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ABSTRACT The number of fire and explosion accidents caused by pyrolysis oil and gas at waste plastic pyrolysis plants is increasing,
but accident status and safety conditions have not been clearly identified. Therefore, the aim of the study was to identify the risks of
the waste plastic pyrolysis process and suggest appropriate safety management measures. We collected information on 19 cases of fire
and explosion accidents that occurred between 2010 and 2021 at 26 waste plastic pyrolysis plants using the Korea Occupational Safety
and Health Agency (KOSHA) database and media reports. The mechanical, managerial, personnel-related, and environmental
problems within a plant and problems related to government agencies and the design, manufacturing, and installation companies
involved with pyrolysis equipment were analyzed using the 4Ms of Machines, Management, Man, and Media, as well as the
System-Theoretic Accident Model and Processes (STAMP) methodology for seven accident cases with accident investigation reports.
Study findings indicate the need for establishing legal and institutional support measures for waste plastic pyrolysis plants in order to
prevent fire and explosion accidents in the pyrolysis process. In addition, ensuring safety from the design and manufacturing stages of
facilities is essential, as are measures that ensure systematic operations after the installation of safety devices.

Key words Waste plastic pyrolysis(#]Z2}2 8 GE3), Pyrolysis oil(ZE3-3), Pyrolysis gas(&&3}|7}2), Fire and explosion
hazard(ZHA &%+ $J3]), Safety management(QH434-2])
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Table 1. Contents and methods of the research

Contents Methods

Making list of
waste plastic

O Review of literature, accident
investigation reports, and the

pyrolysis companies’ list registered on Korea
companies Resource Circulation Service Agency
l

Finding fire or O Investigation of accident cases of
explosion accident each company in the database of
KOSHA (Korea Occupational Safety
plastic pyrolysis and Health Agency)

plants O Accident case search on the internet

cases at waste

|

O Analysis of the accident investigation
reports (7 cases)

Finding causal
g — Causal factors of facilities and
factors of the
. processes, management, man, and
accident cases .
media

— Problems outside the workplace

O Literature review on the hazards of
Finding hazards
of the materials cokes

pyrolysis gas, pyrolysis oil, wax and

produced by O Test for autoignition point and flash

pyrolysis of waste point of pyrolysis oil

plastics © Dust explosion test of pyrolysis
residue
l
Suggesting safety
management O Literature review related to similar

measures for the facilities
causal factors and | © Reflecting expert opinions

the hazards
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Table 2. Cases of fire and explosion accidents

0o
ox
g

at domestic waste plastic pyrolysis plants (2010—2021)

