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apply Inherently Safer 
Design Concepts to 
existing facilities

the concepts of inherent safety, where hazards are 
preferably eliminated rather than accepted and 
managed, have existed far longer than the chemical 

process industries (CPI). In fact, these concepts date back to 
prehistoric times. For example, building villages near a river 
on high ground rather than managing flood risk with dikes 
and walls is an inherently safer design (ISD) concept (1). 
The invention of dynamite by Alfred Nobel in 1867 involved 
the application of ISD concepts to improve the safety of 
handling nitroglycerine, i.e., by absorbing nitroglycerine in 
an inert carrier (2). 
 ISD concepts include substitution, simplification, mod-
eration, and minimization. The 1974 Flixborough explo-
sion inspired Trevor Kletz’s 1978 lecture entitled “What 
You Don’t Have Can’t Leak,” which was the first clear and 
concise discussion of the concept of inherently safer chemical 
processes and plants (3–5).
  Additionally, what you don’t have also doesn’t cost 
anything. A common phrase from the U.S. automotive indus-
try in the 1950s, paraphrased as “parts left out don’t cost 
anything and don’t cause any service problems,” refers to 
the practice of value engineering, where unnecessary parts, 
fasteners, processing steps, systems, etc. were eliminated 
during the construction of an automobile to drive down 
manufacturing costs (6). Viewed from the lens of inherent 
safety, this is an application of the ISD concepts of minimi-

zation, simplification, and possibly substitution.
 Applying the concepts of ISD to chemical processes 
has been shown to reduce not only the risk of process safety 
incidents but also the costs of manufacturing, while improv-
ing operability. These concepts can be, and have been, 
applied successfully to existing plants and processes. This 
article reviews some real-world examples and discusses 
ISD strategies.

the regulatory case for ISD
 Not only is it good engineering practice to evaluate 
potential risks and hazards of chemical processes, but process 
hazard analyses (PHAs) are federally regulated through the 
U.S. Environmental Protection Agency (EPA)’s Risk Man-
agement Plan (RMP) rule (7), as well as the U.S. Occupa-
tional Safety and Health Administration (OSHA)’s Process 
Safety Management (PSM) of Highly Hazardous Chemicals 
standard (8). While these regulations do not explicitly require 
ISD studies, it is possible to use the technique to reduce 
hazards and assist with compliance. Several jurisdictions 
in the U.S., including Contra Costa County, CA, and New 
Jersey, require ISD reviews for processes handling specific 
hazardous substances. In other locations, ISD reviews remain 
a good industry practice. 
 While this article focuses on the U.S. voluntary use and 
regulatory landscape, ISD is also encouraged globally (9) 
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through regulations such as the Seveso II Directive in the EU 
(10) and Control of Major Accident Hazards (COMAH) in 
the U.K. (11).
 Inherent safety is not as easily regulated as other PSM 
topics. When the EPA promulgated the RMP rule in 1996, 
some commenters recommended that the agency require 
facilities to conduct “technology options analyses” to identify 
inherently safer approaches. The EPA declined to do so, stat-
ing that: 
 “PHA teams regularly suggest viable, effective (and 
inherently safer) alternatives for risk reduction, which may 
include features such as inventory reduction, material substi-
tution, and process control changes. These changes are made 
as opportunities arise, without regulation or adoption of com-
pletely new and unproven process technologies. EPA does 
not believe that a requirement that sources conduct searches 
or analyses of alternative processing technologies for new or 
existing processes will produce additional benefits beyond 
those accruing to the rule already” (1). 
 However, the EPA and OSHA have both recently pro-
posed requiring this concept for the EPA Risk Management 
Rule and OSHA PSM Standard updates, which are currently 
being discussed. Their intent is to require safer technology 
and alternatives analysis, at least for certain processes.

