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Abstract 

Industrial operations involving hazardous materials, complex machinery, high temperatures, pressurised systems, and 

flammable substances present significant risks to workers, equipment, the environment, and surrounding communities. 

Conventional risk assessment approaches often rely on qualitative risk matrices, individual hazard analysis techniques, 

and historical accident data. Although these methods are valuable, their effectiveness may be limited when multiple 

hazards interact, operational conditions change, or safety resources must be allocated under financial and technical 

constraints. This paper proposes an integrated risk assessment and optimisation framework for industrial safety that 

combines systematic hazard identification, quantitative risk assessment, probabilistic modelling, consequence analysis, 

and multi-objective optimisation. The framework incorporates hazard identification techniques, including Hazard and 

Operability Studies (HAZOP), Failure Mode and Effects Analysis (FMEA), and Fault Tree Analysis (FTA), alongside 

likelihood–severity evaluation and computational decision-support methods. A mathematical optimisation model is 

proposed to prioritise safety interventions while considering risk reduction, implementation costs, and operational 

constraints. Python-based computational analysis can support data processing, uncertainty evaluation, risk ranking, 

and optimisation. The proposed framework is intended to improve the consistency, transparency, and efficiency of 

industrial safety decisions. Its practical effectiveness should be established through case-study implementation, 

sensitivity analysis, and comparison with existing risk assessment practices. 

Keywords: Industrial safety, risk assessment, hazard identification, quantitative risk analysis, risk optimisation, 

probabilistic modelling, safety management, decision support. 

1. Introduction 

Industrial safety is an essential component of sustainable industrial development, particularly in sectors involving 

chemical processing, petroleum refining, manufacturing, metal production, energy generation, gas storage, and 

material handling. These industries operate under conditions in which equipment failure, human error, hazardous 

material release, fire, explosion, and unsafe working practices may lead to serious occupational accidents and 

environmental damage. 

The complexity of industrial systems requires a systematic approach to identifying hazards, estimating risks, selecting 

appropriate control measures, and monitoring safety performance. Risk assessment provides a structured basis for 

understanding the likelihood and consequences of adverse events. However, an assessment is most useful when its 

results are translated into practical decisions about engineering controls, preventive maintenance, operating 

procedures, emergency preparedness, and resource allocation. 

The International Electrotechnical Commission's IEC 31010:2019 provides guidance on selecting and applying risk 

assessment techniques under conditions of uncertainty. It supports the use of appropriate analytical methods for 

understanding risk and informing decisions. 1 Similarly, the United States Occupational Safety and Health 
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Administration (OSHA) identifies process hazard analysis as an important element of managing hazards associated 

with highly hazardous chemicals. Its guidance recognises methods such as HAZOP, FMEA, and FTA for evaluating 

process hazards. 2 

Despite the availability of established techniques, industrial organisations may apply hazard identification, risk 

evaluation, and safety planning as separate activities. This can make it difficult to compare risks consistently across 

different operational units or identify the most effective combination of safety interventions. Risk matrices may also 

obscure uncertainty when broad likelihood and severity categories are used without supporting quantitative evidence. 

An integrated risk assessment and optimisation framework can address these limitations by linking hazard 

identification, risk quantification, uncertainty analysis, and safety investment decisions within a common 

methodology. 

1.1 Research problem 

The central research problem is the absence, in some industrial applications, of a unified analytical process that 

connects identified hazards with quantified risk levels and optimised preventive measures. A risk assessment may 

identify a high-risk activity without determining which intervention provides the greatest risk reduction within a 

specified budget. 

A systematic framework is therefore needed to combine different risk assessment methods and translate their outputs 

into prioritised, technically justified safety decisions. 

1.2 Aim of the study 

The aim of this research is to develop an integrated risk assessment and optimisation framework that improves hazard 

prioritisation, risk evaluation, and the selection of safety interventions in hazardous industrial operations. 

1.3 Research objectives 

The specific objectives are: 

1. To identify occupational, mechanical, chemical, fire, explosion, and process-related hazards in 

industrial operations. 

