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Abstract

The scenario of industrial safety has been shifting significantly within the last 50 years, with the meaning of
which is the transition to the design that is inherently safe (ISD) as the most effective tool for preventing
hazards. It has been stated statistically that industrial accidents can be reduced by as much as 85 percent
through the systematic delivery of the principles of ISD, which are referred to as minimization, substitution,
moderation, and simplification. In this paper, we are taking a historical look at the development of ISD since
the post-Flixborough period, its integration into the contemporary regulation, and the interaction of
technology, human factors, and safety performance. There is a focus on measurable performance indicators,
financial value, and life-cycle principles of implementation, through the facility life stages. High
technologies, including digital twins, real-time monitoring systems, and predictive analytics, are mentioned
as the factors contributing to a more rapid adoption of ISD, whereas human factors engineering is mentioned
as one of the key factors ensuring sustained operations safety. In the findings, it was confirmed that the ISD
actually enhances the implementation of process safety and regulatory compliance, besides bringing huge
savings, lower insurance premiums, and enhancing the emergency process both in terms of cost and time.
This study highlights the timelessness of the mission to eradicate hazards at the source as the only foolproof
method of ensuring industrial processes are not jeopardised in the age of Industry 4.0 and beyond.

Keywords: Inherently Safer Design, Industrial Safety, Hazard Minimization, Process Safety Management,
Predictive Analytics, Digital Twin, Industry 4.0, Human Factors Engineering, Risk Management, Accident
Prevention.

1. Introduction

Traditionally, industrial safety management passed through phases of incident control to incident prevention,
and more recently, inherently safer design (ISD) is a radical change in paradigm. The premature emphasis on
safety was on containment, mitigation, and response afterward. Nevertheless, a series of accidental disasters in
1974 (Flixborough explosion), 1976 (Seveso disaster), and 1984 (Bhopal gas leak) revealed the weakness of
these reactive strategies. These disasters led to a reconsideration of the safety philosophy that prompted
industry leaders and regulators to focus on the elimination of hazards at their source.

The ISD methodology was pioneered by the work of a British chemical engineer called Trevor Kletz. What you
do not have, what can leak? This statement by him summarised the philosophy of ISD: elimination or
substitution of hazardous material, getting the dangerous process conditions, and simplification of the operating
procedures in order to avoid accident potential before it happens. Gradually, they have been formalized in four
tenets: minimization, substitution, moderation, and simplification. Collectively, they allow a well-structured,
scalable, and measurable approach to integrating safety into the early phase of facility and process design.

In America, the Environmental Protection Agency (EPA) and the Occupational Safety and Health
Administration (OSHA) are just some of the agencies that have progressively used ISD principles in their risk
management planning as well as regulatory demands. The recognition that regulatory compliance should
incorporate inherently safer technologies led to a general acceptance of the importance of ISD reviews, which
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saw New Jersey enact the Toxic Catastrophe Prevention Act in 1985 to mandate ISD reviews.

The improved performance of ISD strategies has been enhanced through technological developments in
Industry 4.0, which includes the use of digital twins, loT-based monitoring, and predictive analytics, and
provides a possibility to detect hazards and predict risks in real time. At the same time, human factors
engineering has made sure that such systems are easily accessible, easy to understand, and within the capacity
of operators. The outcome is a far-reaching safety ecology which gives verifiable safety in avoiding accidents,
efficiency in scheduling operations, as well as cost effectiveness.

The following paper discusses the development, foundations, performance management strategies, and future of
inherently safer design. It combines historical references, regulatory changes, technological advancements, and
the humane touch, and presents a vivid picture as to why ISD should still be considered the best avenue of
attaining lasting industrial safety and operational resilience.

2. Statement of the Problem

According to statistics, inherently safer design (ISD) of facilities has the potential to curtail industrial accidents
to the extent of 85%. Nonetheless, most industrial processes continue to emphasise hazard management as
opposed to hazard prevention during the design phase, with this evidence. The industrial disaster of
Flixborough, 1974, and the following industrial disasters caused by insufficiently safe design, such as Seveso
(1976) and Bhopal (1984), demonstrated the devastating results of insufficient safe design. Regulatory agencies
like the U.S. Environmental Protection Agency (EPA) and Occupational Safety and Health Administration
(OSHA) have initiated the idea of inherently safer technologies; however, they are not being pursued with
across-the-board acceptance. The question of concern is how to go systematically about applying ISD principles
in facility design, operations, and technology adoption to reduce risk in a sustainable way.

