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Summary 

In 2018, AmmoniaKnowHow.com and UreaKnowHow.com introduced FIORDA to the fertilizer 
industry: The Fertilizer Industry Operational Risks Database, a cloud based global set of risk 
registers for ammonia and urea plants (www.fiorda.eu).  On September 1, 2018, the Risk 
Register “Safety Hazards in Urea Plants” contained 110 safety hazards derived from amongst 
others 114 serious incidents. This paper provides the detailed analysis of these 110 safety 
hazards: In which plant sections do these safety hazards occur and which hazards have the 
highest risk factor: This paper provides an overview of the most critical safety hazards.  
A surprising conclusion is that most safety hazards may lead to a sudden release of toxic 
ammonia. Other safety hazards are Carbamate corrosion risks, Backflow risks, Vibration, 
cavitation and hammering risks, Crystallisation risks, Hydrogen explosion risks and Corrosion 
Under Insulation / Atmospheric corrosion risks. Most safety hazards in a urea plant involve a 
release of toxic ammonia of which 90% can occur suddenly, without any pre-warning. Other 
main safety hazards are crystallization risks, vibration risks, backflow risks, hydrogen 
explosion risks, ammonium carbamate corrosion risks and  corrosion under insulation / 
atmospheric corrosion risks.  
The Risk Register “Safety Hazards in Urea Plants” contain also prevention and mitigation 
measures of each safety hazard. Even if one would implement all recommended prevention 
and mitigation measures, a significant number (64) of the safety hazards would still remain 
a high-risk factor (catastrophic consequences and rare likelihood). This means continuous 
attention and awareness of these 64 safety hazards including its prevention and mitigation 
measures is very important. 

 

1. Introduction 

In 2018, AmmoniaKnowHow.com and UreaKnowHow.com introduced FIORDA to the fertilizer 
industry: The Fertilizer Industry Operational Risks Database, a cloud based global set of risk 
registers for ammonia and urea plants (www.fiorda.eu).  As of September 1, 2018, the 
“UreaKnowHow.com Risk Register Safety Hazards in Urea Plants” contained its 110 safety 
hazards derived from amongst others 114 serious safety incidents, which led to at least 75 
casualties and 424 people injured.   
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These 110 safety hazards originate from incident databases[1], hazard and operability 
(HAZOP) study results reported in the public domain and incidents reported by the members 
of UreaKnowHow.com.  
 
The number of safety hazards grows each month, mainly due to its global open source 
character where all members of UreaKnowHow.com can easily contribute.  The more people 
contribute the more valuable these risk registers become for all of us. 
 
Some safety hazards refer to two or more incidents indicating that its frequency may be 
higher than other safety hazards.  This is valuable input when performing safety assessment 
exercises. 
 
The risk register provides an overview of the safety hazards involved in a urea plant.  Not 
only are the hazards identified and listed, each hazard is quantified by means of a risk factor, 
prevention and mitigation measures are suggested, and reference is made to companies who 
are able to provide support for implementing these measures.  Risk registers are a valuable 
information source for any HAZOP and safety study of a urea plant. 
 
Earlier we discussed the lessons learned from the first 100 safety hazards in urea plants7). 
This reference thus contains a lot of prevention and mitigation measures to reduce the risks 
of these safety hazards. This paper provides an over of the major safety hazards in urea 
plants based on 110 safety hazards collected in our Risk Register Safety Hazards in Urea 
Plants. 

2. In which plant section most safety hazards occur? 

Figure 1 below shows the allocation of the 110 safety hazards per plant section. 
 

 
Figure 1. Safety hazards by urea plant section 
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Safety hazards mostly occur in the high-pressure synthesis section (45%), the feed section 
(26%), the recirculation section (13%) and finishing section (8%). Other sections like utilities, 
hydrolyser, etc. are together 8%. 
 
The safety hazards in the high-pressure synthesis section are 63% related to high-pressure 
equipment, 31% related to high-pressure piping and 6% related to high pressure pumps.  Any 
leak in this section leads to a critical situation due to the release of toxic ammonia, its high 
pressure, high temperature and the corrosive ammonium carbamate.  High pressure 
equipment is more vulnerable because of its carbon steel pressure bearing wall; corrosion 
rates of ammonium carbamate of carbon steel can be 1000 mm per year. 
 
