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Abstract

Chemical plants handle a wide range of hazardous materials and complex processes, making them vulnerable
to accidents, fires, explosions, and toxic releases. This project focuses on enhancing safety in chemical plants
through systematic hazard analysis and risk assessment methods. The aim is to identify potential hazards,
evaluate associated risks, and propose control measures to minimize the likelihood and impact of incidents.
The study begins with a detailed examination of critical processes, equipment, and chemicals involved in plant
operations. Hazard ldentification techniques such as HAZOP (Hazard and Operability Study), What-If
Analysis, and Checklists are used to systematically uncover possible failure scenarios. This is followed by a
risk assessment phase, where the severity and probability of each hazard are analyzed using qualitative and
semi-quantitative methods, such as risk matrices. Based on the analysis, risk mitigation strategies are
recommended, including engineering controls, administrative procedures, safety interlocks, and emergency
preparedness plans. A case study of a selected chemical unit is conducted to validate the approach. The project
demonstrates how structured hazard and risk assessment can proactively improve workplace safety, ensure
regulatory compliance, and reduce operational Downtime. The results provide a replicable framework for
other chemical processing facilities to adopt for continuous safety improvement.

Keywords: Hazard Analysis, Risk Assessment, Chemical Plant Safety, HAZOP and Risk Mitigation Strategies.

1. Introduction

Chemical plants play a vital role in modern
industrial development by producing essential
chemicals, fuels, and materials used across various
sectors. However, the handling of hazardous
substances,  high-pressure  systems,  extreme
temperatures, and complex process operations makes
chemical plants inherently high-risk environments.
Accidents such as toxic releases, fires, explosions,
and equipment failures can result in severe
consequences, including loss of life, environmental
damage, property loss, and operational disruptions.
Therefore, ensuring a high level of safety is a critical
priority in chemical plant operations. Safety
enhancement in chemical plants requires a proactive
and systematic approach to identify, evaluate, and
control potential hazards before they lead to
accidents. Hazard Analysis and Risk Assessment
(HARA) provide structured methodologies to
recognize unsafe conditions, analyze failure
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scenarios, and estimate the severity and likelihood of
adverse events. Techniques such as Hazard and
Operability Study (HAZOP), What-If Analysis, and
risk matrices enable organizations to prioritize risks
and implement appropriate control measures.
Integrating engineering controls, administrative
measures, and emergency preparedness strategies,
hazard analysis and risk assessment support
informed  decision-making and  continuous
improvement. This approach not only ensures
compliance with regulatory requirements but also
strengthens safety culture, protects workers and the
environment, and enhances the overall reliability and
sustainability of chemical plant operations.
2. Literature Review

Recent studies highlight the growing importance
of systematic safety enhancement through hazard
analysis and risk assessment across chemical and
process industries. Khalati et al. (2025) emphasized
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that pilot plant design plays a critical role in
mitigating technical, environmental, and safety risks
when scaling up new technologies. Their work on
lignin-based pilot plants demonstrated how early-
stage hazard identification and regulatory alignment
can support safe commercialization. Similarly,
Criollo et al. (2025) proposed a flexible safety testing
and assessment scheme for biochemicals under EU
regulations, stressing that risk-based approaches and
data-driven justification can improve regulatory
efficiency without compromising safety. Several
researchers  focused on  risk  assessment
methodologies to enhance operational safety.
Karamcheti et al. (2025) demonstrated how
quantitative and scenario-based risk assessments
improve food safety by addressing microbial hazards
through robust thermal processing design. Rehak and
Splichalova (2025) expanded the safety perspective
by integrating security and resilience concepts,
proposing convergence frameworks that strengthen
personnel, process, and functional safety in chemical
plants. Yuan and Reniers (2025) further advanced
this idea by introducing dynamic and integrated
safety—security barrier management frameworks,
enabling real-time risk adaptation in chemical
facilities. Safety challenges in specific sectors were
also widely discussed. Hegaz et al. (2025) identified
fire, explosion, and biohazards as dominant risks in
biogas plants, highlighting the need for strict
compliance with international standards. Safie et al.
(2025) reviewed UAV-based inspection practices in
chemical plants, noting both safety benefits and
emerging regulatory challenges. Burmana et al.
(2025) analyzed corrosion-related failures in
biodiesel plant cooling systems, linking inadequate
maintenance to safety and economic losses. The
literature underscores that structured hazard analysis,
integrated risk assessment, regulatory compliance,
and continuous improvement are essential for
enhancing safety in chemical plants. These studies
collectively support the need for holistic, adaptable,
and data-driven safety management frameworks
shown in Figure 1.
3. Methodology
3.1. Define Objectives and Scope

Chemical plants operate under high-risk conditions
due to hazardous chemicals, extreme operating
parameters, and complex processes. Accidents such
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as fires, explosions, toxic releases, and equipment
failures can result in severe human, environmental,
and economic consequences. Therefore, a structured
approach to safety enhancement is essential,
beginning with clearly defined objectives and scope
for hazard analysis and risk assessment. The primary
objective of this study is to enhance chemical plant
safety through systematic hazard identification and
risk evaluation. This includes identifying potential
hazards using techniques such as HAZOP, What-If
Analysis, and checklists; assessing risks based on
severity and likelihood through qualitative and semi-
quantitative methods; and recommending effective
engineering, administrative, and procedural control
measures. The study also aims to ensure compliance
with relevant national and international safety
regulations and to develop a replicable framework
applicable to other chemical plants.