3. Research Question

What are the systematic ways of applying inherently safer design principles in industrial plants to ensure the
maximum degree of accident prevention, increase the efficiency of the operations, and introduce cost savings
over a long-term perspective?

4. Significance of the Study

The study is worthwhile since it fills an essential gap between the theory and application of safety. Accident
prevention is not the only benefit that it provides ISD with financial resources in reduced costs on insurance
premiums, maintenance costs, and emergency response costs. Also, ISD is compatible with Industry 4.0
technologies, including digital twins, loT-based monitoring, and predictive analytics, which form a synergy
between traditional safety precepts and the latest technological advancements. An improved knowledge of the
practical prospects of ISD can give rise to:

e Safe workplaces and a reduction of deaths and injuries.
e Increased regulation compliance.
e Improved reputation/sustainability credentials of the companies.

2. Literature Review

2.1 Overview of Process Safety and Accident Prevention

Process safety has emerged as one of the most important fields within heavy industries that include
petrochemicals, refining, energy, mining, and large-scale production sectors. It aims to deal with risks that come
with the manufacturing processes that comprise high pressure, high temperature, combustible chemicals, and
some complicated machinery. Individual breakdowns in the process safety management are likely to have very
tragic accidents, catastrophic environmental impacts, and costly economic losses.

The development of the concept of Inherently Safer Design (ISD) by Trevor Kletz in the late 1970s introduced the
fundamental paradigm change, moving beyond the use of the so-called add-on safety systems to one of focusing
on the avoidance of or mitigation of hazards at the design stage (Kletz, 1978). The epitome of ISD, as articulated
by him, What you don’t have, can’t leak, slightly epitomized the understanding of ISD.
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Figure 1: Overview of Process Safety and Accident Prevention

2.2 Evolution of Inherently Safer Design (ISD)

Past industrial accidents have demonstrated on several occasions the significance of ISD. A critical situation
occurred in 1974 when the Flixborough explosion left 28 people dead and 36 injured due to the wrong storage and
handling of harmful chemicals, prompting a revisit to how any form of hazardous chemicals is stored and handled.
Striking similar tragedies like the Seveso accident, 1976, and the Bhopal gas leak, 1984, proved that traditional
approaches to risk management were not sufficient, as they made controlling the risk the primary goal and
considered emergency preparedness as the secondary one.

Since then, regulatory recognition of ISD has increased progressively. The principles of ISD have been included
in the risk management guidance by the U.S. Environmental Protection Agency (EPA) and Occupational Safety
and Health Administration (OSHA). Remarkably, it was the Toxic Catastrophe Prevention Act of New Jersey
(1985) that led to the first U.S. law that called for the review of the ISD.

2.3 Core ISD Principles
The contemporary process of ISD is constructed based on four different principles:

¢ Minimization -Reducing quantities of hazardous material at any time (e.g., smaller batch sizes,
optimised storage).

e Substitution -Invalidating dangerous substances or practices with safer ones (e.g., use of bleach versus
chlorine to treat water).

e Moderation Overtaking hazardous states of process (e.g., lower temperature and pressure).

o Simplification -Planning processes so that they are in themselves less likely to fail or to be subject to
human error (e.g., using fewer parts in the equipment design, sensible equipment control layout).
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2.4 HSSEQ Technologies as Complementary Safety Enablers

By focusing on eliminating risk at its source, ISD aims to remove threats at their origin. In contrast, modern
Health, Safety, Security, Environment, and Quality (HSSEQ) technology provides the machinery that enables
continuous concern, the detection of potential risks, and the prompt response. Examples include:

e |oT-based real-time hazard-monitoring systems.

e Predictive analytics to know beforehand that a machine will break or a process will fail.
e Scenarios of the digital twin: Virtual safety testing.

e Worn safety monitoring devices.

Combined, ISD and HSSEQ create a 2-strata safety model: the internal hazard reduction, which will supplement
the adequate management of the risk supported by the use of smart technologies.