2. To develop a structured methodology integrating qualitative and quantitative risk assessment 

techniques. 

3. To formulate mathematical models for estimating risk and prioritising hazards. 

4. To develop an optimisation model for selecting cost-effective safety interventions. 

5. To incorporate uncertainty and sensitivity analysis into the assessment process. 

6. To propose a computational decision-support framework for practical industrial safety management. 

1.4 Research questions 

The study addresses the following questions: 

• How can multiple hazard identification and risk assessment techniques be integrated into a consistent 

framework? 

• How can probabilistic and consequence-based information improve the prioritisation of industrial 

hazards? 

• How can optimisation techniques support the selection of safety interventions under limited budgets? 

• How can uncertainty analysis improve the reliability of risk-based decisions? 

https://ijsrem.com/
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2. Literature Review 

2.1 Industrial risk assessment 

Industrial risk assessment involves identifying hazards, analysing potential accident scenarios, estimating their 

likelihood and consequences, and determining whether additional controls are required. Risk assessment may be 

qualitative, semi-quantitative, or quantitative, depending on the available information, the complexity of the system, 

and the purpose of the analysis. 

Qualitative techniques are useful during preliminary assessments and expert-led hazard reviews. Semi-quantitative 

methods assign numerical scores to likelihood and severity, while quantitative methods estimate probabilities, 

frequencies, consequences, or expected losses using defined data and models. 

IEC 31010:2019 describes a range of techniques that can be selected according to the assessment context, objectives, 

and available evidence. 1 The selection of a method should therefore reflect the nature of the hazard rather than rely on 

one universal assessment technique. 

2.2 Hazard identification techniques 

Several established methods can support industrial hazard identification. 

Hazard and Operability Study (HAZOP): A structured examination of process deviations, their causes, 

consequences, and safeguards. It is particularly useful for chemical processing, pipelines, storage systems, and other 

complex process operations. 

Failure Mode and Effects Analysis (FMEA): A systematic method for identifying potential component or process 

failures and examining their effects. It can support equipment reliability analysis and preventive maintenance 

planning. 

Fault Tree Analysis (FTA): A deductive technique that begins with an undesirable top event and examines 

combinations of failures that could produce it. 

Job Safety Analysis (JSA): A task-oriented approach that breaks work into steps and identifies associated hazards 

and controls. 

Bow-tie analysis: A representation linking threats to a central hazardous event and its potential consequences, with 

preventive and mitigative barriers on either side. 

OSHA's process hazard analysis guidance identifies HAZOP, FMEA, FTA, checklists, and what-if analysis among the 

methods that may be appropriate for evaluating covered processes. 2 

These techniques provide complementary information. Integrating their outputs can produce a more comprehensive 

representation of industrial risk, provided that duplicate hazards and overlapping failure pathways are handled 

consistently. 

2.3 Quantitative risk assessment 

Quantitative risk assessment (QRA) estimates the likelihood and consequences of defined hazardous scenarios. 

Depending on the industrial application, it may involve equipment failure frequencies, human reliability, event-tree 

analysis, fault-tree probabilities, exposure models, or consequence modelling. 

https://ijsrem.com/
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For example, an industrial gas release may lead to toxic exposure, a flash fire, or an explosion depending on the 

material, release characteristics, ventilation, ignition conditions, and surrounding environment. The assessment must 

distinguish between the probability of a release, the probability of subsequent events, and the severity of the resulting 

consequences. 

A simple expected-loss formulation is: 

[ 

R_i=P_iC_i 

] 

where: 

• (R_i) = expected risk or loss associated with scenario (i); 

• (P_i) = probability of the specified adverse outcome over a defined period; 

• (C_i) = consequence expressed in a consistent loss unit. 

When (P_i) is an annual event probability, (C_i) may represent monetary loss, provided the units and interpretation are 

appropriate. If frequency and consequence are expressed differently, the risk measure must be adjusted accordingly. 