Define Objectives and Scope

!

Data Collection and Process Understanding

l

Hazard Identification

l

Risk Assessment

l

Risk Evaluation and Prioritization

l

Recommend Safety Improvements

l

Implementation Planning

l

Post-Implementation Review

l

Documentation and Reporting

l

Continuous Monitoring and Improvement

Figure 1 Methodology

The scope of the study covers critical process units,
equipment, hazardous chemicals, and operational
activities, including routine and non-routine
operations. It evaluates process deviations,
equipment failures, chemical properties, and human
factors influencing safety. While the analysis focuses
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on a selected plant unit, the methodology is designed
to be scalable. Defining clear objectives and scope
ensures focused analysis, efficient resource
utilization, and effective risk mitigation, forming a
strong foundation for proactive and continuous safety
improvement in chemical plants.

3.2. Data Collection and

Understanding

Data collection and process understanding form
the foundation of effective hazard analysis and risk
assessment in chemical plants. Given the inherent
complexity of chemical processes involving
hazardous substances, high pressures, elevated
temperatures, and human interaction, accurate and
comprehensive data are essential to identify
vulnerabilities and prevent major accidents. Without
reliable data, hazard identification may be
incomplete, leading to ineffective or misdirected
safety measures. A thorough understanding of
process operations helps identify potential failure
points, abnormal operating conditions, equipment
weaknesses, and human-factor-related risks. It also
supports structured safety tools such as HAZOP,
What-If Analysis, and Layer of Protection Analysis
(LOPA), all of which depend heavily on detailed
process knowledge. Data collection enables
organizations to recognize interdependencies
between units, understand how deviations propagate
across systems, and anticipate cascading failures.
The data collected typically include process and
operational information such as P&IDs, PFDs,
material and energy balances, design parameters, and
standard operating procedures. Chemical property
data from MSDS provide insight into flammability,
toxicity, reactivity, and environmental impact.
Equipment specifications, maintenance records,
inspection reports, and calibration histories help
assess mechanical integrity and reliability. Historical
incident and near-miss data reveal recurring patterns
and root causes, while workforce and human-factor
data highlight training gaps, workload issues, and
behavioral risks. Environmental and regulatory data
ensure alignment with statutory requirements and
best practices. Data are sourced from internal
documentation, control systems (SCADA/DCS), site
inspections, employee interviews, and regulatory
guidelines. Tools such as process mapping,
simulation, gap analysis, and cross-functional

Process
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workshops are used to convert raw data into
actionable insights. Despite challenges like
incomplete records or data silos, systematic data
collection enables accurate hazard identification and
effective risk mitigation. Ultimately, strong data and
process understanding ensure safety decisions are
proactive, targeted, and sustainable.

3.3. Hazard Identification

Hazard identification is a fundamental and critical
step in enhancing safety within chemical plant
operations. Chemical plants operate with hazardous
substances under extreme conditions such as high
pressure, high temperature, and complex chemical
reactions, making them inherently prone to accidents.
Hazard identification involves the systematic
recognition of potential sources of danger associated
with process operations, equipment, materials,
utilities, and human interactions. The primary
objective of this phase is to identify all credible
hazards both routine and abnormal that could lead to
fires, explosions, toxic releases, equipment damage,
environmental pollution, or harm to personnel.
Effective hazard identification provides the
foundation for meaningful risk assessment and
ensures that safety controls are designed based on
actual threats rather than assumptions. In this study,
hazard identification was carried out using a
structured and multi-method approach to ensure
comprehensive coverage. Techniques such as
HAZOP (Hazard and Operability Study), What-If
Analysis, and checklist-based reviews were
employed to capture process-related, equipment-
related, and human-factor hazards. HAZOP analysis
was used to systematically examine deviations from
design intent by applying guide words to key process
parameters such as flow, temperature, pressure, and
level. This method was particularly effective in
identifying hazards related to abnormal operating
conditions, control failures, and loss of containment.
What-If Analysis complemented HAZOP by
exploring hypothetical scenarios, especially those
involving human error, maintenance activities, and
emergency situations. Checklist-based reviews
ensured that common and regulatory-required
hazards related to equipment integrity, electrical
safety, fire protection, and emergency preparedness
were not overlooked. The hazard identification phase
revealed a wide range of potential hazards, including

2925


https://irjaeh.com/
https://doi.org/10.47392/IRJAEH.2026.0370

International Research Journal on Advanced Engineering Hub (IRJAEH)
e ISSN: 2584-2137