ISD is not just for the design phase
 Inherent safety is often perceived as a concept suited 
only to the design of new plants. Convincing management 
to conduct an ISD review may be difficult due to perceived 
impracticality. These attitudes may restrict focusing on ISD 
for existing plants. 
 ISD can be effective when applied during the design 
phase of a process and/or plant, simply because there are 
more opportunities for its consideration while the process is 
still in early development, and the cost of making significant 
changes may be minimal at that time. However, it’s also 
applicable to all phases of the lifecycle of a chemical process: 
construction phase, during operation of the existing process, 
during PHA revalidations where the analysis is risk-based 
and opportunities for future improvements can be made, and 
even during shutdown and decommissioning.
 For example, during the construction phase of a project, 
it may be possible to apply ISD when changes are being 
proposed during final design decisions and modifications, 
or during the construction steps of the process and eventual 
startup itself. 
 Operation of existing plants. A chemical process is as 
good as the process technology, the materials of construc-
tion, and the work and operating practices that existed 
prior to and on the day of startup. Over time, newer, 
more efficient, and safer processes are developed; newer, 
stronger, more corrosion-resistant materials of construc-

tion are created; and more efficient, safer work practices 
are engineered. It is a challenge, both practically and 
cost-effectively, to incorporate these improvements into an 
existing chemical plant or refinery that has been operating 
for decades.
 To the operators, maintenance technicians, and engineers 
tasked with keeping an existing plant or refinery running, 
including ISD as a consideration may seem to be a monu-
mental task. The key is to take one step at a time. The various 
ISD strategies of minimization, simplification, moderation, 
and substitution should be considered across the entire palate 
of operations and activities at a plant. Some of these ISD 
opportunities will be seen as low-hanging fruit; others will 
take some work to fully evaluate and potentially implement. 
ISD becomes a design and operating philosophy, where haz-
ards can be addressed at any time. 
 Many ISD opportunities have the potential to not only 
improve process safety, but to improve operability and 
profitability. Some examples of how the ISD strategies might 
be employed in existing plants are shown in Table 1 and 
presented in more detail in the next section.
 Shutdown and decommissioning of plants. Inevitably, an 
operating unit at a chemical plant or refinery (or perhaps the 
entire plant or refinery itself) will come to the end of its life 
cycle. This could be the result of changing market conditions, 
insurmountable new environmental regulations, and/or a host 
of other reasons. Shutdown and decommissioning may sound 
straightforward, but these can pose a different set of potential 
hazards and risks. If these are not managed effectively, a cata-
strophic process safety or environmental incident could occur 
during decommissioning. Fortunately, ISD concepts can be 
applied during this lifecycle phase as well. 
 The ISD strategies of moderation, simplification, and 
minimization can be employed to reduce risk and ultimately 
reduce costs incurred as a result of incidents. Moderation is 
used when mechanically and electrically isolating decom-
missioned equipment from other portions of the plant that are 
still active, and by venting and purging the equipment. By 
removing hazardous materials from the equipment, elimina-
tion (or at least minimization) is practiced. Once the equip-
ment is isolated, the exact state of the decommissioned equip-
ment must be clearly documented so that any future actions 
taken to recommission, modify, or dismantle the equipment 
can be done safely. This is a form of the inherently safer 
strategy of simplification. 

ISD success stories in existing plants 
 While there are many examples of ISD, this sec-
tion focuses on examples applied in existing plants. 
Consider using these examples, following the ISD 
concepts discussed in Table 1, in your own ISD discus-
sions to help brainstorm ways you can apply ISD to 
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existing sites and processes. 
 Substitution examples. Substituting bleach (sodium 
hypochlorite) for chlorine in drinking water and wastewater 
treatment facilities can reduce risk at the water treatment 
plant but may increase the amount of chlorine required at the 
bleach manufacturing site and thus transfer the risk. The dif-
ference is the way in which the facility receives the chlorine 
and whether a change from elemental chlorine to bleach will 
reduce the overall risk, or just shift the risk from one place 
to another.
 A carbon steel piping system typically requires painting 
to protect it from the elements and stave off exterior corro-
sion (including undetected corrosion under insulation). If 
corrosion is allowed to progress unchecked, it could lead to 
a loss of containment. Substituting a higher alloy (e.g., stain-
less steel) for carbon steel can eliminate the need for painting 
and greatly reduce or eliminate exterior (as well as interior) 
corrosion. Alloy selection is critical depending on the operat-
ing and atmospheric conditions. It is quite possible that the 
higher-alloy system will cost less over the service life due to 