No. | Company | Year Actmdent Process Accident overview Reactor
ype type
. . Leaked gas and oil vapor ignited and caused a fire during the pyrolysis | Vertical
1* A 2010 Fi 1
re Fyrolysis of compressed waste vinyl pellets, (1 dead, 2 injured) cylinder
Wasti
2 B 2014 Fire . ?S © g?s Fire occurred during waste gas incineration, (1 injured) -
incineration
3 o 2016 Fire Residue A flame broke out inside the pyrolysis reactor while a worker cut the | Rotary
removal wire caught in the inlet of the pyrolysis reactor with a portable grinder, kiln
Unclassifiabl While touring the factory for a safety inspection after work, a fire
4 2017 Fire o broke out the moment a lighter was turned on to check when a sound
D came from one side (1 injured) —
. . A fire broke out due to a gas leak from the pyrolysis facility during
2021 F 1
> 0 e Pyrolysis the production of pyrolysis oil (1 injured)
. Not A gas explosion occurred while trying to ignite the gas without knowing
6 E 2018 | Expl -
xprosion confirmed | that the gas valve had been open (1 injured)
) Not . . . Rotary
7 F 2019 Fire confirmed Fire related to pyrolysis reactor (No casualties) Kiln
. Waste gas | A gas explosion occurred while opening the door of the gas incineration
8* 2019 | Expl . . - . . ..
XPIOSION | 4 cineration facility with a lit torch to burn the gas, (1 injured)
. . ) ) Rotary
G . . Explosion due to ignition of gas of unknown cause during operation .
9 2020 | Explosion | Pyrolysis of pyrolysis facility, (1 injured) kiln
10 2020 Fire Pyrolysis A fire broke out inside the pyrolysis facility, (1 injured)
A fire broke out after a small spark occurred when an oil pipe suddenly
) Waste gas . . .. .
11 2019 Fire L . separated while the manager was away during training for operating
incineration C .
a pyrolysis incinerator, (1 injured)
19% H 92020 Fire Waste Plastic | When a worker opened the door of the pyrolysis reactor to put waste | Rotary
Supply plastics into it, a fire occurred with the smell of gas. (3 injured) kiln
Residue While working with an electric drill to remove hardened substances
13 2021 Fire with oil content, a fire broke out due to sparks from colliding with
removal . . ..
the drill and container, (1 injured)
% . Waste gas | The waste gas generated and leaked from the waste plastic pyrolysis | Stirring
14 I 2020 Fire . . .
incineration | process caused a fire, (1 dead) tank
The pressure inside the waste plastic pyrolysis reactor increased and Rotar
15% J 2021 | Explosion | Pyrolysis broke the fixing bolts of the reactor cover, which made pyrolysis gas . v
. . kiln
and oil vapor leak and cause a fire (2 dead)
16 K 2021 Fire .W?ste gas (estlmated).The fire was caused by overheating of the incinerator, Ro‘Fary
incineration | (no casualties) kiln
17 L 9091 Fire Maintenance A fire b.ro.ke out due to a gas leak during pipe welding work on the Ro‘Fary
roof (1 injured) kiln
18% M 2091 Fire Tyial run After 1nJect11.1g pyrolys1s oil 1nt.o a centrifuge, a fire and explosion R/o.tary
occurred during its test operation, (1 dead) kiln
Not The flame was discharged to the outside of the facility at the moment
19 N 2021 Fire . of ignition using a torch lamp to ignite in the incinerator of the plant, -
confirmed (1 injured)

gen
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indicates an accident for which an accident investigation report was prepared,
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Fig. 1. Safety control structure of the waste plastic pyrolysis process and the related organization
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Table 3. Causal factors of the fire and explosion accidents at waste plastic pyrolysis plants