Vol. 04 Issue: 05 May 2026

Page No: 2923-2940

https://irjaeh.com

IRJAEH https://doi.org/10.47392/IRJAEH.2026.0370
Table 1 Workforce and Human Factors Data
Aver Safet
age HMI y Incid | Corre
Training . Wee | Worklo Behavio | Cult | ent ctive
Shift Intera .
Role/Po & Patte kly ad ction ral ure | Invol | Action | Remar
sition | Certifica Wor | Assess . | Observ | Asses | veme s/ ks
. rn Effecti i
tion k ment Veness ations | smen nt | Coach
Hour t (Y/N) | ing
S Score
. Refres
4 Mod_erat ngh Good her Positiv
Process e (high | (quick -
Control days . adheren trainin e
Control 42 during | respon 85/
Room on/3 . i ceto No g safety
Cert. hours shift ses; 100 )
Operator days procedu schedu | attitud
Level 2 changes | low
off ) errors) res led e
2026
M?}?'“ Occasio Additi
Mainten Safe_ty& > ngh (some nally onal Needs
Equipme | days (multipl | . rushed, safety
ance 45 interfa . 72/ .| closer
- nt on/?2 e tasks minor Yes | coachi .
Technici . hours | . ce 100 supervi
Handling | days simultan procedu ng :
an delays . sion
Cert. off eously) ral provid
reporte
lapses ed
d)
High
. . | Strong Encour
. Leadershi High | (effecti leadersh aged | Excell
Shift . Rotat (manage ve )
.| p&Risk | . 50 ip, 90/ peer ent
Supervis ing S comma . No
Mgmt . hours . proactiv | 100 safety | leaders
or shifts multiple nd .
Cert. . e safety mentor | hip
teams) | interfa )
checks ing
ce use)
. HMI
Mediu Good, trainin
. 3 m
Basic days Lowto | (some ut g Improv
Process 38 . occasion | 78/ refresh .
Operator ; on/4 moderat | navigat No ing
Operation hours . al 100 er
days e ion . . focus
Cert. distracti recom
off challen
ons mende
ges) q
Safet Consiste Condu
Mana Zm Stand ntly cts Role
Safety g ard 40 | Moderat enforces | 95/ regular | model
. ent N/A No .
Officer day | hours e safety 100 safety in
System . L
shifts standard briefin | safety
Cert. S gs

International Research Journal on Advanced Engineering Hub (IRJAEH)

2926



https://irjaeh.com/
https://doi.org/10.47392/IRJAEH.2026.0370

International Research Journal on Advanced Engineering Hub (IRJAEH)
e ISSN: 2584-2137

Vol. 04 Issue: 05 May 2026

Page No: 2923-2940

https://irjaeh.com
https://doi.org/10.47392/IRJAEH.2026.0370

IRJAEH

Table 2 Hazard Identification

temperature control

Area / System Identified Hazard Source / Potential
Mechanism Consequence
Reactor system Runaway reaction Failure of cooling Explosion, release
due to loss of system of toxic vapors

Solvent storage area

Vapor cloud
formation

Leaking flange,
poor ventilation

Fire or toxic
exposure to workers

Pumping system

Seal failure causing
flammable leak

Worn mechanical
seals

Fire, environmental
contamination

Operator Confusion during | Unclear emergency | Delay in response,
procedures emergency procedures, poor escalation of
shutdown training incident
Electrical control Short circuit from Poor sealing and Ignition of
room moisture ingress maintenance flammable
atmosphere
Table 3 Risk Matrix
Severity: 1 2 3 4 5
(Minor) (Moderate) (Catastrophic)
Likelihood: 5 . . . . .
(Frequent) Medium High High Critical Critical
4 (Likely) Low Medium High High Critical
3 (Possible) Low Medium Medium High High
2 (Unlikely) Low Low Medium Medium High
1 (Rare) Low Low Low Medium Medium
Table 4 Risk Assessment
Hazar_d Likelihood Severity Risk Existing Recommendation
Scenario Level Controls
Reactor Alarm
overpressure 5 svstem Add automatic
due to 3 (Possible) | (Catastrophic | High n>1/anual’ emergency
cooling ) . depressurization
) venting
failure
Flammable
solvent leak . . . Dikes, gas Impro_ve leak
2 (Unlikely) 4 (Major) Medium ’ detection and
from storage detectors .
secondary venting
tank
bOpe;s;g; Manual Install interlock
yp 4 (Likely) | 4 (Major) | High 12 lockout + staff
safety supervision i
. training
interlock
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Corrosive PPE,
chemical standard Add automated
spill durin 3 (Possible) | 3 (Moderate) | Medium | operating transfer + spill
ptransfer g procedure containment
(SOP)
Explosion .
due o static " Gggﬁ(rjl;:ir:ng, Review groundin
discharge 2 (Unlikely) | (Catastrophic | High 9 f? . g
during ) operator system effectiveness
- procedure
mixing
Table 5 Five Risk Matrix
Severity \ . . . Almost
Likelihood Rare (1) | Unlikely (2) | Possible (3) | Likely (4) Certain (5)
Catastrophic (5) Medium High High Extreme Extreme
Major (4) Low Medium High High Extreme
Moderate (3) Low Medium Medium High High
Minor (2) Low Low Medium Medium High
Negligible (1) Low Low Low Low Medium
Table 6 Hazards
Hazard Likelihood Severity Risk Score Risk Category
Flammable Gas . . .
Leak (A) Likely (4) Catastrophic (5) 20 Extreme Risk
Pump Failure (B) Possible (3) Moderate (3) 9 Medium Risk
Corrosion in . . . .
Piping (C) Unlikely (2) Major (4) 8 Medium Risk
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Table 7 Detailed Implementation Planning For Safety Improvements in Chemical Plants

