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Process Information

o Epoxidation of vegetable oil via the Prileschajew reaction which involves 

epoxidation of unsaturation in oils by peroxyformic acid.

o Long-established and widely used process.

o Process conditions
o Oil / solvent / hydrogen peroxide at 65 °C

o Add formic acid semi-batch (120 mins)

o Add further hydrogen peroxide 

o React out for 5 hours then quench

o Regulators challenged safety of the process after > 50 years processing on site.

Key Learning Point (KLP) 1: A golden rule in process safety is that the incident-free operation of a process over a 

number of years is not a guarantee of an incident-free future. Strive for a culture based on “chronic sense of unease”.

KLP 2: Operating companies must be confident that their process safety studies are able to withstand 

scrutiny – either through provision of internal competence, using external specialists or a combination of 

both. Regular review against current standards / best practices is important to evolve the safety case.
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Process Safety Risks

Most significant hazards:

o Mixture detonation

o Hydrogen peroxide / formic acid / water mixtures can 

be detonable.

o Process synthesis protocol amended to stay out of 

hazardous concentration zones.

o Flammable solvent

o Oil oxidation

o “Oily rag” syndrome possible – care with lagging, etc

o Vegetable oils renowned for this behaviour.

o Runaway reaction

Formic

Acid

Hydrogen

Peroxide
Water

KLP 3: A safe system of work is required to protect against all foreseeable risks

Shell Chemical Co. Summary of research data on 

safety limitations, Report No. SC:59-44R, 1959.
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Runaway Reaction - Systematic Assessment Procedure

Chemical Route 

Selection

• Heat of reaction prediction

• Adiabatic temperature rise prediction

• MTSR estimation

• Unstable functional group analysis

Process 

Development / 

Optimisation

Pilot Scale 

Production

Large Scale 

Production

Normal Process

• Reaction heat measurement

• Gas generation quantification

• Adiabatic temperature rise

Thermal Stability

• Explosivity hazard assessment

• Preliminary thermal stability screening

• Definition of safe process temperatures

Basis of Safety : Pilot Scale

• Identification of hazardous deviations

• Adiabatic calorimetry on deviations

• Definition of the basis of safety

Basis of Safety : Production

• Identification of hazardous deviations

• Adiabatic calorimetry on deviations

• Definition of the basis of safety

KLP 4: A systematic assessment process should be engrained in the process development and process 

operation lifecycle. For retrospective process assessments, missing characterisation data should be 

backfilled to optimise the effectiveness of decisions made when considering consequences in PHA.
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Runaway Reaction

Thermochemistry

Lots of energetic processes occurring and 

possible:

o Epoxidation - ΔHr = -230 to -250 kJ.mol-1

o Gas generation in second stage

o Significant accumulation of reactants

o Adiabatic temperature rise = 330 K

o “Worst case composition” after 2nd H2O2

addition (51% accumulation).

o Decomposition of H2O2 - ΔHr = -98 kJ.mol-1

o Decomposition of HCOOOH ΔHr = -352 kJ.mol-1

KLP 5: While chemists focus on thermodynamics, engineers focus on kinetics – because kinetics drive vent 

size, and the prospect of taking any other corrective action. Regulators increasingly seek kinetic data when 

inspecting multi-product plant to ensure worst case reactions are known. Comparing heats of reaction 

provides a basis for hazard analysis but not risk assessment.
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Runaway Reaction

Thermal Stability

o Adiabatic calorimetry 

on final reaction 

product

o Accelerating Rate 

Calorimeter (ARC) 

Test (Titanium bomb; 

Phi Factor = 1.48)

o TD24 = 238°C

KLP 6: Isothermal calorimetry measurements only tell half the thermal story necessary to understand the 

safety of a chemical process. Understanding thermal stability is a further essential ingredient in 

understanding process risk.
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Runaway Reaction

Identifying Hazardous Scenarios

Identified Credible Failure Scenarios for Epoxidation

1. Cooling Failure at the End of Peroxide Feed

2. Cooling Failure, Coincident with Hydrogen Peroxide or Formic Acid 

Overcharge

3. Cooling Failure, Coincident with Low Reaction Temperature

4. Agitator Failure Leading to Reactant Accumulation and inadequate 

Heat Transfer

5. Late First Peroxide Addition after Formic Acid Charging

6. External Fire Leading to Runaway Peroxide Decomposition

7. Extended Hold Period with & without Epoxidation Inhibitor

8. High Temperature

9. Early Drop from Reactor and Cooling Failure in receiver

• Potential process deviations need 

detailed knowledge of the 

chemistry and plant.

• Methods available for hazard 

identification include:

➢ Hazard and Operability Studies 

(HAZOP)

➢ “What-if” analysis

➢ Failure modes and effect 

analysis (FMEA)

➢ Checklist analysis

➢ Fault tree analysis

➢ Bespoke CRH analysis

KLP 7: Hazardous scenarios must be rigorously identified – avoiding assumptions and cognitive bias. The 

process of performing the LOPA also educates all stakeholders that all safeguards are not equal, with some 

having a finite (and in some cases very limited) reliability, some having a minor contribution to the overall 

protection, and others having a high importance.
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Runaway Reaction

Evaluation of Scenario Consequence

o Adiabatic simulation of 

loss of cooling scenario 

at 51% accumulation

o Vent Sizing Package 

(VSP II) Test (passivated 

Hastalloy C test cell; Phi 

Factor = 1.107)
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Runaway Reaction

