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ABSTRACT 

The potential harm and asset damage from a grain dust explosion 
have been known for many centuries; however, knowing about an issue 
is not the same as properly understanding and adequately addressing 
the challenges. The authors draw on their complementary experience in 
dust hazard analysis (DHA) application and bowtie implementation to 
present a novel approach to scenario visualization and asset manage-
ment using bowties. Just as a conventional HAZOP or process hazard 
analysis subdivides the process into nodes, the DHA breaks the plant 
into sections that are systematically challenged to determine if explo-
sion or fire hazards exist. For dusts, this includes identification of com-
petent ignition threats. Subsequent evaluation is conducted to deter-
mine which are prevented and/or mitigated by safeguards specific to 
each threat and consequence. Risks are assigned and actions issued as 

per a normal hazard analysis; however, the graphical presentation of the 
ignition scenarios and safeguards and the illustration of potential ig-
nited particles that can travel and ignite within downstream equipment 
offer significant communication benefits. This can be particularly help-
ful in facilities or countries where English and/or risk are not the pri-
mary language or familiar terminology. This paper will show how bow-
ties are an effective tool to engage less technical stakeholders and offer 
a robust framework to ensure the health (presence and performance) of 
the assumed or planned human and hardware controls that must be 
sustained to provide the necessary risk reduction. In summary, this 
novel approach evolves analysis into an operational framework to en-
sure that the ignition risks are better understood and the controls are 
properly implemented, operated, and maintained.

 

Combustible Dust Hazard Analysis 

In addition to a respiratory irritant and a health issue, grain 
dust is a fire and explosion hazard with the potential to cause 
fatal injuries and/or significant asset damage. 

Figure 1 shows the progression from fire to flash fire to ex-
plosion for combustible dusts. These hazards exist in dust pro-
cessing equipment and in building spaces where dust is escap-
ing equipment. To prevent the realization of these unwanted 
events, one of the elements of the original fire triangle needs to 
be removed. Although explosions are the most destructive, flash 
fires often result in fatalities, and having one of these events can 
trigger secondary events.  

Dust hazard analyses (DHAs) are conducted to identify and 
assess dust flash-fire and explosion hazards in both process 
equipment and building spaces. Like process hazard analyses 
(PHAs), many methodologies are available for completing 
hazard identification and assessment of dust hazards. Most 
involve recording of the discussion in a spreadsheet format. 
Visual DHAs (bowties) are a novel approach to scenario vis-
ualization that can simplify communication of DHA results, 
elevate appreciation of safeguards (barriers), and improve the 
management of change (MOC) process.  
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Figure 1. Progression of combustible dust hazards from fire to flash 
fire to explosion. 
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At present, most applications involve development of bow-
ties for higher hazard scenarios after a more traditional hazard 
analysis has been completed. This paper will present bowties as 
developed from traditional DHA records.  

Regulations 

In the United States, the Occupational Health and Safety Ad-
ministration (OSHA) does not have a comprehensive combus-
tible dust standard. They rely on existing related regulations and 
recognized and generally accepted good engineering practices. 
The most widely applied of these standards are from the Na-
tional Fire Protection Association (NFPA). Both the fundamen-
tal standard NFPA 652 (12) and the industry-specific standard for 
agricultural and food processing, NFPA 61 (11), require DHA 
of dust-handling operations. (The 2020 edition of NFPA 61 re-
quires DHAs of existing processes and facility compartments 
involving bucket elevators, conveyors, grinding equipment, spray 
dryers, and dust collection by January 1, 2022. Reasonable pro-
gress on a yearly basis shall be demonstrated. Significant 
modifications and new construction require DHAs as part of 
the project.) The NFPA does not specify a DHA technique to 
be adopted; however, one example is provided and several 
commonly applied hazard analysis techniques listed in the ap-
pendix. In their recent paper, Murphy and Borene (9) detail 
the NFPA requirements for conducting DHAs and present a 
typical DHA process. As presented in that paper, NFPA speci-
fies the following: 
 Apply dust characteristics of materials representative of the 

dust present. 
 Use a qualified person to lead the DHA. 
 Identify and evaluate the process areas where fire, flash 

fire, and explosion hazards exist. 
 Address potential intended/unintended transport of ma-

terials between parts of the process and due to fugitive 
dust emissions. 