lower maintenance costs, even with a higher installed cost.
 Maintenance procedures also require the same atten-
tion to human-machine interface considerations as operat-
ing procedures. Designing or purchasing equipment that is 
easy to install and maintain improves the inherent safety of 
the equipment and, by extension, the process. For example, 
sealless pumps eliminate the potential for seal leaks and their 
associated hazards. However, a sealless pump that elimi-
nates seal leaks may bring its own set of hazards, such as 
rapid temperature build-up if it runs dry or is operated in a 
dead-head condition. Additional layers of protection may be 
needed to avoid the new hazardous consequences. 
 Simplification examples. If a pipe sleeve needs to be right 
side up, it could be notched or pinned so that it can only be 
installed right side up. One plant experienced a vessel leak 
caused by a siphon-break hole in a dip tube that was not ori-
ented away from the vessel sidewall. The constant impinge-
ment of corrosive liquid into the sidewall from the siphon-
break hole resulted in accelerated corrosion/erosion.
 It is common practice to use unique fittings for nitrogen 

table 1. Inherently safer design (ISD) strategies fall into four different categories:  
substitution, simplification, moderation, and minimization.

ISD Concept example application Potential Benefits

Substitution

Different raw materials (e.g., sodium hypochlorite vs. gaseous 
chlorine for water treatment) 

Potential lower risk, improved operability, and 
lower maintenance and operating costs

Stronger, more corrosion-resistant materials of construction 
(e.g., metal alloys vs. carbon steel)

Different separation technologies (e.g., centrifugal extraction vs. 
decantation, molecular sieves vs. glycol for drying)

Simplification

Simplify operating instructions Lower risk of mistakes, improved safety, lower 
cost, and increased profits via less reworkSimplify the human-machine interface (make equipment physi-

cally easier to operate, improve graphics and displays, improve 
ease of control)

Simplify the process (remove unnecessary processing steps) Lower risk of loss of containment, increase 
profitability through lower installed capital

Moderation

Lower temperature, pressure, and other process parameters Potential lower risk, lower energy costs

Passive safety (dikes); segregated equipment spacing for reac-
tive chemicals such as acids and bases, oxidizers, and fuels

Lower consequences of loss of containment; 
reduce domino effects

Lower concentration (e.g., lower percent assay of acids and 
bases, air-separated nitrogen vs. liquefied nitrogen)

Lower consequences of loss of containment, 
lower cost

Minimization

Reduce inventory (less material; pipeline raw material supply vs. 
tankage)

Lower consequences of loss of containment, 
improve profitability through lower installed 
capital and lower working capital

Process intensification (e.g., high-speed mixing, reactive distilla-
tion, improved catalysis, etc.)

allows for smaller equipment; reduces risk of 
loss of containment, potential to improve profit-
ability via higher processing rates

Minimize piping runs Lower risk of loss of containment, improve prof-
itability through lower installed capitaleliminate unused equipment

eliminate unnecessary sampling Waste reduction, cost reduction, lower risk of 
contact with hazardous materials

eliminate hazardous intermediate processes (purchase rather 
than manufacture)