A significant number (29) of safety hazards occur in the feed section out of which 66% are 
related to ammonia and 34% to the carbon dioxide feed system.  A significant part of the 
feed section is made from carbon steel, and any backflow from the high-pressure synthesis 
will lead to a situation that corrosive carbamate will come into contact with carbon steel.  Note 
that during a HAZOP it is generally accepted that a backflow scenario is sufficiently protected 
by applying two non-return valves, each with a different design.  This seems in urea plants a 
questionable assumption/solution as not many designs work well in the corrosive and 
crystallising media.  The carbon steel ammonia lines can also suffer from other failure 
mechanisms like vibration, weld failure, corrosion from process side, erosion from process 
side, atmospheric corrosion and corrosion under insulation.  
 
The carbon dioxide feed system has another specific critical safety hazard: a small unnoticed 
carbon dioxide leak can lead to asphyxiation if it can built-up in an unventilated section of 
plant.  
 
In the recirculation section, various important safety hazards exists such as backflow of 
carbamate from the high-pressure synthesis to the centrifugal high-pressure carbamate 
pumps, damage of buffer tanks, and hydrogen explosion risks. 
 
In the finishing section, safety hazards exists related to crystallization risks of the urea melt 
and cleaning and maintenance activities in the prill tower, granulator and warehouse.  
 
Below are the top 10 equipment items with the most safety hazards: 
1. High-pressure heat exchangers   
2. High-pressure vessels     
3. High-pressure piping     
4. Ammonia piping/valves    
5. Ammonia pumps     
6. Atmospheric tanks     
7. Carbon dioxide piping/valves    
8. Carbon dioxide compressor    
9. Low-pressure piping (melt, flare headers)     
10. High-pressure carbamate pumps   
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3. Which safety hazards have the highest risk factor? 

Table 1 below shows the risk matrix applied on each safety hazard and shows in each cell the 
number of safety hazards with a certain risk factor. 
 
Table 1.  Risk matrix of 110 safety hazards before implementing any mitigation measures. 

 
 
In total, 57 safety hazards have in our view intolerable risk factor (red color in above graph).  
Find in Appendix 1 a list of these most critical safety hazards. 
 
Even if one would implement all recommended prevention and mitigation measures, a 
significant number (64) of the above safety hazards would still remain a high-risk factor 
(catastrophic consequences and rare likelihood).  It is not feasible to mitigate these 
consequences further against reasonable efforts.  Refer to Table 2 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rare Unlikely Moderate Likely Almost Certain

<1% Chance 1-20% Chance 21-50% Chance 51-80% Chance >80% Chance

1 per 100 years 1 per 10 years 1 per 5 years 1 per year 1 per 3 months 

Category Safety Never heard of in the 
industry

Heard of in the industry
Happened in the 

organisation or more than 
once in the industry

Happened at the facility or 
more than once in the 

organisation

Happened more than once 
at the facility

Catastrophic
≥1 fatalities / 6 serious 

injuries requiring 
hospitalization for  ≥24hr

17 37 7 3

Major
<6 serious injuries 

requiring hospitalization for  
 ≥24hr

2 10 5 2

Moderate
Single serious injury 

requiring hospitalization for 
≥24hr

1 7 5 3

Minor Injury requiring 
hospitalization for <24hr  4 4 1

Insignificant First Aid / minor injury 2

Risk factors before Prevention 
and Mitigation Measures

Likelihood

Co
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Table 2.  Risk Matrix after implementing all prevention and mitigation measures 

 
 
This means continuous attention and awareness of these 64 safety hazards including its 
prevention and mitigation measures is very important. 
 

4. Major Safety Hazards 

Leaks with toxic ammonia release 

In 79 of the 110 safety hazards (72%) a leak could occur whereby toxic ammonia will be 
released.  This has already led to at least 37 casualties and nearly 400 people injured.  It is 
remarkable to notice that in nearly 90% of these incidents (during which a toxic ammonia 
leak occurred), the leak occurred suddenly, without any pre-warning.  Here one should think 
about failure of high pressure flange connections, rupture of high-pressure equipment and 
piping, failure of an isolation 
block valve, atmospheric 
corrosion phenomena, backflow 
of corrosive ammonium 
carbamate into the carbon steel 
feed lines, failures of high-
pressure equipment and piping 
due to carbamate corrosion 
phenomena, tube ruptures and 
explosions caused by hydrogen. 
Figure 3 shows some examples. 
 