 Address deflagration propagation between parts of the 
system. 

 Consider as a fire hazard each part of the process that 
contains a combustible particulate solid and can poten-
tially include an oxidizing atmosphere and a credible ig-
nition source. 

 Consider as a dust deflagration hazard each part of the 
process that contains a combustible particulate solid and 
can potentially include an oxidizing atmosphere, a cred-
ible ignition source, and a credible suspension mecha-
nism. 

 Evaluate buildings/compartments where combustible dust 
is present. 
 Address potential combustible dust migration between 

buildings or compartments. 
 Address potential deflagration propagation between 

buildings or compartments. 
 Consider as a fire hazard building spaces that contain 

dust and can potentially include an oxidizing atmosphere 
and a credible ignition source. 

 Consider as a dust deflagration hazard building spaces 
that contain dust and can potentially include an oxidizing 
atmosphere, a credible ignition source, and a credible 
suspension mechanism. 

 Compare actual or intended dust accumulation to the 
threshold housekeeping dust accumulation that presents 
a potential for flash fire or explosion. (The threshold 
housekeeping dust accumulation is 1/8 in over 5% of 
the footprint area for agricultural and food processing 
facilities.) 

 Identify safeguards. 
 Recommend additional safeguards, as necessary. 
 Document the results, including action items and a plan for 

implementation. 

Regulatory Deadlines 

In the United States, the deadline for most facilities to com-
plete a DHA is September 7, 2020, in accordance with NFPA 
652, Standard on the Fundamentals of Combustible Dust (12) 
and the associated industry-specific standards. For agricultural 
and food processing facilities, DHAs are required of existing 
processes and facility compartments involving bucket elevators, 
conveyors, grinding equipment, spray dryers, and dust collec-
tion by January 1, 2022. Reasonable progress on a yearly basis 
needs to be demonstrated.  

DHA Elements 

NFPA states that a DHA is intended to identify and evaluate 
areas of the process or building spaces where fire, flash fire, 
and explosion hazards exist. Once identified, they are to be 
evaluated for applicable fire and deflagration scenarios, in-
cluding: 

1. Safe operating ranges 
2. Existing safeguards 
3. Additional safeguards, as needed 
Like all hazard analyses, an identification method is em-

ployed to identify hazards. Once identified, causes and conse-
quences are postulated to define scenarios. In the case of com-
bustible dust, these would focus on fire, flash fire, and explosion 
scenarios. Existing safeguards are identified and evaluated for 
their ability to manage these events and remove or limit the con-
sequences. Where existing safeguards are deemed inadequate, 
additional safeguards are recommended. Finally, a plan for im-
plementation is put together. The process is depicted in Figure 
2. An implementation plan is typically completed after the haz-
ard analysis step and is not shown in the hazard analysis flow 
diagram. 

Hazard Identification Methods 

Many methods exist to identify dust hazards. Typical identi-
fication methods include: 
 What-if/checklist 
 Hazard and operability study (HAZOP)  
 Event tree/fault tree 
 Failure modes and effects analysis 

Figure 2. Hazard analysis flow. 
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Due to the straightforward operation of combustible dust han-
dling equipment, a checklist approach is often employed to 
identify hazards. Such a checklist can be based on specific re-
quirements and recommendations found in several reference 
documents (e.g., NFPA codes and standards, Center for Chemi-
cal Process Safety [CCPS] Guidelines for Safe Handling of 
Powders and Bulk Solids [6], CCPS Guidelines for Combus-
tible Dust Hazard Analysis [3], and Lees’ Loss Prevention in the 
Process Industries [8]). 

CCPS Guidelines for Risk Based Process Safety (5) states “A 
company that uses its risk and understanding is better able to 
deal with the resultant risk, and subsequently, sustain long-term, 
accident-free, and profitable operations.” DHAs are the first 
step in the risk assessment process. 

Application of Bowties 

Purpose of Bowtie 

A “bowtie” is a diagram that visualizes the risk you are deal-
ing with in just one easy-to-understand picture. The diagram is 
shaped like a bowtie, creating a clear differentiation between 
proactive and reactive risk management. The power of this type 
of diagram is that it gives you an overview of multiple plausible 
scenarios, in a single picture. In short, it provides a simple, vis-
ual explanation of a risk that would be much more difficult to 
explain otherwise. 