Potentially lower risk, potential cost reduction
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utility service, different from those used for compressed 
air or water, in order to prevent cross-contamination of the 
nitrogen system.
 One plant found key relief valves installed backward 
after testing and maintenance because the inlet and outlet 
flanges were identical. They revised the valve and piping 
flanges, so the relief valves could only be installed in the 
correct orientation. 
 A safe startup procedure that requires the operator to 
ascend and descend stairs three times to manipulate valves 
in the correct sequence — and where a hazard could occur 
if taken in the incorrect sequence — can be made safer by 
locating the valves so that operator must ascend the stairs 
only once during the startup, reducing the frequency of errors 
per operation. 
 Simplification and minimization strategies can be 
applied when developing or revising operating procedures 
to address human factors. Applying inherently safer tech-
niques to the design of procedures requires consideration of 
the following (1):
 • Completeness and accuracy: The procedure must have 
enough information for the user to perform the task safely 
and correctly.
 • Appropriate level of detail: The level of detail must 
consider the experience and capabilities of the users, their 
training, and their responsibilities. 
 • Conciseness: Conciseness means eliminating detail 
and language that does not contribute to work performance, 
safety, or quality. 
 • Consistent presentation: This requires consistent termi-
nology for naming components and operations, with corre-
sponding labels in the field, a standard, effective format and 
page layout, and a vocabulary and sentence structure suitable 
for the intended user. 
 • Administrative control: All procedures should be 
reviewed thoroughly before use and periodically thereafter. 
A “job cycle check” is an effective means followed in the 
industry to ensure that personnel are periodically practic-
ing the procedures, and it also helps get feedback on ease of 
operating with the procedures.
 Moderation examples. A sampling procedure for a hot 
process stream requires the operator to don heavy and 
cumbersome protective gloves and a face shield before 
opening the sample valve. A sample cooler (with local 
temperature indicator) can be installed, reducing the risk of 
thermal burns to the operator. 
 Piping vibration is a major concern at piping tees where 
the energy of the flowing fluid is transferred to the piping. 
Using energy-reducing tees can decrease vibration and the 
need for extra piping supports.
 Relocating process equipment to a less-hazardous loca-
tion can lower the design requirements and simplify the 

installation. For example, electrical control equipment or a 
switchgear can be relocated outside of the classified electrical 
area, rather than be designed for it. This makes the instal-
lation inherently safer (by removing, rather than reducing, 
the risk of ignition), and less expensive (standard electrical 
enclosure vs. one designed for classified locations) (1).
 Relocating personnel who could be potentially impacted 
from a fire, explosion, or toxic release is another moderation 
strategy that can be employed. One refinery moved its control 
building and plant personnel offices to a remote location and 
purchased property around the site to create a buffer zone. 
This approach is a common facility siting technique that does 
not remove the chemical hazard but separates people from 
the hazard.
 If it is not feasible to contain a runaway reaction within a 
reactor, it may be possible to moderate the consequences by 
piping the emergency device effluent to a separate pressure 
vessel for containment and subsequent treatment. Quench 
drums, vapor-liquid separation vessels, vapor-liquid separa-
tors, and other similar devices can be used to contain the 
effluent from exothermic/runaway reactions (12).
 Blast walls, heat shields, and other barriers can moderate 
the impact of explosions by absorbing the energy and limit-
ing their radius of effect. These barriers can also absorb other 
potentially hazardous energy sources, such as sound and 
thermal energy. 
 At one plant, operators were required to monitor a bulk 
solids railcar unloading operation. The pneumatic blower 
and hydraulic vibrator used for the task created a very high 
noise area around the railcar, requiring the operator to wear 
both earplugs and earmuffs as they monitored the unloading 
operation. This led to operators monitoring the process from 
afar. An operator’s shed was installed with very effective 
sound insulation, which allowed the operators to closely 
monitor the process safely and ergonomically.
 A facility that manufactures rocket propellant designed 
their processing building (in which the propellant was for-
mulated and mixed) with large earthen berms surrounding 
the building to absorb the force of any explosions and help 
direct the explosion away from any sensitive receptors such 
as people and buildings.
 Adding energy to a chemical process is often required. 
The method of energy addition used can result in excess 
energy being added because its design does not incorporate 
ISD principles. Examples of proper matching of required 
energy include (1): 
 • using a heating medium for a distillation reboiler at a 
temperature such that it cannot overpressure the tower in case 
of loss of cooling flow to the condensers
 • limiting process heating to using steam at or below 
the saturation temperature, which adds the needed amount 
of heat and no more; in cases where the heating medium 
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maximum heat flux cannot be reduced, the heat transfer area 
should be adjusted to limit the energy transfer
 • limiting pump or compressor discharge pressures to less 
than the downstream relief valve setpoints or the maximum 
allowable working pressure of any downstream components
 • ensuring that residual heat cannot be transferred inad-
vertently to a material via conduction or radiation, such as 
a hot vessel wall that transfers heat to a material that is suf-
ficient to cause a runaway reaction. 
 Minimization examples. The minimization strategy can 
be applied to alarm functions. It is easier to train personnel 
to respond to a smaller number of alarms, ensuring that the 
proper, timely response will be made during process upsets 
or emergency conditions. The American National Standards 