S. | Implementatio o Responsible Resources | Timelin Expected
Activities Personnel / .
No n Stage Required e Outcomes
Department
Formation of Clear
: multidisciplina Plant Manager, Human responsibility
Establishment of i Safety Manager, ) '
) ry team; . . resources, Short- effective
1 | Implementation s Engineering, L
nomination of : management term coordination,
Team . Operations, .
team leader; . support leadership
- Maintenance -
role allocation accountability
Risk ranking
Prioritization of basgd on Safety . . Focus on high-
severity and . Risk matrix, g
Safety - ) Department, Risk Short- risk hazards,
2 . likelihood; assessment
Recommendatio | ., ... . Assessment term regulatory
identification reports .
ns Team compliance
of statutory
requirements
Preparation of . Structured
step-by-step Planning .
! ) Safety Manager, execution,
Development of | action plans; tools, Short-
3 . : Department . measurable
Action Plan assignment of documentati term
A Heads safety
tasks; defining on imDrovements
KPIs P
esti(r:n(;StEon' Adequate
Resource budaet ’ Management, Budget, Short to funding,
4 | Allocation and g . Finance, Safety | procurement | Medium optimized
: approval;
Budget Planning Department support -term resource
manpower o
: utilization
planning
Installation of
. safety . . . Reduction in
. . interlocks, Engineering Equipment, .
Engineering : . Medium | process hazards
5 e - relief valves, Department, drawings, .
Modifications -term and accident
gas detectors, Vendors tools -
o probability
ventilation
systems
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Risk review for
modifications; Safety MOC Controlled and
Management of .
approval Department, procedures, | Medium safe
6 | Change (MOC) . . ) ) . .
. process; Engineering, updated risk -term implementation
Integration . .
communication Operations assessments of changes
to workforce
Training on
new systems, Improved
Training and SOPs, HR, Safety Training . worker
; . Medium
7 Competency emergency Trainers, materials, term competence,
Development response; Supervisors simulators safe operational
competency behavior
assessments
Revision of
Implementation | SOPs; permit- Operations, SOP . Standardized
of to-work . Medium
8 . . . Maintenance, manuals, safe work
Administrative updates; . -term .
) Safety work permits practices
Controls maintenance
schedules
Updating Enhanced
Emergency emergency Emergency . . emergency
plans; Fire systems, | Medium )
9 Preparedness . . Response Team, readiness and
. alignment with alarms, PPE -term
Integration , Safety response
new controls; .
. effectiveness
mock drills
o Tracking KPIS; o Early detection
Monitoring and near-miss Safety Monitoring )
. . . of failures,
10 Performance analysis; Department, tools, audit | Ongoing . !
. . . . : continuous risk
Evaluation inspections and Supervisors checklists .
. reduction
audits
Maintenance of
Documentation . records; . Documentati Legal
i internal and Safety, Quality : compliance,
11 | and Compliance . on systems, | Ongoing -
e . external audits; Assurance : traceability,
Verification . audit reports . .
compliance audit readiness
checks
Review
Continuous meetings; Management, Incident Sustained safety
feedback . Long- performance
12 Improvement . o Safety data, review
: incorporation; . term and system
and Review L Committee reports .
updating risk maturity
assessments
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Table 8 Detailed Post-Implementation Review Framework for Chemical Plant Safety

. Review Responsible .
S. Review . L Performance Review
Review Activities Methods / Personnel / .
No Element Indicators Outcomes
Tools Department
Verification of risk
Objectives of _reduc_u_on;_ Risk . Residual  risk | Confirmation of
identification of | comparison Safety
Post- . ! levels, safety
1 . unintended studies, Manager, Plant . A
Implementatio . compliance objectives
n Review consequences, management Manager status achievement
sustainability review
assessment
Inspection and Commissionin Reliable
Verification of | functional testing of Engineering, Equipment o
. . . . g records, . - functioning of
2 Engineering safety interlocks, relief | : . Maintenance, | reliability, test ; .
inspection engineering
Controls systems, ESDs, . Safety pass rate
_—— checklists controls
detectors, ventilation
Evaluation of Rewe_w of ~ SOPs, Compliance Operations, SOP adherence | Improved
. . permit-to-work - - .
3 Administrativ svstems.  maintenance audits, job | Safety, rate, permit | procedural
e Controls ySterns, observations | Supervisors violations compliance
compliance
. - Training .
Assessment of | Evaluation of training .| HR, Safety | Competency Skilled and
o records, skill !
4 Training outcomes and Trainers, scores,  error | safety-aware
. assessments, .
Effectiveness | workforce competency . Supervisors frequency workforce
observations
Monitoring  of Tracking safety metrics | KPI Safety Accident rate, Measurable
Safety . safety
5 Performance before  and  after | dashboards, Department, near-miss performance
. implementation safety statistics | Management | frequency :
Indicators improvement
Root  Cause
Incident and | Review of incidents | Analysis Safety Team, | Recurrence .
. . . Prevention  of
6 Near-Miss and near misses post- | (RCA), Investigation rate, root cause L
. . . i ; repeat incidents
Analysis implementation incident Committee closure
reports
Emergency Assessment of | Mock  drills, | Emergency Drill Enhanced
Preparedness . . performance
7 emergency drills, | response time | Response emergency
and Response . ) score, response X
. response effectiveness | analysis Team, Safety . readiness
Evaluation time
Compliance . Verification of legal Internal  and | Safety, Quality | Audit findings, Regule_ltory
8 and Audit | and standard - compliance
. . external audits | Assurance closure rate
Review compliance assurance
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Employee Collection of worker Surveys, Safety N“mbef of | Practical  and
9 Feedback and | feedback on safety toolbox - talks, Committee suggestions, worker-
AR safety o participation accepted safety
Participation measures " Supervisors
meetings rate controls
Management . .
Review and Review of  safety Mapagement Senior Achievement of | Strategic safety
10 .. performance and | review Management, :
Decision- q . f q safety targets improvements
Making resource adequacy meetings Safety Hea
Documentatio Updating risk registers, | Documentatio Safet_y ’ Record
11 | and SOP . Quality, completeness, | Strong  safety
S, emergency | n review, .
Knowledge lans record audits Documentatio | update knowledge base
Management P n Team frequency
Fn?n::)r\%?:ljzm Integration of lessons | Periodic Management, | Improvement Sustainable
12 anc? Review learned into future | reviews, Safety action closure | safety
Cycle planning feedback loops | Committee rate enhancement