Bowtie diagrams are now commonplace in understanding and 
managing process safety risks, particularly associated with major 
accidents. Historically, they have been applied most frequently in 
the chemical, petrochemical, and oil and gas industries but are 
equally applicable in all industries (e.g., transport, mining, en-
ergy, finance, or healthcare) and can be used to manage all risks 
(effect of uncertainty on objectives) including safety, environ-
mental impact, asset damage, or loss of reputation. 

Bowties demonstrate how hazards are controlled and illus-
trate the links between controls (barriers) and the relevant com-
ponents of the safety or risk management system.  

Methodology 

The bowtie diagram is based on the concept of the “swiss 
cheese model” developed by James Reason (14). This model il-
lustrates system failures that can be addressed by controls 
(barriers) represented by swiss cheese slices, which are intended 
to provide “defense in depth.” 

We assume that we are adequately protected because robust 
controls stand between us and the hazards (Fig. 3), yet the real-
ity is that these controls are imperfect, as illustrated in Figure 4. 

Barriers have weaknesses that are either inherent (i.e., always 
present) or are active failures created during the scenario that, 
when aligned, allows the “accident trajectory” to pass through 
the holes. This model has evolved into the familiar and increas-
ingly popular bowtie diagram, which allows multiple trajecto-
ries (cause-consequence relationships) to be visualized on the 
same diagram. 

The components of a bowtie diagram are summarized as fol-
lows: 
 Hazard = operation, activity, or material with potential to 

cause harm 
 Top event = initial loss of control of hazard 
 Threats = potential reasons for loss of control of the hazard 

leading to the top event 
 Consequences = negative effects (harm or damage) that 

could result from top event 
 Barrier = engineering or administrative risk reduction 

measure 
 Prevention 
 On its own can prevent a threat from developing into a 

top event 
 Eliminate the threat 
 Prevent the top event 

 Mitigation 
 On its own can mitigate the consequence of the top event 

once it has occurred 
 Prevent consequence (likelihood) 
 Reduce impact (severity) 

Barriers can be hardware, human, or combinations of both 
that are implemented and operate as follows: 
 Passive hardware 
 Always present (e.g., structural or containment) 

 Active hardware 
 Automated response to detection (e.g., control action 

or trip) 
 Active hardware + human 
 Human response prompted by hardware detection (e.g., 

alarms) 
 Hardware response prompted by human detection (e.g., 

manual call point) 
 Active human 
 Human response prompted by observation (e.g., walk 

around and intervention) 
 Continuous hardware 
 Always operating (e.g., ventilation) 

These components are assembled into scenarios that are read 
from left to right, as shown in the overview in Figure 5 (with good 
practice guidance from the CCPS bowtie book [2]): 

Figure 4. Swiss cheese model (imperfect). Figure 3. Swiss cheese model (perfect). 
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A top event may have several consequences (safety, environ-
mental, asset, etc.) that result from it and several threats (e.g., 
equipment failures, environmental influences or operational is-
sues) that could cause it. 

Application to DHA 

Just as a conventional HAZOP or PHA subdivides the process 
into nodes, the DHA breaks the plant into systems that are sys-
tematically challenged to determine if explosion or fire hazards 
exist. For dusts, this includes identification of competent igni-
tion threats. Subsequent evaluation is conducted to determine 
which are prevented and/or mitigated by safeguards specific to 
each threat and consequence. 

Annex B of NFPA 652 (12) provides an example DHA of a wood 
milling process. Wood chips are brought in via rail car and trailer 
truck, unloaded, and pneumatically conveyed into a storage silo, 
transported through a screw conveyer to a size reduction mill, and 
further processed for product delivery. The DHA is applied to each 
process component and is documented in paragraph format. Figure 
6 shows how the results of the evaluation of the first node, offload 
duct to offload fan, would look in a simple bowtie representation.  

A more detailed example appropriate to the handling of brew-
ing grains is discussed later in this paper. 