Institute (ANSI) and International Society of Automation 
(ISA) 18.2 standard (13) and International Electrotechnical 
Commission (IEC) 62682 standard (14) for alarm system 
management address this topic in more detail. 
 To reduce the potential for exposure to chemicals, some 
sites are eliminating filters that require changing or replace-
ment. This may require a redesigned filter (such as a self-
cleaning design), or a process change that eliminates the need 
for a filter. 
 After encountering leaking sample station valves that 
resulted in loss of containment (LOC), one plant installed a 
closed loop sampler. This reduced the operator interaction 
with the valve and reduced the potential for LOC incidents. 
 Install heating sources and cooling sources with electri-
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cal drivers on a common electrical bus. If cooling is lost, 
then heating is also lost, thus eliminating an electrical power 
failure relief case.
 Equipment that can be reached for inspection, repair, 
or monitoring from permanent platforms is more likely to 
be safely inspected, calibrated, repaired, and replaced than 
equipment that requires climbing with a safety harness 
or scaffold. 
 These examples and more are discussed in greater detail 
in the Center for Chemical Process Safety (CCPS) book, 
Guidelines for Inherently Safer Chemical Processes: A Life 
Cycle Approach (1).

ISD implementation guide
 Now that the importance of ISD has been estab-
lished and some examples from existing plants have been 
reviewed, the next phase is ISD implementation. A good 

place to start this discussion is by using inherent-safety-
focused checklists in risk review meetings that are already 
being conducted, such as those for PHAs, management 
of change (MOC) reviews, and pre-startup safety reviews 
(PSSRs). The checklists provide a conversation guide and 
questions that focus on inherent safety, and will help in 
communicating the principles of ISD. 
 Some companies include a related checklist in their 
PHAs for discussion. Table 2 provides a comprehensive 
example of what an inherent safety checklist for a PHA 
could look like.
 Inherent-safety-focused checklists can also be a 
useful component in PSSRs, which are often one of the 
last steps in the MOC process. While the safety review 
of the proposed change is similar to the PHA review 
described in Table 2, MOC-related questions help focus the 
review (Table 3). 

table 2. Use this inherent safety checklist when performing process hazard analyses (PHas).  

ISD Concept Potential Causal factors

Substitute

Can a less toxic, flammable, or reactive material be substituted for use?

Is there an alternative way of moving products or equipment to eliminate human strain? 

Can a water-based product be used in place of a solvent or oil-based product?

are all allergenic materials, products, and equipment replaced with non-allergenic materials, products, and 
equipment when possible?

Simplify

are all manuals, guides, and instructional materials clear and easy to understand, especially those that are used in 
an emergency?

are equipment and procedures designed such that they cannot be operated incorrectly or carried out incorrectly?

are machine controls located to prevent unintentional activation while allowing easy access for stopping the machine?

are all machines, equipment, and electrical installations easily isolated from all power sources?

Is the workplace designed for consideration of human factors (i.e., an ergonomically designed workplace)?

Minimize

Is the storage of all hazardous gases, liquids, and solids minimized?

are just-in-time deliveries used when dealing with hazardous materials?

are all hazardous materials removed or properly disposed of when they are no longer needed or not needed in the next 
“X” days?

are all tasks involving working at heights done in as few trips as possible?

are all tripping hazards minimized and all walking surfaces tractional during all weather conditions?

are low-noise equipment and machinery taken into consideration when making new purchases?

Is shift rotation optimized to avoid fatigue?

are awkward positions and repetitive motions minimized? 

are attempts made to eliminate raw materials, process intermediates, or byproducts?

are elbows, bends, and joints in piping minimized?

Moderate

Can potential releases be reduced via lower temperatures or pressures, or elimination of equipment?

are all hazardous gases, liquids, and solids stored as far away as possible to eliminate disruption to people, property, 
production, and the environment in the event of an incident?