Table 9 Documentation and Reporting Framework for Safety Management in Chemical Plants

S. | Documentation | Description and | Documents/ Responsible Purpose and
Department / o m
No. Category Scope Records Significance
Personnel
Establishes a | Safety policy, Ensures
Top
Purpose of | permanent record | safety transparency,
Management, -
1 Safety of all safety- | manuals, Safet accountability,
Documentation | related activities | compliance y and legal
. Department -
and decisions records compliance
E E:‘s(;(e)rrr?:tic HAZOP Safet Enables
Hazard systematic reports, What- "4 structured
e . identification of . | Engineers, .
2 Identification - If analysis hazard tracking
. hazards in Process
Documentation sheets, . and future
processes and . Engineers X
X checklists reviews
equipment
Docum_ents risk Risk matrices, Supports
evaluation results | . . Safety  Team, .
. . i risk registers, | _. prioritization
Risk Assessment | using qualitative . Risk .
3 . | severity— and risk-based
Records and semi- | 1. . Assessment .
I likelihood . decision-
quantitative . Committee :
ratings making
methods
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Safety
Captures recommendati | Safety Prevents
4 Recommended proposed controls | on logs, | Manager, omission of
Safety Measures | linked to | control Engineering critical  safety
identified hazards | measure Team actions
registers
MOC forms,
. . . . Ensures
Implementation | Records all safety | design Engineering,
e . 4 controlled and
5 and Change | modifications and | drawings, Maintenance,
I traceable safety
Management approvals commissionin | Safety
changes
g reports
o Trainin
- Maintains g Demonstrates
Training and : schedules, HR .
evidence of compliance and
6 Competency attendance Department,
workforce safety . workforce
Records sheets,  test | Safety Trainers )
competence readiness
results
_ Doguments Incident Suppo_rts
Incident and | accidents and . proactive
. reports, RCA | Safety Officers,
7 Near-Miss unsafe events for . hazard
: : reports, near- | Supervisors .
Reporting learning and | . prevention and
4 miss logs i
prevention learning
Inspection Verifies
: Records . ;
Inspection  and . checklists, . compliance and
) evaluations  of : Safety Auditors, | . -
8 Audit audit reports, identifies
. safety system . QA Team .
Documentation : corrective improvement
effectiveness .
action logs areas
Emergen
. ergency Ensures
Emergency Maintains response Emergency .
. . effective
9 Preparedness readiness for | plans,  drill | Response
) . response to
Documentation | emergencies reports, Team, Safety .
. emergencies
contact lists
Documents Management . Reinforces
. . . Senior management
Management leadership review | review .
10 . . . Management, commitment
Review Reports | and strategic | minutes,
. . Safety Head and
safety decisions | action plans -
accountability
Regulatory and Ensure_s _ Statutory Compliance Malntqlns legal
compliance with | returns, : compliance and
11 | Statutory . . . Officer, Safety
. legal  reporting | inspection stakeholder
Reporting . . Department
requirements submissions trust
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Data Controls storage, | Digital Prevents data
IT, Safety
Management and | access, and | databases, ) loss and
12 . . Documentation
Record retention of safety | retention Team supports
Retention records schedules traceability
Communication Fgcmta}tes . SafeW_ Enhances
dissemination of | bulletins, Safety
13 |and Knowledge : awareness and
. safety dashboards, Committee, HR
Sharing . . safety culture
information newsletters
Trend Drives
.| Uses documented . .
Role in . analysis Safety continual
. data for ongoing )
14 | Continuous safet reports, Management Improvement
Improvement y review Team and system
enhancement . .
summaries effectiveness

Flammable vapor releases, toxic gas exposure,
equipment failures, corrosion-related leaks, electrical
hazards, and procedural errors. Each identified
hazard was documented with its source, possible
consequences, existing controls, and recommended
additional safeguards. Integrating technical data,
historical incident records, and operator experience,
the study ensured a realistic and practical
understanding of plant risks. Hazard identification
served as a proactive tool to uncover hidden
vulnerabilities, prioritize safety concerns, and
establish a strong basis for subsequent risk
assessment and control implementation, ultimately
contributing to safer and more resilient chemical
plant operations shown in Tables 1-9.
3.4.Risk Assessment