In the manner presented in Figure 6, each DHA node (major 
asset or sub-system) is represented by a separate bowtie with 
the credible/competent ignition sources represented as threats 
(e.g., from EN 1127-1 [1]). To simplify the documentation of 
ignition sources, these can be coded to make the diagrams con-
cise: 
 AC = adiabatic compression and shock waves 
 EA = electrical apparatus 
 EC = stray electric currents, cathodic corrosion protection 
 EW = electromagnetic waves 
 EX = exothermic reactions, including self-ignition of dusts 
 FL = flames and hot gases (including hot particles) 
 HS = hot surfaces 
 IR = ionizing radiation 
 LT = lightning 
 MS = mechanically generated sparks 
 RF = radio frequency electromagnetic waves 
 SE = static electricity 
 US = ultrasonics 

Figure 5. Bowtie model. 

Figure 6. Basic dust hazard analysis of a process unit. 
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Hazard data can be added to the diagram including: 
 Material and properties 
 Safe operating range 
 Deflagrable (yes/no) 
 Suspended in air (yes/no) 
 Above minimum explosive concentration (yes/no) 
The potential effects of an uncontrolled ignition (some pro-

cesses involve controlled ignition, e.g., biomass fuel) include fire, 
flash fire, or explosion that result in fatality, injury, and/or prop-
erty damage (including business interruption). These can occur in 
the node/asset/system under review or in connected nodes/assets/ 
systems (e.g., ignited or smoldering particles passing downstream). 
Figure 7 shows the connection of consequences (upstream) that 
become threats (downstream). In the figure, uncontrolled ignition 
in the offload duct propagates to the offload fan. These have be-
come threats to the downstream system. 

NFPA specifically calls out the evaluation of potential defla-
gration propagation between parts of the process. The bowtie 
simplifies the application and visualization of this critical part 
of the analysis. 

Risks are evaluated based on the likelihood of a coincident 
flammable dust atmosphere (in ATEX, this is defined in hazard-
ous area classification) and an ignition source (based on threat 
frequency or potential) and the severity of the fire or explosion 
impact. These are assigned and actions issued as per a normal 
hazard analysis. The graphical presentation of the ignition scenar-

ios and safeguards and the illustration of potential ignited parti-
cles that can travel and ignite within downstream equipment of-
fers significant communication benefits. This can be particularly 
helpful in facilities or countries where English and/or risk are not 
the primary language or familiar terminology. 

The visual nature of the bowtie helps confirm existing control 
measures (prevention and mitigation barriers, e.g., temperature 
sensors and explosion vents) and identify where additional 
measures to meet risk target are needed.  

Risk Management 

Effective risk management requires an understanding of haz-
ard scenarios and an appreciation (and respect) of the measures 
to prevent loss of control and mitigate the consequences. Bow-
tie diagrams provide clear, consistent information to a wide 
audience compared with detailed analyses, which are limited 
to specialist interpretation. 

Once barriers have been identified, a barrier-management pro-
gram is necessary to ensure that controls are implemented and con-
tinue to operate and perform as required to provide ongoing risk 
reduction. This program involves monitoring the presence and 
measuring the effectiveness of hardware (technical) and human 
(organizational) barriers and repairing, replacing, or refreshing 
them as and when appropriate in advance of any demands to act, 
(i.e., before the scenarios occur). The visual nature of bowties can 
simplify the identification of barriers for program development. 

Figure 7. Indirect consequences (chained bowties). 

Figure 8. Example malt transfer and milling system. 



 

Visual Dust Hazard Analysis  MBAA TQ  vol. 57, no. 2 • 2020   67 
 

 

Example 

The approach of converting from a traditional spreadsheet 
format is presented in an example of a malt offloading and mill-
ing system shown in Figure 8.  

Malt is offloaded from a road truck then conveyed into a malt 
silo via a screw conveyor and elevator. The silo feeds via a rotary 
valve into a second screw conveyor and then into a second elevator 
to feed the mill via a screen and magnetic separator to trap mag-
netic contaminants. The output from the mill is fed into a grist case 
and then into the mash tun via screw conveyors and elevators.  

The equipment colored in orange will be evaluated using bow-
tie analysis. The material properties and safe operating ranges 
would also be documented for the DHA. The example employs 
the risk-ranking presented in the paper by Murphy and Borene 
(9), wherein C, L, and R represent a ranking of consequence, 
likelihood, and risk. The rank is determined from the conse-
quence and likelihood assigned by the DHA team. The resultant 
rank is color-coded to depict a prioritization of risk, moving 
from green (acceptable) to red (highest priority). 