Category Causal factor (s) Detail (s)
Process and facility O A passage was formed through which the pyrolysis gas generated in the pyrolysis reactor could move to
design flaws other reactors (inappropriate design of pyrolysis facility).
Facility structure that | © During pyrolysis, pyrolysis gas inside the reactor leaked to the outside,
may leak hazardous O Pyrolysis oil vapor and gas leaked through the gap between the pyrolysis reactor cover and the body,
substances O A large amount of pyrolysis oil leaked during trial run of the centrifuge,
© Explosion due to increased pressure inside the pyrolysis reactor as the wire included in the raw material
and cokes produced during pyrolysis blocked the pyrolysis gas and steam outlet, preventing pyrolysis gas
Machine from being discharged (no overpressure release device installed),
© Inflammable gas detection and alarm devices were not installed, so leaked pyrolysis gas was not recognized,
and . RS R : o .
facilities Lack of safety devices | © Pressure gauge indication error(malfunction) occurred due to cokes deposited inside the pressure pipe of
the pressure gauge,
o Tnadequate ventilation at the workplace where inflammable substances (pyrolysis gas and oil vapor, etc,)
were handled,
© Wire wound around the tip and head of the screw,
Insufficient strength of | © Insufficient bolt strength due to self—manufacturing and using the bolts for fixing the front cover of the
parts pyrolysis reactor in an inappropriate way,
Lack of building safety o Spreading fire by instglling sﬁyrpfoam sandwich panels in factory buildings (inappropriate structure of
the building for chemical facilities),
© No work plan was established before using the centrifuge (or chemical equipment) and no prior safety
Incomplete or review was conducted,
inadequate work plan | © The operating procedures, which include measures for ventilation inside the equipment and measures for
and work procedure leakage of hazardous materials, were not written,
manual O The step—by—step operating conditions and measures to be taken when the operating range is exceeded
during the operation of the pyrolysis reactor were not clearly written,
Inadequate or O Insufficient review of risks and inadequate application of safety measures during the design and operation
incomplete risk of the process and equipment (such as gas transfer paths).
assessment and © Failure to review the possibility of pressure surges, detachment of the front cover, and cokes deposition
improvement measures of the pressure gauge pipe that may occur during operation of the pyrolysis reactor,
O Failure to provide education to workers on the hazards of the handled materials and safe work methods,
O Special training in accordance with the Occupational Safety and Health Act had not been conducted for
Inadequate safety workers handling flammable liquids (pyrolysis oil) and flammable gases (pyrolysis gas).
education and safety | © When operating the pyrolysis reactor, the operator was not clearly educated on the operating conditions
information provision for each stage and what to do when the operation range is exceeded,
© No MSDS for materials (pyrolysis oil, pyrolysis gas, etc.) handled and produced at the workplace,
O Failure to provide and post safety information such as MSDS for workers handling and producing materials,
0 (Before plastic supply) Failure to remove flammable gases and to ventilate the inside of the reactor
0 (Before ignition of the heater) Ignition in the state of gas leakage without checking the gas valve open
state and gas leakage (No ventilation)
Manage— Inadequate safety o (Bef Lo i ¢ " ) Igniti thout ori tilation ( ) in the state wh "
et measures before work efore incineration of waste gas) Ignition without prior ventilation (purge) in the state where waste gas
leaked or remained in the incinerator
0 (Before removing residues) Insufficient ventilation and removal (or purging) of pyrolysis gas before
removing pyrolysis residues inside the reactor
O Cutting the wire with a portable grinder inside the pyrolysis reactor, where there was a risk of fire and
explosion due to the remaining hazardous materials (pyrolysis gas and residues)
R © In order to increase the yield of pyrolysis oil, the exhaust damper of the local exhaust system was closed
Application of . . . .
. - and the pyrolysis reactor was operated, so pyrolysis gas and oil vapor spread in the workplace,
inappropriate work | o 10 sticient ventilation and exhaust to discharge fl ble subst (such ing a fan t
nsufficient ventilation and exhaust measures to discharge flammable substances (such as using a fan to
methods di . .
ischarge pyrolysis gas and vapor leaked from the equipment),
© The waste gas was discharged to the outside by operating the pyrolysis reactor with the waste gas pipe
closed (The waste gas incinerator was not operated.)
Inadequate systematic | © No design drawings or design data for the pyrolysis equipment,
management and © Inadequate management such as periodic cleaning of the pressure gauge tube for measuring the internal
operation of equipment pressure of the pyrolysis reactor and replacement of parts (pressure gauge, etc,).
Failure to set up
explosion hazard areas | © Places with risk of explosion, such as leakage of flammable gas (pyrolysis gas) or flammable liquid
and provide (pyrolysis oil), were not set and managed as explosion hazard area,
explosion—proof © Failure to use explosion—proof electrical machinery and equipment in places where there is a risk of fire
electrical machinery and and explosion,
equipment (not used)
Lack of technology, O Lack of knowledge and information about safety—related regulations,
knowledge, and O Failure to recognize the risks of machinery/facility, work place, and handling materials
Man experience related to | © Lack of technical skills for operating and maintaining the pyrolysis facilities,
operation of pyrolysis | © During the operation of the pyrolysis reactor, the operating conditions for each stage and the necessary
equipment measures when out of the operating range were not clearly recognized,
© The leaked pyrolysis gas and oil vapor from the intermediate storage tank into the workplace spread and
Leakage of pyrolysis created an explosive atmosphere because the exhaust system was operated with the damper closed.
Media © Formation of an explosive atmosphere due to leakage of pyrolysis gas from pyrolysis reactor or from

gas, oil vapor and oil

incinerator to burn unliquified pyrolysis gas,
© Formation of an explosive atmosphere due to leakage of pyrolysis oil during centrifugal separation operation,

2023. 9 Vol.19, No.3 27



x
i
Ol

b

o

i}
o
2l

fol
ol

40

Ix

I'