Risk assessment is the second critical phase
following hazard identification and plays a vital role
in chemical plant safety management. While hazard
identification focuses on recognizing what can go
wrong, risk assessment evaluates how likely an
identified hazard is to occur and how severe its
consequences could be. In chemical plants, where
minor deviations can escalate into fires, explosions,
or toxic releases, this evaluation is essential for
prioritizing safety actions and allocating resources
effectively. In this study, each identified hazard was
analyzed based on three key parameters: likelihood,
severity, and detectability. Likelihood represents the
probability of occurrence, severity reflects the
potential impact on personnel, equipment, and the
environment, and detectability considers how easily
the hazard can be identified before escalation. These
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parameters together determine the overall risk level
of each scenario. A qualitative and semi-quantitative
approach was adopted using a 5x5 risk matrix,
combining likelihood and severity ratings to classify
risks as low, medium, high, or critical. This
structured method enabled clear differentiation
between hazards requiring immediate mitigation and
those manageable through monitoring and routine
controls. For selected high-risk scenarios, a
simplified Layer of Protection Analysis (LOPA) was
applied to evaluate the adequacy of existing
safeguards and identify gaps in protection layers. The
results showed that high- and critical-risk scenarios
were mainly associated with reactor upsets, loss of
containment, and human error. Overall, the risk
assessment process transformed hazard data into
actionable safety intelligence, providing a robust
basis for developing targeted mitigation measures,
improving regulatory compliance, and strengthening
overall chemical plant safety performance.
3.5. Risk Evaluation and Prioritization

Risk evaluation and prioritization are critical steps in
translating hazard analysis and risk assessment
outcomes into effective safety actions in chemical
plants. Given the presence of hazardous chemicals,
complex processes, and high-energy operations, not
all identified risks can be addressed simultaneously.
Risk evaluation involves comparing estimated risks
against predefined risk criteria to determine whether
they are acceptable, tolerable with controls, or
unacceptable. These criteria are typically based on
regulatory requirements, industry standards, and
organizational risk tolerance levels, ensuring
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consistency and objectivity in decision-making. Risk
prioritization follows evaluation and ranks risks
according to their likelihood and severity, enabling
focused allocation of resources. High and extreme
risks, such as those involving toxic releases,
explosions, or major equipment failures, are
prioritized for immediate corrective actions. Medium
risks are addressed through planned improvements
and enhanced monitoring, while low risks are
managed through routine controls and standard
operating procedures. Tools such as risk matrices,
risk scoring systems, Failure Modes and Effects
Analysis (FMEA), and Layer of Protection Analysis
(LOPA) are commonly used to support this process.
Systematically evaluating and prioritizing risks,
chemical plants can optimize safety investments,
ensure regulatory compliance, and prevent serious
incidents. This structured approach strengthens
safety management systems, supports proactive
decision-making, and contributes to continuous
improvement, ultimately enhancing worker safety,
environmental protection, and operational reliability.
3.6. Recommended Safety Improvements
Based on the findings of the hazard identification and
risk assessment, a set of comprehensive safety
improvements is recommended to minimize the
likelihood and consequences of accidents in
chemical plants. These recommendations follow the
hierarchy of controls, prioritizing engineering
controls, supported by administrative measures,
emergency preparedness, and personal protective
equipment (PPE). Engineering controls form the
most effective risk reduction measures. The adoption
of inherently safer design principles such as
substituting hazardous chemicals, reducing inventory
levels, and operating at lower pressures and
temperatures can significantly reduce inherent risks.
Equipment safety enhancements, including pressure
relief devices, safety interlocks, Safety Instrumented
Systems (SIS), and reliable leak detection and
containment systems, help prevent catastrophic
failures and enable early intervention. Administrative
controls strengthen operational discipline through
well-defined Standard Operating Procedures (SOPs),
permit-to-work systems, regular training, and
Management of Change (MOC) practices. These
measures reduce human error and ensure consistent
safe operations. Emergency preparedness measures,
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including robust emergency response plans, fire
protection systems, mock drills, and coordination
with external agencies, ensure effective response to
residual risks. PPE provides the final layer of
protection against chemical and fire hazards. In
addition, fostering a strong safety culture through
employee participation, leadership commitment,
regular audits, and continuous monitoring ensures
long-term safety performance. Together, these
integrated safety improvements enhance regulatory
compliance, operational reliability, and sustainable
safety in chemical plants.
3.7. Implementation Planning

Implementation planning is a vital stage in
converting the results of hazard analysis and risk
assessment into effective and sustainable safety
improvements within chemical plants. A structured
implementation plan ensures that recommended
control measures are executed in a systematic
manner, with clear responsibilities, adequate
resources, and minimal disruption to routine
operations. This phase acts as a bridge between
safety evaluation and real-world application,
enabling measurable and long-term risk reduction.
The process begins with  establishing a
multidisciplinary implementation team comprising
members from operations, maintenance, engineering,
safety, and management. Such collaboration ensures
technical accuracy, operational feasibility, and strong
coordination. Safety recommendations are then
prioritized based on risk ranking, severity of
consequences, likelihood of occurrence, and
statutory requirements, allowing high-risk and
legally mandated controls to be addressed first. A
detailed action plan is developed for each
recommendation, defining scope, tasks, timelines,
responsible personnel, and performance indicators.
Adequate allocation of financial, human, and
technical resources is essential, supported by
management commitment and budget planning.
Engineering  modifications are implemented
following approved design practices and integrated
through a formal Management of Change process to
avoid unintended risks. Training and competency
development ensure that employees can safely
operate under updated systems, while revised
administrative controls and emergency preparedness
plans reinforce safe practices. Continuous
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monitoring, documentation, audits, and periodic
reviews support compliance, accountability, and
continuous  improvement.  Through effective
implementation planning, chemical plants can
achieve consistent safety performance, regulatory
compliance, and sustainable operational excellence.