For fatalities or other severe outcomes, expected loss alone may not capture societal risk, catastrophic potential, or 

regulatory requirements. Additional measures, such as individual risk, frequency–consequence curves, or explicit risk 

acceptance criteria, may be needed. 

2.4 Risk optimisation in industrial safety 

Risk optimisation involves selecting safety measures that achieve acceptable risk reduction while considering 

constraints such as budgets, downtime, manpower, technical feasibility, and regulatory obligations. 

Potential interventions include: 

• Installing or improving gas detection systems. 

• Upgrading machine guarding and interlocks. 

• Improving ventilation and containment. 

• Strengthening preventive maintenance. 

• Introducing additional training and permit-to-work controls. 

• Improving emergency response and fire protection. 

• Modifying equipment design or operating procedures. 

The objective is not simply to minimise expenditure. It is to achieve the required level of risk control while ensuring 

that mandatory safety measures are not compromised. 

2.5 Research gap 

The methodological gap addressed in this paper is the need to connect hazard identification, quantitative risk 

estimation, uncertainty analysis, and safety intervention optimisation in a single decision-support process. The 

proposed framework is intended to reduce fragmentation between assessment and implementation. 

Its contribution is a structured integration of established methods rather than the claim that the individual techniques 

are new. Its novelty and performance would need to be demonstrated through a systematic literature review and 

empirical validation. 

https://ijsrem.com/
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3. Research Methodology 

3.1 Research design 

The study adopts a framework-development approach combining risk assessment, mathematical modelling, 

computational analysis, and optimisation. A representative industrial facility may be selected for validation, such as a 

chemical processing unit, gas storage installation, metal fabrication plant, or manufacturing facility. 

The research can be conducted in six stages: 

1. Define the facility, operational boundaries, and assessment objectives. 

2. Collect operational, maintenance, incident, near-miss, and inspection data. 

3. Identify hazards and construct accident scenarios. 

4. Estimate baseline risk and assess existing safeguards. 

5. Optimise candidate safety interventions. 

6. Validate the results through expert review, sensitivity analysis, and comparison with baseline 

assessment practices. 

3.2 Data collection 

The framework may use the following data sources: 

Data category Information required 

Operational data Operating conditions, production rates, process parameters 

Equipment data Failure records, inspection findings, maintenance history 

Incident data Accidents, near misses, unsafe conditions, incident consequences 

Human factors Training records, task exposure, procedural deviations 

Environmental data Temperature, ventilation, material properties, surrounding occupancy 

Safety controls Detection systems, alarms, interlocks, suppression and containment systems 

Economic data Intervention costs, maintenance costs, downtime and estimated losses 

Data should be reviewed for completeness, consistency, reporting bias, and relevance to the assessment period. Where 

incident records are sparse, engineering judgement and external reliability data may be used with explicit assumptions 

and uncertainty bounds. 

3.3 Hazard identification and scenario development 

The initial hazard register should describe each hazard, its initiating causes, exposed persons or assets, existing 

controls, potential consequences, and proposed interventions. 
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A sample structure is shown below. 

Hazard scenario Potential consequence Existing or candidate controls 

Gas leakage from a pipeline Toxic exposure or fire Leak detection, isolation valves, inspection 

Rotating machinery failure Entanglement or impact injury Guarding, interlocks, preventive maintenance 

Electrical equipment fault Electric shock or ignition Protection devices, inspection, isolation procedures 

Furnace or hot-surface exposure Burns or thermal injury 
Barriers, protective equipment, safe work 

procedures 

Loss of containment in a process 

vessel 

Fire, explosion or hazardous 

exposure 

Pressure protection, alarms, containment, 

emergency shutdown 

This table is illustrative; it is not a record of an actual industrial inspection. 

For each scenario, the analysis should distinguish the initiating event, the failure of preventive safeguards, the 

hazardous event, and the final consequence. Event trees or fault trees can be used where the relationships between 

these events materially affect the risk estimate. 

3.4 Uncertainty and sensitivity analysis 

Risk estimates may be uncertain because of limited failure data, changing operating conditions, under-reporting, 

uncertain human reliability, and incomplete knowledge of safeguard performance. 