Effect of Quenching

o Adiabatic simulation of 

loss of cooling scenario 

at 51% accumulation 

plus quench at 90°C

o Vent Sizing Package 

(VSP II) Test 

(passivated Hastalloy C 

test cell; Phi Factor = 

1.107)

KLP 8: Physical water quench does not stop a reaction. Reaction continues but at lower rate (buys time) 

and to lower (but possibly still hazardous) peak conditions. Safeguards don’t just need to operate, they 

must be fully effective in removing the hazard.
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Runaway Reaction

Layers of Protection Analysis (LOPA) of Scenario 1 (Example)

Event Description

Failure of the cooling water supply at a point in the process 

sequence immediately after the second hydrogen peroxide 

charge, leading to runaway reaction, vessel over-

pressurisation and its rupture, resulting in the fatality of two 

operators.

Initiating Causes and Likelihood

o Cooling pump failure 1.3 x 10-3 / y

o Electrical failure 0.1 / y

o Control failure closes cooling supply 0.1 / y

o Agitator failure 5.6 x 10-2 / y

o Cooling water pipe rupture negligible

o Total initiation likelihood 0.26 / y

Protection Layers in Place

o General process design* 2.0 x 10-1

o SIL compliant quench system 4.5 x 10-2

o Evacuation in emergency 1.0 x 10-1

o Adequately sized relief system** 1.0 x 10-2

o Mitigated event likelihood 2.3 x 10-6 / y (with relief)

* 1750 batches per year / risk period is 1 h per batch in 8760 h / y (1750 / 

8760 = 0.2)

** CCPS “Guidelines for Initiating Events and Independent Protection 

Layers in Layer of Protection Analysis”, 2015, offers risk reduction factor of 

100 for an adequately sized relief system

Conclusion: Risk is As Low as Reasonably Practicable (ALARP) 

if relief system is shown to be effective. (NOTE: Risk is the 

sum of all scenarios, not just this scenario)

KLP 10: CCPS “Guidelines for Initiating Events and Independent Protection Layers in Layer of Protection 

Analysis”, 2015, offers risk reduction factor of 100 for an adequately sized relief system.

KLP 9: Just because the vessel has a vent, does not mean it is big enough.
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Runaway Reaction

LOPA Summary for Reactor

Number Scenario Intermediate Event 

Likelihood (per year)

1 Cooling Failure at the End of Peroxide Feed 2.3 x 10-6

2 Cooling Failure, Coincident with Hydrogen Peroxide or 

Formic Acid Overcharge
1.4 x 10-7

3 Cooling Failure, Coincident with Low Reaction 

Temperature
2.3 x 10-7

4 Agitator Failure Leading to Reactant Accumulation and 

inadequate Heat Transfer
1.3 x 10-7

5 Late First Peroxide Addition after Formic Acid Charging Negligible

6 External Fire Leading to Runaway of Peroxide 

Decomposition
1.4 x 10-8

7 Extended Hold Period with & without Epoxidation Inhibitor -

8 High Temperature 1.7 x 10-9

1-8 Total Total risk level for reactor 2.8 x 10-6

Total residual risk does not meet the clients ‘broadly acceptable’ threshold 

(<1 x 10-6 fatality per year), it does lie within the ‘tolerable if ALARP region’.  
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Runaway Reaction

Relief System Considerations

o Relief systems for runaway reactions should be sized based 

on DIERS methodologies for two-phase flow

o System classification critical (tempered, non-tempered or 

hybrid)

o In current case, the quench is a necessary layer of protection 

to meet tolerability criteria.

o Thrust forces associated with two-phase flow through a 0.5 m 

diameter vent are enormous! Adequate support / bracing are 

critical.

o The discharge normally has to be captured in a suitable 

separation device (dumptank). This also needs adequate 

design for separation. In current case, bends in the pipework 

could not be supported due to extreme thrust forces.

KLP 11: Designing a relief system is way more complicated than just sizing a hole correctly!
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Summary of Key Learning Points

Key learning points

1. Incident-free operation in the past is not a guarantee of an incident-free future.

2. Process safety studies must be current and able to withstand scrutiny. 

3. A safe system of work is required to protect against all foreseeable risks.

4. A systematic assessment process for reaction hazards should exist. Gaps should be filled.

5. Kinetics drive vent size (heats of reaction alone do not).

6. Isothermal calorimetry AND thermal stability are needed to understand overall thermal risk.

7. Hazardous scenarios must be rigorously identified – avoiding assumptions and cognitive bias

8. Physical quenching does not stop reactions – but it does slow them down. 

9. Just because the vessel has a vent, does not mean it is adequate.

10. An adequately sized relief system represents a risk reduction factor of only 100. (A relief 

system is critical to meeting tolerable residual risk criteria, but rarely adequate alone).

11. Designing a relief system is way more complicated than just sizing a hole correctly!
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Summary and Conclusions

o Assuring safety of exothermic 

reaction processes involves 

many inter-related and multi-

disciplinary steps.

o Failure in ANY step can 

compromise the overall safety.

Steps:

o Thermochemical understanding

o PHA for Worst Case Scenario identification

o Consequence analysis

o Safeguard effectiveness evaluation

o Quench efficacy evaluation

o SIL Compliance

o Relief system design

o Sizing

o Mechanical strength of line

o Relief separation / containment

o Demonstration of acceptable residual risk

o LOPA
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