Table 1. Comparative Overview of Traditional Safety vs. Inherently Safer Design (ISD)

Aspect Traditional Safety Approach Inherently Safer Design (I1SD)
Primary Objective Control hazards after occurrence Eliminate/reduce hazards at source
Implementation Stage Late-stage add-on or operational control Early-stage design integration
Maintenance Requirements High (more systems to maintain) Low (fewer systems needed)

Cost Implications Higher long-term costs Lower lifecycle costs

Failure Risk Persists due to hazard presence Significantly reduced

3. Review of Related Empirical Studies
Why Inherently Safer Design Cuts Facility Accidents by 85%: Expert Analysis

The revelatory action of Inherently Safer Design (ISD) and novel HSSEQ technologies in process safety is stated
as the common indicator in empirical studies related to diverse sectors of heavy industry. According to the
Department of Homeland Security (2021), industrial accident rates are decreased by up to 85 percent because of
the incorporation of the ISD principles, which has been substantiated using longitudinal analyses in industrial
activities with a high risk of accidents. To bring an example, a study spanning 5 years with 50 chemical plants
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across North America indicated that plants that incorporated ISD in the conceptual design stage had seen a 73%
decrease in process safety events versus those that installed primarily the old kind of safety control methods, add-
ons (Smith & Rao, 2020).

Enhancement of the economic argument of ISD is further supported by the evidence of oil refineries in Norway.
Andersen et al. (2019) noted that early-stage hazard elimination enhanced not only safety performance but also
resulted in an average 12 percent decrease in capital expenditure, mainly due to the high retrofit cost of safety
systems. Similarly, one of the steel manufactories in South Korea managed to integrate both ISD principles and
Al-based predictive analytics in its operations, as a result of which over half of a 30% decrease in unplanned
downtimes and 25% in terms of the reduction of maintenance expenses was achieved within two years (Kim et al.,
2021).

The mining industry comes up with more evidence about the potential of the HSSEQ. A 42% negative shift in the
number of heat-related illnesses meant that wearing safety devices with real-time monitoring of the vitals and the
environment in Western Australia decreased the number (Bennett & Chong, 2022). This is similar to the study
made by the International Oil and Gas Producers Association (IOGP, 2022) that reported that the successful
strategy of ISD hazard elimination coupled with advanced monitoring systems reduces the risk of not only acute
incidents, but also long-term occupational health problems to a substantial degree.

Taken together, these studies confirm the synergistic model wherein ISD deals with hazards through the very
roots, whereas HSSEQ technologies are aimed at constant detection, analysis, and preventative measures. The
synergistic use furthers not only the mitigation of the operational risk but also compliance with cost efficiency,
regulatory compliance, and sustainability.

Table 2. Summary of Empirical Evidence on ISD and HSSEQ Effectiveness

Industry Sector Intervention Type Key Outcomes Source(s)

Chemical ISD principles applied at 73% reduction in incidents over 5 Smith & Rao (2020)
Processing design stage years

Qil Refining = Early hazard elimination 12% CAPEX savings Andersen et al.
(Norway) (2019)

Steel Manufacturing = I1SD + predictive analytics 30% less downtime; 25% lower Kimetal. (2021)

maintenance costs

Mining (Australia)  Wearable HSSEQ devices 42% fewer heat-related illnesses Bennett & Chong
(2022)

Cross-sector ISD + advanced monitoring Reduced acute and chronic incident = 10GP (2022)

(I0GP) likelihood

4. Research Methodology

The research methodology used in the current analysis can be defined as a qualitative and integrative review,
which is aimed at synthesizing and critically evaluating the existing literature on the joint effect of both
Inherently Safer Design (1SD) and HSSEQ technologies applied in heavy industries. The research methodology
adopted is focused on the breadth and depth of evidence so as to make it comprehensive and thus relevant to
academic scholarship and industrial practice.

1. Data Sources

e Peer-Reviewed Articles: Sold out of Google Scholar, Scopus, and Web of Science through the search
request of terms like Inherently safer design, HSSEQ technologies, process safety, accident prevention,
and heavy industry.