Table 1 shows the results of an analysis of ignition sources, as 
part of an overall checklist review of the malt silo and screw con-
veyor #2. Note that the example is provided for demonstration 
purposes only and is not intended to represent a complete DHA.  

The same record is presented in bowtie formats in Figures 9 
and 10 with additional equipment evaluations shown in Figures 

11, 12, and 13. The first impression is one of simplicity. The 
information is presented clearly and concisely, allowing a quick 
review of the barriers that are imperative to preventing fatality. 
This allows for further discussion on the availability/reliability 
of the barriers. For example: 

1. Equipment material is only an effective barrier as long as 
the coating is intact. 

2. Overload trip needs to be regularly tested. 
3. Ignition energy is a robust barrier as long as material does 

not change (i.e., analysis only fit for specific dust). 
4. Explosion vent needs to be regularly inspected. 
5. Explosion vent size/capacity needs to match dust (explosion) 

properties (i.e., if material changes vent may not be adequate). 
The visual design can be used as a communication tool for 

design, operation, and maintenance to understand the impor-
tance of specific activities and the role they play in preventing 
and mitigating the event of an explosion in the receiver resulting 
in a fatality. Additionally, during the MOC process, it will be 
straightforward to see what changes will impact the barriers 
(here, change of material, change of rotary valve speed, or re-
moval of explosion vent, for example). 

In this example, the following bowtie features are exploited: 
1. Threat types categorized from EN 1127-1 
2. Barrier (safeguard) types 
3. Action “Post-Its” to recommend improved or additional 

control measures 

Table 1. Excerpts of traditional recordings of checklist DHAs on a malt silo and screw conveyor 

Item no. Question Answer Cause Consequence Safeguards C L R Recommendation 

1.1 Are competent sources 
of ignition present  
in the malt silo? 

Propagation Burning ember 
coming in from 
the truck

Explosion: injury or 
fatality in vicinity 
of silo

Explosion venting on 
silo; restricted access 

1 1 D   

  Impact spark Impact spark caused 
by tramp material

Explosion: injury or 
fatality in vicinity 
of silo 

Material of construction 
is epoxy coated steel; 
explosion venting on 
silo; restricted access 

1 1 D  

  Frictional spark Frictional spark 
caused by tramp 
material getting 
caught in rotary 
valve

Explosion: injury or 
fatality in vicinity 
of silo 

Rotary valve is low 
rpm; valve has an 
overload trip; explo-
sion venting on silo; 
restricted access

1 1 D  

  Electrostatic spark Electrostatic spark 
causes ignition 

Explosion: injury or 
fatality in vicinity 
of silo 

Relatively high ignition 
energy (MIE 100–
300 mJ); equipment 
is properly grounded 
and bonded; explo-
sion venting on silo; 
restricted access

1 1 D   

  Electrical spark N/A: No electrical 
equipment in silo

      

2.1 Are competent sources 
of ignition present in 
screw conveyor #2? 

Propagation Propagation from 
silo to down-
stream conveyor

Explosion: injury or 
fatality in vicinity 
of conveyor

Isolation (rotary valve); 
restricted access 

4 1 D   

  Electrical spark N/A: No electrical 
equipment in 
conveyor

      

  Frictional spark Frictional heating 
from tramp mate-
rial in conveyor 

Explosion: injury or 
fatality in vicinity 
of conveyor 

Conveyor is low rpm; 
conveyor has an 
overload trip with 
alarm to control 
room; restricted 
access

4 1 D 2.1.1 Add magnet 
and screen at 
material 
offloading 

  Bearings Screw conveyor has 
bearings in the 
material stream 

Explosion: injury or 
fatality in vicinity 
of conveyor 

Conveyor is low rpm; 
restricted access 

4 1 D  
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It is also possible to show consequence severities, individual 
threat likelihoods (with or without safeguards or barriers), and 
the individual barrier effectiveness to appreciate the risk reduc-
tion contribution that each makes. However, these are excluded 
from the figures for simplicity in this example, but they are an 
integral part of assessing risk in real applications. 