3.8. Post-Implementation Review
Post-implementation review is a critical stage in the
chemical plant safety management cycle, as it
evaluates whether the implemented safety measures
have effectively achieved the intended risk reduction
objectives. While implementation focuses on
executing control measures, the post-implementation
review verifies their actual performance under real
operating conditions. This phase ensures that
engineering, administrative, and procedural controls
function as designed and continue to provide
adequate protection to personnel, assets, and the
environment. The review process aims to confirm
that identified hazards have been reduced to
acceptable levels, regulatory requirements are met,
and no unintended risks have been introduced due to
system modifications. Engineering controls such as
safety interlocks, pressure relief systems, gas
detectors, and fire protection equipment are
inspected and functionally tested to confirm
reliability. Administrative measures, including
revised standard operating procedures and permit-to-
work systems, are evaluated through audits and job
observations to ensure consistent application.
Training effectiveness is assessed by reviewing
training  records,  conducting  competency
evaluations, and observing employee performance.
Safety performance indicators—such as accident
rates, near-miss reports, and equipment failures—are
monitored and compared with pre-implementation
data to measure improvement. Incident and near-
miss analyses further help identify residual
weaknesses. Employee feedback, management
reviews, and audit findings are documented and
integrated into updated risk assessments, ensuring
continuous improvement and long-term
sustainability of chemical plant safety systems.

3.9. Documentation and Reporting
Documentation and reporting form the backbone of
an effective safety management system in chemical
plants, ensuring that all safety-related activities are
systematically recorded, reviewed, and
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communicated. Proper documentation provides a
clear and traceable record of hazard identification,
risk assessment outcomes, implemented control
measures, and performance evaluations. This
structured  approach  promotes transparency,
accountability, and compliance with national and
international safety regulations while supporting
informed decision-making. In hazard analysis and
risk assessment, comprehensive documentation
captures details of HAZOP studies, What-If
analyses, and checklist inspections, including
identified hazards, causes, consequences, and risk
ratings. Maintaining structured risk registers enables
continuous tracking and periodic review of hazards.
Documentation of recommended safety measures
ensures that engineering, administrative, and PPE
controls are clearly linked to identify risks and
assigned appropriate implementation priorities.
Accurate records of implementation activities,
Management of Change (MOC) approvals, training
programs, and competency assessments demonstrate
that safety improvements are properly executed and
sustained. Incident, accident, and near-miss reporting
further support proactive safety management by
enabling root cause analysis and preventive action.
Regular inspection, audit, and management review
reports provide feedback on system effectiveness.
Collectively, robust documentation and reporting
practices facilitate effective = communication,
preserve organizational knowledge, and drive
continuous improvement in chemical plant safety
performance.

3.10. Continuous Monitoring and Improvement
Continuous monitoring and improvement are vital for
sustaining high safety standards in chemical plants,
where operating conditions, materials, and processes
are constantly evolving. Although hazard analysis
and risk assessment help identify and control risks,
their effectiveness can diminish over time if safety
systems are not regularly reviewed. Continuous
monitoring ensures that safety controls remain
effective, deviations are detected early, and emerging
hazards are addressed before they escalate into
serious incidents. Monitoring of critical process
parameters such as pressure, temperature, flow rate,
and chemical concentration provides real-time
insight into plant conditions. Equipment condition
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monitoring through vibration analysis, corrosion
checks, and predictive maintenance helps prevent
unexpected failures and unplanned shutdowns.
Safety-critical systems, including Safety
Instrumented Systems, fire protection, and gas
detection networks, require regular testing and
performance verification to ensure emergency
readiness. Human factors and behavioural
monitoring further strengthen safety performance by
identifying unsafe practices and procedural non-
compliance.  Safety  performance indicators,
including near-miss reports and accident trends,
support proactive decision-making. Continuous
improvement is achieved by analysing monitoring
data, audit findings, and incident investigations, and
integrating lessons learned into wupdated risk
assessments, procedures, and training programs.
Through strong management commitment and
employee involvement, continuous monitoring and
improvement create a resilient safety culture and
ensure long-term risk reduction in chemical plant
operations.
4. Result And Discussion
The results of this study demonstrate the
effectiveness of systematic hazard analysis and risk
assessment in enhancing safety performance within
chemical plant operations. Applying structured
hazard identification techniques and risk evaluation
methods, critical safety gaps were identified,
prioritized, and addressed through targeted control
measures.
e QOutcomes of Hazard Identification

The application of hazard identification techniques
such as HAZOP, What-If Analysis, and safety
checklists enabled comprehensive identification of
potential hazards across the selected chemical unit.
Key hazards identified included chemical leakage
from pipelines and storage vessels, overpressure
conditions in reactors, improper handling of toxic
substances, inadequate ventilation in confined areas,
and ignition sources near flammable chemicals.
HAZOP analysis proved particularly effective in
identifying deviations related to process parameters
such as high pressure, high temperature, reverse flow,
and loss of containment. What-If Analysis
supplemented these findings by capturing operational
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and  human-factor-related  hazards, including
procedural non-compliance and maintenance errors.
Checklist-based inspections highlighted deficiencies
in safety equipment, signage, and emergency
preparedness. The combined use of multiple hazard
identification techniques ensured thorough coverage
and minimized the likelihood of overlooking critical
hazards.