3.3.2 STAMP &4 Zu} ek AR A= AAF o AulE AL, A
S RARLILA 7 2T AL BA] TjAF AR T2 Al F=rollA =dstAY dH] ARFAA| ol A FLefsto]
52091 WGk Aqi AbdolofA] vl 2AFRE AShs 9= 9] w2l Adule] dA, A, A=
PR Qs Ao R shetsioly] hiel ) Aebge] A T Q1] s AR AR
BS o5 mEll Fig 17} o] shbE E3kete] 2Mda} AU ALEL] G Hels Adule AA, AR A
Table 4. Causal factors of the system components
System Component Causal factor(s)
Ministry of Environment | © There were no manufacturing and installation standards for pyrolysis facilities, and they were not
(MOE) and Korea included in the object of installation and regular inspection, (Legislation announced for installation

Environment Corporation inspection in 2022)

Ministry of Employment

Government and Labor (MOEL) and © Based on industry type, the waste treatment business was not included in the industry to
and Agency Korea Occupational preparation and submission of process safety reports and the plans for prevention of harm and
Safety and Health Agency dangers,
(KOSHA)
National Fire Agency and | © Fires continued to occur in similar workplaces, but systematic response measures were not
local governments established.
© There was no legal standard for facilities, so it was designed according to the company’s own

standards,

Appropriate safety devices were not reflected when designing and manufacturing facilities,

Failure to prepare and provide appropriate user manuals and operation methods necessary for the
safe use of equipment,

— Pressure relief devices or rupture disks were not reflected or not installed,

— Gas detection and alarm devices were not reflected or installed,

Appropriate user manuals and operating methods for safe use of the equipment were not prepared or
provided,

Failure to provide facility design drawings and facility—related information to the facility operating
company,

Explosion—proof and fire/explosion prevention standards were not appropriately reflected,

Designed in a structure where the pipe can be clogged by cokes and foreign substances,

When designing, manufacturing, and installing the pyrolysis facilities, risk assessment were not
conducted or performed poorly, and improvement measures were not taken according to the risk
assessment results,

o O

Pyrolysis equipment design,
manufacturing, and installation
companies (or departments)

[0)

(o]

(o)

o O

(o]

Inadequate safety management system (a person in charge of safety and health management, and
supervisors),
Focus on process operation and management rather than safety,
Import of facilities not properly equipped with safety devices,
Lack of knowledge and information on safety—related regulations,
Failure to recognize the risks of machinery/facility, work place, and handling materials,
Lack of technical skills for operating and maintaining pyrolysis facilities,
When operating the pyrolysis reactor, the operating conditions for each stage and the necessary
actions taken when out of range were not clearly recognized,
Incomplete or inadequate work plan and work procedure manual®
Inadequate or incomplete risk assessment and improvement measures™
Inadequate safety education and safety information provision®
Inadequate safety measures before work™
Application of inappropriate work methods™
Inadequate systematic management and operation of equipment®
Failure to set up explosion hazard areas and provide explosion—proof electrical machinery and
equipment (not used)*
* Details are the same as those of the Management category in Table 3,

O O O O O O

Employers and
management departments
(including production
and maintenance
departments)

Pyrolysis
Company

O O O O O O O

o

Failure to recognize the risks of machinery/facility, work place, and handling materials,
Production and © Lack of technical skills for operating and maintaining pyrolysis facilities,

maintenance workers When operating the pyrolysis reactor, the operating conditions for each stage and the necessary

actions taken when out of range were not clearly recognized,

[0)

Process and facility design flaws™**

Facility structure that may leak hazardous substances™*

Lack of safety devices**

Insufficient strength of parts™*

Lack of building safety™®*

Leakage of pyrolysis gas, oil vapor and oil ***
** Details are the same as those of the Machine category in Table 3,
##% Details are the same as those of the Media category in Table 3,

Processes and
equipments

O O O O O O

28 Al-XidofAx|
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Table 5. Explosion limit and autoignition temperature of waste
plastic pyrolysis gases

Shemieal | cu No!® | (Uper/ionen, | temperaiure
(V) (°C)

He 1333-74-0 75/ 4 500-571
CHy 74—-82—8 15/5 537
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106—98—9 10/1.6 385
C4Hs

107-01-7 9.7/18 323.9
CO 630—08—-0 74,2 /12,5 607
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