When purchasing new equipment, are acceptable models available that operate at lower speeds, pressures, tempera-
tures, or volumes?

are workplaces designed such that employee seclusion is minimized?

are all power tools de-energized when not in use for extended periods?

are all lights, sprinklers, accesses/exits, ventilation ducts, electrical installations, and machines clear of piled materials?
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Opportunities and challenges 
 This article has shown how ISD concepts can be 
applied to process operations in existing facilities and 
has highlighted success stories from industry where ISD 
concepts were applied to existing operations/facilities. 
These ISD concepts resulted in many safety improve-
ments, as well as process operability and cost perfor-
mance improvements.
 Industry and policymakers have a major opportunity 
and a major challenge ahead to develop effective pro-
grams to encourage the broad adoption of ISD — whether 

through voluntary industry initiatives or government 
regulations. First, both industry and policymakers need 
a more consistent understanding of ISD — what it is and 
how it can be applied. Secondly, new analytical tools for 
conducting inherent safety reviews and measuring progress, 
as well as decision-making criteria, will be needed. 
 While it is generally accepted that ISD has the poten-
tial to reduce process safety hazards, the implementation 
is generally not straightforward. The tools presented here 
can be used to implement ISD improvements for existing 
manufacturing plants in a variety of ways (1). 

table 3. Use this inherent safety checklist when performing management of change (MOC) reviews.

ISD Concept Potential Causal factors

Substitute

Can a less toxic, flammable, or reactive material be substituted for use?

Can alternative materials of construction be substituted that will offer higher resistance to (or even immunity from) 
known corrosion and damage mechanisms in the equipment being changed? If so, is it possible to extend the alter-
native materials of construction to additional portions of the process at the same time?

Can a water-based product be used in place of a solvent or oil-based product? 

Simplify

Have all procedures and written guidance for operating, maintaining, performing, or interacting with the modified 
process been evaluated to make these documents as simple and easy-to-use as possible? (Particularly upset/emer-
gency procedures, including emergency shutdown procedures).

Is equipment designed such that it cannot be operated incorrectly? e.g., are valve operators on quarter-turn manual 
valves configured so that when the valve operator is in-line with the flow direction the valve is open and when the 
valve operator is perpendicular to the flow direction the valve is closed? 

Have the distributed control system (DCS) and other control panels been designed following well-known conven-
tions for displays, colors, and other characteristics that will make operations intuitive and easy-to-understand and 
therefore reduce human error? 

Have the DCS and other control panels been evaluated with respect to alarm management principles 
and conventions?

Can rotating equipment and other machinery be stopped locally and from central control rooms or locations?

Have other design and operational conventions been followed to prevent human errors?

Have the procedures associated with the process, particularly emergency procedures, been evaluated 
for simplification?

Minimize

Have the inventories of hazardous materials and materials included within the scope of the process safety manage-
ment (PSM) program been minimized in the design of the proposed change?

Have piping dead legs and low-flow portions of piping been minimized in the design of the proposed change? Can 
additional piping dead legs and low-flow portions of piping be eliminated while implementing the change?

Can just-in-time deliveries be used when dealing with hazardous materials in the modified process? If so, has the 
possible risk transfer to transportation sectors been evaluated? 

Have ignition sources been eliminated or minimized to the extent possible in the modified process?

Have the human interfaces with the altered process been evaluated to reduce fatigue? Will the existing shift rotation 
require modification as a result of the change?

Has the opportunity to completely eliminate hazardous raw materials, process intermediates, or byproducts been 
evaluated as part of the change, even if the change was proposed for a different reason?

Has the opportunity to eliminate or minimize ignition sources been evaluated as part of the change, even if the 
change was proposed for a different reason?

Has the opportunity to reduce inventories of hazardous materials and materials included within the scope of the PSM 
program been evaluated in the equipment that is included within or connected to the equipment being changed?

Moderate

Can lower temperatures, pressures, speeds, or other process parameters be used to achieve the desired reactions in 
the modified process?

In reviewing the proposed change, are all hazardous gases, liquids, and solids stored as far away as possible to elimi-
nate disruption to people, property, production, and the environment in the event of a release?