The framework should therefore examine how alternative assumptions influence risk rankings and intervention 

choices. 

A suitable approach includes: 

• Assigning probability distributions to uncertain model inputs when justified by data. 

• Performing Monte Carlo simulation to estimate the distribution of residual risk. 

• Conducting sensitivity analysis to identify the parameters that most strongly influence results. 

• Comparing intervention rankings under alternative assumptions. 

• Documenting confidence levels, data gaps, and model limitations. 

Where failure frequencies or probabilities are poorly established, the study should report ranges or scenario-based 

results rather than unsupported point estimates. 

3.8 Computational implementation 

Python can be used to implement the framework. Pandas can support data preparation, NumPy can support numerical 

calculations, SciPy or mixed-integer optimisation solvers can support optimisation, and Matplotlib can support risk 

visualisation. 

A practical computational workflow would: 

1. Import the hazard register and equipment data. 

2. Validate data fields and units. 

https://ijsrem.com/
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3. Calculate baseline scenario risks. 

4. Apply intervention effectiveness assumptions. 

5. Solve the constrained optimisation problem. 

6. Estimate uncertainty in residual risk. 

7. Generate ranked intervention lists and decision-support reports. 

The computational model should retain a traceable relationship between every recommendation, its underlying hazard 

scenario, the supporting data, and the assumptions used. 

4. Proposed Integrated Framework 

The proposed framework comprises five connected analytical layers. 

Layer 1: Hazard identification. HAZOP, FMEA, JSA, inspection records, and incident analysis are used to establish 

the hazard register. 

Layer 2: Risk characterisation. Each hazard is linked to initiating events, accident pathways, exposed receptors, 

existing safeguards, and potential consequences. 

Layer 3: Quantitative analysis. Appropriate frequency, probability, reliability, and consequence models are used to 

estimate baseline risk and residual risk. 

Layer 4: Optimisation. Mathematical optimisation evaluates candidate interventions subject to budget, operational, 

technical, and mandatory safety constraints. 

Layer 5: Validation and continuous improvement. Expert review, sensitivity analysis, monitoring, incident 

investigation, and periodic reassessment are used to update the model. 

The framework can be represented as: 

Operational data → Hazard identification → Scenario development → Risk quantification → Intervention 

optimisation → Implementation → Monitoring and reassessment 

This structure enables risk assessment to function as an ongoing decision-support process rather than a one-time 

documentation exercise. 

5. Proposed Evaluation and Validation Strategy 

The framework should be evaluated against a baseline risk assessment method using a real or appropriately 

documented industrial case study. 

The following performance indicators are recommended: 

Evaluation indicator Purpose 

Hazard coverage Proportion of identified hazards represented in the model 

Risk-ranking consistency Agreement between the framework and expert assessments 

Estimated risk reduction Difference between baseline and residual modelled risk 

https://ijsrem.com/
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Safety investment efficiency Risk reduction relative to implementation cost 

Computational performance Time required to process scenarios and solve the optimisation model 

Sensitivity to uncertainty Stability of risk rankings under alternative assumptions 

Practical usability Ease of interpretation and implementation by safety professionals 

Where sufficient historical data are available, predicted risk trends may be compared with observed incidents and near 

misses. However, accident counts alone may be inadequate for validation because severe events are relatively rare, 

exposure levels change, and reporting practices may vary. 

The evaluation should therefore combine quantitative performance indicators with expert review and operational 

evidence. Any claimed improvement should be supported by documented data, reproducible calculations, and a clearly 

defined comparison method. 

6. Expected Results and Discussion 

Because the present paper proposes a framework rather than reports a completed industrial trial, the following 

outcomes are hypotheses to be tested. 

6.1 Improved hazard prioritisation 

Integrating hazard identification with quantitative risk estimation is expected to provide a more traceable basis for 

ranking hazards than relying exclusively on qualitative scores. The extent of improvement will depend on data quality, 

model structure, and the suitability of the selected risk metrics. 