Conclusion 

Challenges of Traditional Hazard Identification Methods 

The consequences and risks of a dust explosion have been 
known for many years, and assessments have been conducted 
to address these. A traditional hazard analysis format (e.g., check-
list, HAZOP) is often applied, which may have the following 
weaknesses: 

1. Controls wrongly assigned to causes/threats/ignition sources 
2. Controls missing from appropriate causes/threats/ignition 

sources 
3. Failure to distinguish between prevention and mitigation/ 

recovery measures 
4. Failure to identify and evaluate connections between nodes/ 

equipment where smoldering particles can ignite down-
stream dust 

Furthermore, the presence (availability) and performance (re-
liability) of barriers are not part of the assessment, and therefore 
it is a static snapshot of assumed or planned controls. 

Benefits Over Traditional Hazard Identification Methods 

There are a number of identification methods ranging from 
simple checklists to more rigorous, systematic techniques that are 

Figure 9. Example malt silo bowtie. 

Figure 10. Example screw conveyor bowtie. 
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well publicized (4) and employed. Bowties provide context to 
the explosion scenarios in a simple but effective visualization of 
the relationships between: 
 Causes of uncontrolled ignition 
 Consequences of those events 
 Barriers that prevent the event and/or mitigate the effects 
A graphical representation offers a language that facilitates 

a common understanding of hazards, unwanted events, their 
risks, and controls to help direct or deploy resources appropri-
ately and proportionately. 

Classification of barriers, either by type or owner (i.e., who 
is responsible for sustaining the effectiveness of the barrier), al-

lows dependencies or common mode vulnerabilities to be eval-
uated and addressed. A common mode failure occurs when a 
single event causes multiple barriers to fail (either within the 
same bowtie or across multiple bowties), and therefore barriers 
should be independent of the threat that they prevent and of 
other barriers on the same threat to top event or the same top 
event to consequence pathway. 

Communication 

The aim is not just to make existing assessments more engag-
ing (i.e., to involve all stakeholders) but also to provide a life-
long dynamic framework where threats (competent ignition 

Figure 11. Example elevator bowtie. 

Figure 12. Example screen bowtie. 
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sources) and barriers (control measures) are monitored, evalu-
ated, and actions taken to ensure that protection is sustained and 
risk targets are maintained. Visualization enables duty holders 
not only to analyze their dust hazards but also to communicate 
the analyses to front-line personnel to ensure that they under-
stand the risks they are responsible for managing and sustain the 
protection measures for which they are accountable. 

The current aim is to enhance not replace traditional methods. 

Operational Versus Design Focus 

Bowties are not a static snapshot of assumed/planned controls 
but a live asset/risk management platform that can be updated 
(manually or automatically) to show the current state of health 
(presence and performance) of controls and the current risk ex-
posure. 

Barriers degrade over time, and their performance must be 
monitored, measured, and sustained at the required level to 
achieve the necessary risk reduction. 

Better MOC Implementation 

Identification of barrier criticality and ownership makes 
MOC more robust because the potential impact of defeating, 
degrading, or deleting barriers within a single or across multi-
ple scenarios (bowties) is more apparent. Suitable bowtie soft-
ware with a barrier database can be filtered/sorted to focus on 
the deployment of barriers. This allows proper addressing in 
all scenarios where an affected barrier or barriers is/are imple-
mented. Because barriers can be hardware, human, or a com-
bination of both, technical and organizational changes can be 
evaluated to ensure that the risk reduction is not unduly com-
promised. 

The authors believe this approach highlights and addresses 
existing deficiencies of tabular analyses while providing the 
same risk assessment functionality expected or required: for ex-
ample, consideration of probability of flammable atmosphere 
(using NEC [13] classification), probability of competent igni-
tion source, and severity of fire, flash fire, or explosion conse-
quences. 

The goal is to operationalize scenarios and demonstrate that 
duty holders are and remain in control through ongoing barrier 
maintenance and robust change management. 

An initial step for duty holders would be to migrate their ex-
isting tabular (worksheet) assessments into bowties to expose 
and address weaknesses. Visual DHA is designed to be different 
(evolution rather than revolution) with a format where existing 
information is not lost but knowledge is gained. 
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