Figure 3 .  Examples of leaks in 
urea plants releasing toxic 
ammonia  
 

Rare Unlikely Moderate Likely Almost Certain

<1% Chance 1-20% Chance 21-50% Chance 51-80% Chance >80% Chance

1 per 100 years 1 per 10 years 1 per 5 years 1 per year 1 per 3 months 

Category Safety Never heard of in the 
industry

Heard of in the industry
Happened in the 

organisation or more than 
once in the industry

Happened at the facility or 
more than once in the 

organisation

Happened more than once 
at the facility

Catastrophic
≥1 fatalities / 6 serious 

injuries requiring 
hospitalization for  ≥24hr

64

Major
<6 serious injuries 

requiring hospitalization for  
 ≥24hr

15

Moderate
Single serious injury 

requiring hospitalization for 
≥24hr

16

Minor Injury requiring 
hospitalization for <24hr 10

Insignificant First Aid / minor injury 5

Likelihood
Co
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Risk factors after Prevention 
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In 5 incidents, there was a pre-warning in the form of heavy vibrations or a small leak, but 
the incident still happened because one tried to stop the vibrations or leak instead of shutting 
down the plant.  This led to 9 casualties and 4 people injured.  In case of a leak, the only 
advice is to stop the plant, trace and repair the leak. Do not try hot bolting/torqueing or to 
install a clamp.   

Carbamate corrosion risks 

Ammonium carbamate is the intermediate product when converting ammonia and carbon 
dioxide into urea and is the most common and most corrosive component in a urea plant.  
Corrosion rates can be controlled by assuring sufficient oxygen being present, but corrosion 
rates can become very high in cases where oxygen gets depleted.  There are several reasons 
why this can occur (for example design with dead-ends or crevices, loss of oxygen supply, 
condensation of carbamate vapors, etc.) leading to several corrosion failure mechanisms.  In 
some cases, carbamate corrosion leads to a “controlled” leak first via a leak detection system 
and proper action can be taken.  In other cases, a sudden leak or failure occurs and one has 
to rely on preventive maintenance procedures, risk based inspection techniques, regular 
visual inspections and ammonia leak warning systems.  
 
For example, a leak in a loose liner of a high-pressure vessel will lead to a situation that a 
large area of the carbon steel is exposed to corrosive carbamate and typically a break-before-
leak scenario will be valid.  A continuous active vacuum based leak detection system with a 
reliable and accurate ammonia detector is vital. The integrity of overlay welding in high 
pressure equipment cannot be monitored continuously and leaks should be avoided by 
preventive maintenance (corrosion inspections during a turnaround).  A leak in the overlay 
welding will lead to a situation that only a limited area of the carbon steel will be exposed to 
corrosive carbamate and typically a leak-before-break scenario will be valid.  Regular 
inspection rounds by operators to identify such a leak are recommended. 

Backflow risks 

The high-pressure synthesis section is fed with carbon dioxide and ammonia.  Typical material 
of construction in the feed section is carbon steel while the high-pressure synthesis contains 
the very corrosive ammonium carbamate.  
Backflow of this carbamate is therefore a 
critical safety hazard and several incidents did 
occur.  A further complicating factor is that 
crystallization can easily occur, which can lead 
to non-return valves not functioning.  
Backflow can more easily happen when the 
feed line enters at the bottom of a vertical 
reactor which is completely filled with liquid 
and continuously a liquid head pushes back 
the feed flow.  
 
Figure 4. Rupture of ammonia feed line due to 
backflow of corrosive ammonium carbamate. 
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Vibration risks 

Certain pipelines are prone to vibrations like two-phase flow pipelines, for example the 
pipeline from high-pressure stripper to the recirculation section, minimum flow pipelines of 
high-pressure pumps) and discharge lines of high-pressure reciprocating pumps.   

