance 

(kmol)

need for O2 

(kmol)

C 43602,000 86,0000 12,011 3630,172 3630,172

H2 6793,800 13,4000 2,016 3369,940 1684,970

S 50,700 0,1000 32,020 1,583 1,583

O2 126,750 0,2500 31,999 3,961 -3,961

N2 126,750 0,2500 28,013 4,525 9,049

H2O 76,050 0,1500 18,020 4,220 -

Combined: 50776,050 - - 7014,402 5321,814

kmol

C 3630,2 3630,17 - - -

H2 3369,9 - 3369,94 - -

S 1,6 - - - 1,58

N2 4,5 - - 9,05 -

H2O 4,2 - 4,22 - -

Combined: 7010,4 3630,17 3374,16 9,05 1,58

Combustion 

gas
CO2 H2O NO2 SO2

Amount of 

substance 

(kmol)

3630,17 3374,16 9,05 1,58

Molar mass 

(kg/kmol)
44,01 18,02 46,0055 64,06

Mass of the 

substance 

(kg)

159764 60802 416 101

C6H6 määrä 51815,40000 g 51,8154

korjattu CO2 3454,99983 kg

NO2

Composition (mass-%)

Heat of 

combustion 

(MJ/kg)

SO2

Starting products
CO2 H2O

The fuel

 



 

 

Appendix M: Modelling results of combustion gas components  
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