e Risk Assessment and Prioritization Results
Following hazard identification, risks were assessed
using qualitative and semi-quantitative methods,
including risk matrices that considered both severity
and likelihood. The assessment revealed that a
significant number of identified hazards fell into the
high-risk and medium-risk categories. High-risk
hazards were primarily associated with toxic
chemical releases, fire and explosion potential, and
failure of pressure-containing equipment. Risk
prioritization enabled clear differentiation between
hazards requiring immediate intervention and those
manageable through routine controls. High-risk
scenarios were assigned top priority for corrective
action, while medium-risk hazards were scheduled
for phased improvements. Low-risk hazards were
monitored to ensure they did not escalate due to
process or operational changes. This structured
prioritization facilitated efficient allocation of
resources and focused attention on critical safety
Issues.

e Effectiveness of

Improvements
The recommended safety improvements, developed
based on the hierarchy of controls, addressed both
technical and organizational weaknesses.
Engineering controls such as installation of safety
interlocks, pressure relief devices, gas detection
systems, and improved ventilation significantly
reduced the likelihood of catastrophic failures.
Automation and alarm systems enhanced early
detection of abnormal conditions, enabling timely
operator response. Administrative controls, including
revised standard operating procedures, permit-to-
work systems, and management of change processes,
improved operational discipline and consistency.
Training programs enhanced employee awareness of
process hazards and emergency response actions.

Recommended Safety
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Emergency preparedness measures, such as mock
drills and improved fire protection systems,
strengthened the plant’s ability to respond effectively
to incident scenarios. Post-implementation reviews

indicated improved compliance with safety
procedures and increased confidence among
operators in managing abnormal situations. These
findings demonstrate that integrated safety

improvements can effectively mitigate identified
risks.

e Impact on Safety Performance Indicators
Comparison of safety performance indicators before
and after implementation showed measurable
improvements. A reduction in near-miss incidents
related to chemical handling and equipment operation
was observed, indicating improved hazard control
and awareness. Safety audit results reflected higher
compliance scores, particularly in areas related to
equipment integrity, emergency preparedness, and
documentation. Increased reporting of near misses
was also noted, reflecting a positive shift in safety
culture rather than an increase in unsafe conditions.
This improvement highlights enhanced employee
engagement and trust in the safety management
system.

e Discussion on Practical Applicability

The case study demonstrated that the hazard
analysis and risk assessment framework is practical
and adaptable to real-world chemical plant
operations. The methodology allowed systematic
identification and mitigation of hazards without
disrupting production activities. While initial
implementation required investment in engineering
upgrades and training, the long-term benefits in terms
of reduced downtime, improved compliance, and
enhanced worker safety outweigh the costs. The
study also highlighted the importance of management
commitment and employee participation in
successful implementation. Technical solutions alone
were insufficient without strong administrative
support and workforce involvement.

e Limitations and Challenges
Despite positive outcomes, certain challenges were
encountered during the study. Limitations included
dependence on qualitative risk assessment methods,
which  may involve subjective  judgment.
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Additionally, some safety improvements required
phased implementation due to budgetary and
operational constraints. Continuous monitoring and
periodic reassessment are therefore essential to
address evolving risks.

e Overall Discussion
Overall, the results confirm that structured hazard
analysis and risk assessment significantly enhance
chemical plant safety. The integration of engineering
controls, administrative measures, emergency
preparedness, and continuous monitoring created a
robust safety management framework.
Conclusion
This  project successfully demonstrated the
importance of systematic hazard analysis and risk
assessment in enhancing safety within chemical plant
operations. Chemical plants inherently involve
complex processes and hazardous substances,
making them susceptible to accidents such as fires,
explosions, and toxic releases. Through a structured
and methodical approach, this study identified critical
hazards, evaluated associated risks, and proposed
effective control measures to minimize potential
incidents and their consequences. The application of
hazard identification techniques such as HAZOP,
What-If Analysis, and checklist methods enabled
comprehensive identification of process, equipment,
and human-factor-related hazards. These techniques
ensured that both technical and operational deviations
were systematically analysed. Subsequent risk
assessment using qualitative and semi-quantitative
tools, including risk matrices, facilitated effective
evaluation and prioritization of risks based on
severity and likelihood. This prioritization allowed
focused attention on high-risk scenarios requiring
immediate intervention. Recommended safety
improvements, developed in accordance with the
hierarchy of controls, addressed identified risks
through a combination of engineering controls,
administrative measures, safety interlocks, and
emergency preparedness strategies. Engineering
solutions such as improved instrumentation,
automated shutdown systems, and leak detection
significantly reduced the probability of catastrophic
failures. Administrative controls, including revised
operating procedures, training programs, and
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management of change systems, strengthened
operational discipline and workforce competence.
Emergency preparedness measures further enhanced
the plant’s ability to respond effectively to abnormal
and emergency situations. The implementation
planning,  post-implementation  review, and
continuous monitoring phases confirmed that safety
improvements were practical, effective, and
sustainable. Measurable improvements in safety
performance indicators, procedural compliance, and
near-miss reporting reflected a positive shift toward a
proactive safety culture. The case study validated the
applicability of the proposed framework in real-world
chemical plant environments. This project establishes
that structured hazard analysis and risk assessment
are essential tools for proactive safety management in
chemical plants. The developed framework not only
enhances workplace safety and regulatory
compliance but also reduces operational downtime
and improves overall reliability. The methodology
and findings of this study provide a replicable and
scalable model that can be adopted by other chemical
processing facilities to achieve continuous safety
improvement and long-term operational excellence.
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