Crystallization risks  

Ammonium carbamate and urea easily crystallize at lower temperatures.  During shut down 
conditions it is possible that pockets with ammonium 
carbamate and urea remain in the equipment or piping even 
when flushing has been applied.  Incidents occur because 
one unexpectedly encounters these pockets during 
maintenance activities.  The outlet lines of ammonium 
carbamate safety valves can clog and limit the blow off 
capacity is another crystallization risk. Also, incidents occur 
when trying to open up clogged urea melt pipelines.  This is 
a difficult and risky exercise.  
 
Figure 5. A partially clogged outlet line of a synthesis safety 
valve 

Hydrogen explosion risks 

Hydrogen is present in both the carbon dioxide as well as the ammonia feed.  Further, oxygen 
is added in the plant to assure a passive chromium-oxide layer on the applied protective 
layers.  In several sections of the urea plant the concentrations of hydrogen and oxygen 
increase and the composition may enter the explosive area, so the risks for hydrogen 
explosions become realistic.  
Recommended preventive measures are adding a hydrogen removal converter in the carbon 
dioxide feed, an atmospheric flash step in the 
ammonia feed and adding methane to reduce the 
explosive area.  Recommended mitigation 
measures are an expansion volume or a design 
pressure seven times higher than the operating 
pressure. Note that part of the hydrogen and 
oxygen will dissolve in the liquid phase and can 
reach and accumulate in less expected sections 
like the ammonia water tank and other low-
pressure equipment.[3]  Also, when one connects 
the ammonia plant with the urea plant, hydrogen 
containing streams can enter the urea plant 
creating explosion risks.  
 
Figure 6. The consequences of a hydrogen 
explosion in a high pressure vessel 
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Corrosion Under Insulation / Atmospheric corrosion risks 

Atmospheric corrosion or corrosion under insulation is an often underestimated form of 
failure.  Also in urea plants, atmospheric corrosion risks do occur.  Special attention should 
be paid to the carbon steel high pressure carbon dioxide and ammonia feed lines and to stress 
corrosion cracking risks of nitrates and (bi-) carbonates with carbon steel and chlorides with 
stainless steel.   

5. Conclusions 

Most safety hazards in a urea plant involve a release of toxic ammonia of which 90% can 
occur suddenly, without any pre-warning. Other main safety hazards are crystallization risks, 
vibration risks, backflow risks, hydrogen explosion risks, ammonium carbamate corrosion 
risks and  corrosion under insulation / atmospheric corrosion risks. The Risk Register “Safety 
Hazards in Urea Plants” contain already 110 safety hazards including its prevention and 
mitigation measures. Even if one would implement all recommended prevention and 
mitigation measures, a significant number (64) of the safety hazards would still remain a 
high-risk factor (catastrophic consequences and rare likelihood). This means continuous 
attention and awareness of these 64 safety hazards including its prevention and mitigation 
measures is very important. 
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Appendix 1: Most critical safety hazards. 

Catastrophic consequences and almost certain likelihood: 
• Rupture of carbon steel ammonia pipeline due to backflow from corrosive carbamate from 

synthesis  
• Rupture of the high-pressure scrubber due to hydrogen explosion  
• Rupture of high-pressure equipment due to high process pressure  
 
Catastrophic consequences and likely likelihood: 
• Large ammonia leak due to blowing out of a plunger from the stuffing box of a high-

pressure reciprocating pump due to broken bolts of plunger yoke  
• Leak/rupture of high-pressure flange connection in synthesis section  
• Leak in loose liner of urea reactor due to no proper leak detection system* 
• Failure of urea reactor due to no proper leak detection system* 
• Failure of high-pressure flange connection due to hot bolting  
• Asphyxiation/unconscious while working on tank  
• Asphyxiation/unconscious when entering a pipeline/vessel (confined space) while welding 

was performed and welding gas was applied  
* In our view a proper leak detection system means an active vacuum based leak detection 
system with a continuous, accurate and reliable ammonia detector. 
 