Zeynep Bahar, IJSRM Volume 13 Issue 08 August 2025 C-2025-284



Industry Reports: These are based on research sources of authoritative organizations like the Center for
Chemical Process Safety (CCPS), International Association of Oil and Gas Producers (IOGP),
Occupational Safety and Health Administration (OSHA), and American Institute of Chemical Engineers
(AIChE).

Case Studies: They concentrate on any high-risk industry (oil & gas, chemicals, mining, steel
manufacturing), in which the integration of ISD and HSSEQ has been reported.

Regulatory Frameworks: Introduction of 1ISO 45001, OSHA PSM regulations, and Seveso I1l Directive
of the European Union with the ISD principles.

2. Analytical Approach

Document Analysis: Scenario-focused technique of review and thematic coding of more than 120
academic and industrial documents to find out repetitive trends, adoption success factors, and adoption
barriers.

Comparative Case Analysis: Cross-industry comparison designed to compare context-specified results
of ISD and HSSEQ initiatives.

Evidence Synthesis: Combining the theoretical models (ISD principles) and empirical evidence to come
up with a conceptual model of a synergy between accident prevention by conceptualizing it.

3. Scope & Limitations

Scope: This focuses on the secondary data aggregation, so that there is coverage in terms of the various
operational settings and the various regulatory settings.

Limitations: No primary data is available in the field, which limits the subject of the conclusion to the
quality and extent of the literature available. Nevertheless, the bias is reduced by triangulation over
several reliable sources.

5. Findings and Discussion

ISD’s Proven Impact on Accident Reduction

Summing up the evidence, it proves that ISD adoption provides great long-term decreases in the frequency and
severity of industrial accidents. The level of evidence is always in coordination with the reduction rate of
accidents of 70-85 percent with the application of ISD principles on the conceptual design level, compared to
those implemented as retrofit operations. Indicatively, the Norwegian oil refining industry was able to remove
hazards in the design phase so as to prevent many high-severity risks that would have necessitated very costly
emergency mitigation systems.
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Figure 2: ISD’s Proven Impact on Accident Reduction

Cost Efficiency and Operational Benefits

ISD has effects on the finances beyond savings in insurance premiums. By decreasing the complexity, ISD
decreases the maintenance effort and alleviates the variability in processes, which, in its turn, reduces
emergency response costs. Chemical and steel manufacturing studies demonstrate that these savings are
accompanied by accelerated regulatory clearance and less severe penalties during non-compliance, leading to a
positive economic circle, which supports the investments in safety.

HSSEQ Technology as a Force Multiplier

The HSSEQ innovations enhance the proactive ability of ISD through the provision of real-time operational
insight. The Internet of Things (1oT) sensor allows the condition of the equipment and workers to be monitored
continuously; VR-based scenario training allows workers to be better prepared in the event of an emergency
without exposing themselves to these hazardous events; and Al to understand predictive maintenance before a
repair can break an operation. A combination of these technologies is used to fill the gap between the design phase
(static) safety and dynamic in-operation hazard mitigation.

Table 3. Emerging HSSEQ Technologies and Their Safety Contributions

Technology Application in Safety Impact on Risk Reduction

Digital Twins Virtual simulation of hazards Improves hazard preparedness

10T Sensors Real-time process monitoring Early detection of anomalies

Predictive Analytics Data-driven failure prediction Prevents unplanned downtime

Wearables Worker health monitoring Reduces occupational illnesses
Conclusion

In the present paper, it has been established that Inherently Safer Design principles combined with breakthrough
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technologies in HSSEQ can become a revolutionary method of process safety and accident prevention in heavy
industry. The origins of the hazards are removed in ISD and HSSEQ technologies, which offer smart, dynamic
monitoring and control functionality.

This kind of integration enhances the effectiveness of safety, as well as operational efficiency, reduces costs, and
builds on the corporate sustainability credentials. Regulatory authorities are also appreciating the importance of
ISD, and empirical research affirms the high accident reduction potential of ISD.

The results recommend the wide implementation of the ISD synergy and HSSEQ across the industry because of
the training, change management, and policies framework that offers incentives to work proactively to eliminate
hazards. The prospective studies could investigate the quantitative cost-benefit framework of ISD integration with
the HSSEQ framework and industry-specific plans of roadmap execution.
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