6.2 More systematic allocation of safety resources 

The optimisation model is expected to identify combinations of interventions that achieve lower modelled residual risk 

within a defined budget. This may assist safety managers in comparing engineering modifications, maintenance 

improvements, training programmes, and detection systems. 

The resulting recommendation will depend on intervention costs, effectiveness estimates, interactions between 

safeguards, and mandatory safety requirements. 

6.3 Better treatment of uncertainty 

Probabilistic analysis and sensitivity testing are expected to identify assumptions that have the greatest influence on 

risk estimates. This can help determine where additional inspections, data collection, reliability testing, or expert 

assessment would be most valuable. 

6.4 Improved decision transparency 

A computational framework can document why particular interventions were selected and which scenarios contributed 

most to the estimated risk. This can improve the traceability of safety decisions and support periodic reassessment. 

https://ijsrem.com/
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6.5 Practical limitations 

The framework's performance may be constrained by incomplete incident records, unreliable failure-rate estimates, 

difficulty quantifying human factors, and changes in industrial operating conditions. Furthermore, optimisation results 

can be misleading if intervention effectiveness is overstated or dependencies between safeguards are ignored. 

The model should therefore complement, rather than replace, engineering judgement, worker participation, physical 

inspections, regulatory compliance, and established process safety management systems. 

7. Research Implications 

The proposed framework has implications for both industrial safety research and operational practice. 

From a research perspective, it provides a structure for combining hazard analysis, probabilistic risk modelling, and 

optimisation within a reproducible computational workflow. 

From an industrial perspective, it may support the prioritisation of preventive maintenance, equipment upgrades, 

training, emergency preparedness, and other risk-reduction measures. 

For high-hazard process industries, the framework can be extended to include computational fluid dynamics (CFD) for 

gas dispersion, fire and explosion consequence analysis, Bayesian networks for uncertain dependencies, and machine 

learning for predictive risk indicators. These extensions should be introduced only when suitable data, validated 

models, and a clear decision-making purpose are available. 

8. Limitations and Future Research 

The current paper presents a conceptual and mathematical framework; it does not establish empirical effectiveness or 

demonstrate a reduction in actual accidents. 

Future research should implement the model in a selected industrial facility and compare its performance with existing 

risk assessment practices. Further work should focus on: 

1. Developing a validated industrial hazard and incident database. 

2. Calibrating failure frequencies and intervention effectiveness using appropriate evidence. 

3. Integrating dynamic operational data into risk estimates. 

4. Comparing deterministic, probabilistic, and machine-learning-based prediction methods. 

5. Investigating multi-objective optimisation under uncertain costs and effectiveness. 

6. Validating model outputs with independent expert assessment and operational observations. 

7. Evaluating transferability across manufacturing, chemical processing, gas handling, and other 

industrial sectors. 

A further research direction is the development of an AI-assisted decision-support system that updates risk estimates 

as new inspection findings, near misses, equipment failures, and process deviations become available. 

9. Conclusion 

This paper proposes an integrated risk assessment and optimisation framework for industrial safety that connects 

hazard identification, scenario development, quantitative risk estimation, uncertainty analysis, and the selection of 

preventive interventions. 

https://ijsrem.com/
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The framework combines established methods such as HAZOP, FMEA, and FTA with mathematical risk models and 

constrained optimisation. Its central principle is that risk assessment should not end with the identification or ranking 

of hazards; it should provide a transparent basis for selecting and evaluating appropriate risk-control measures. 

The proposed approach may improve the consistency of hazard prioritisation, support evidence-based safety 

investment, and make uncertainty more visible in industrial decision-making. However, these benefits remain to be 

demonstrated through case-study implementation, data-based validation, and comparison with existing practices. 

The framework offers a foundation for further research in computational industrial safety, quantitative risk assessment, 

and safety intervention optimisation. Its practical value will ultimately depend on the quality of the underlying data, 

the validity of its assumptions, and the effectiveness of the controls implemented in the workplace. 
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