Catastrophic consequences and moderate likelihood: 
• Failure of a valve in an ammonia line due to human error to solve a vibration problem  
• Ammonia leak due to a sight glass failure during start up 
• Isolation valve fails during maintenance of high-pressure ammonia pump 
• Significant wall thickness reduction of high-pressure ammonia line due to atmospheric 

corrosion 
• Ammonia leak due to loosening packing ring of stuffing box on a high-pressure 

reciprocating pump 
• Explosion due to atmospheric corrosion of ammonia pipeline and/or erosion from process 

side 
• Large uncontrolled ammonia emission when suction line of high-pressure ammonia pump 

fails due to unwanted backflow scenario 
• Rupture of pipeline due to clogging of pipeline upstream or downstream safety valve due 

to crystallization of carbamate  
• Rupture of 316L Urea Grade (UG) high-pressure pipeline at inlet of reactor (conventional 

plant) due to erosion corrosion close to thermowell 
• High-pressure butterfly valve twists leading to leakage 
• High-pressure carbamate gas line ruptures due to strain induced intergranular cracking 
• 316L UG liquid outlet line of high-pressure ammonia stripper leaks due to relatively high 

temperature and as a consequence higher corrosion rates 
• Rupture of high-pressure drain valve due to corrosion of threads during leakage 
• Crack in stripper liquid outlet pipeline due to heavy vibrations 
• Leak of high-pressure flange connection with titanium gasket manway cover of urea 

reactor 
• High vibrations of discharge line of high-pressure reciprocating carbamate pump 
• Major leak at main flange of high pressure carbamate condenser during start up 
• Failure of flanged head connection of a urea reactor 
• Reactor ruptures due to bad maintenance practice of closing the manway cover 
• Vent line of ammonia water tank explodes during grinding 
• Rupture of valve due to high pressure pocket during maintenance 
• Failure of sight-glass 
• High-pressure equipment ruptures due to not commissioning all leak detection holes 
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• Severe damage of loose liner in high-pressure equipment (cause not clear) 
• Liner bulges and ruptures due to too high pressure behind the liner or due to draining the 

synthesis 
• Damage of carbon steel pressure bearing wall due to leakage of protecting sleeve in nozzle 
• Rupture of high-pressure stripper due to fabrication defect 
• Rupture of reactor due to active corrosion at a weld defect in weld clip to liner 
• Rupture of reactor due to stress corrosion cracking of carbon steel pressure bearing wall 

due to flushing of leak detection system with water and bad design of leak detection holes 
in multi-layer vessel 

• Rupture of urea reactor due to cracks in carbon steel behind the liner 
• Rupture of urea reactor due to defect in titanium liner 
• Tubesheet of pool condenser damaged due to erosion corrosion steam side 
• Tube rupture in high-pressure heat exchanger leads to high pressure on steam or cooling 

water side 
• Failure of the tube to tubesheet weld, potential damage of carbon steel tubesheet 
• Failure of tube in tubesheet due to chloride stress corrosion cracking 
• Chloride from atmosphere (cooling water effluent, marine atmosphere) entering the steam 

condensate system via atmospheric steam condensate tank 
• Rupture or crack in pressure bearing wall due to atmospheric corrosion (nitrate stress 

corrosion cracking) 
• Boiler explodes due to explosive mixture 
 
Major consequences and almost certain likelihood: 
• Rupture of carbon steel carbon dioxide feed line due to backflow from corrosive carbamate 

from synthesis  
• Carbon dioxide breakthrough with ammonia recycle leading to failure of pipeline 
 
Major consequences and likely likelihood: 
• Excessive ammonia emission due to mechanical seal failure of high-pressure centrifugal 

ammonia pump due to dirt, oil in flush lines 
• Significant ammonia and carbamate leak when plunger flows out from stuffing box of high-

pressure reciprocating pump due to broken bolts of plunger yoke 
• Rupture of tank due to vacuum pressure created  
• Crane collapses during maintenance job 
• NH3 tanker overturns and leaks gas 
 
Moderate consequences and almost certain likelihood: 
• During cleaning or maintenance activities in prill tower or granulator heavy lumps fall 

down causing casualties 
• While trying to open clogged melt line, melt splashes out of 3-way valve or flange 
• Granulator door jammed close unexpectedly 
 
 

 


