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A prototype hazard identification system, qualitative hazard identifier (QHI),
works by exhaustively positing possible faults, automatically building qualitative
process models, simulating them, and checking for hazards. QHI matches a library
of general faults such as leaks, broken filters, blocked pipes, and controller failures
against the physical description of the plant to determine all specific instances of
JSaults that can occur in the plant. Faults may perturb variables in the original design
model or may require building a new model. Fault models are automatically generated
using the qualitative process compiler and simulated using QSIM. Hazards including
overpressure, overtemperature, controller saturation, and explosion are identified
in the reactor section of a nitric acid plant using QHI.

Introduction

Automatic generation of chemical plant models and the sub-
sequent simulation of these models can be used as the basis
of design, fault diagnosis, and safety and loss prevention sys-
tems. Safety and loss prevention, an integral part of the design
process, includes identification and assessment of hazards and
development of methods to control the extent of a hazard (such
as containment of toxic materials) or to limit the likelihood
of an undesirable event occurring (such as automatic control
systems with alarms) (Coulson and Richardson, 1983). When
a hazard or fault occurs in a plant, the model describing the
plant may no longer be applicable, in which case, a new model
must be built to describe the modified operating conditions.
Automatic model builders can construct new models based on
the modified conditions.

In this article, a method for automatically building models
of chemical plants is used in an algorithm to identify potential
process hazards. In this approach to modeling, the computer
chooses the relevant physics and chemistry from a predefined
library of general phenomena and builds the appropriate model
for a given physical system. To describe the full range of
behaviors of both normal and faulty chemical process units
we use a library of fundamental physical and chemical phe-
nomena such as heat and mass transfer, chemical reaction,
and phase equilibrium, not a library of standard pieces of
equipment as used in traditional modeling packages such as
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FLOWTRAN (Rosen and Pauls, 1977; Seader et al., 1987)
and ASPEN (Evans et al., 1979).

To automatically generate a mathematical model, two inputs
are required as shown in Figure 1. The first is a library of
physical and chemical phenomena. Each phenomenon defi-
nition in the library consists of a set of preconditions (such as
pressure source > pressure destination) required for that par-
ticular phenomenon (such as mass flow) to apply and the
equations contributed to the model by this phenomenon if it
is applicable. The second input is the physical description of
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Figure 1. Automatic model generation.
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the plant including the substances and equipment present, their
connectivity, and assumptions about operating conditions. If
the preconditions for a particular phenomenon are satisfied
by the physical description of the plant, then the equations
describing that phenomenon become part of the mathematical
model. This process-centered approach to model building pro-
vides flexibility, because as long as its preconditions are sat-
isfied, a phenomenon can occur anywhere in the plant, not
necessarily just inside a unit in which it is expected to occur.
Reaction, for example, is not confined to occur solely in a
reactor. Similarly, a fault such as a leak can be defined once,
and all possible leak sites can be found automatically using

pattern matching.
The procedure of automatic model construction ensures that

if an operating limit is reached or if a fault occurs causing the
model assumptions to change, a new model will be created.
We implement this modeling approach using the qualitative
process compiler (QPC) (Crawford et al., 1990; Farquhar,
1993), which generates a set of equations that are abstractions
of ordinary differential equations. These qualitative equations
are then sent to the QSIM algorithm for qualitative simulation
(Kuipers, 1986) and the possible behaviors (qualitative solu-
tions of the model equations) are determined.

Qualitative models were chosen for this study, because they
allow predictions to be made about the behavior of the system
in the absence of exact quantitative information. Many of the
current techniques for identifying hazards are inherently qual-
itative. The engineers conducting the study attempt to answer
a series of what-if type questions about the design: what if the
pipe connecting the evaporator to the reactor becomes clogged
or what if the inlet temperature is increased? Note that neither
of these questions involves numerical values. In order to answer
these what-if questions, engineers mentally perform a simu-
lation to determine the consequences of these disturbances. If
appropriate quantitative fault models were available, they could
be used similarly.

In this article, a prototype hazard identification system, the
qualitative hazard identifier (QHI), is introduced which com-
bines the automatic model building features of QPC with the
qualitative simulation capabilities of QSIM. QHI identifies
possible hazards from faults in chemical plants by exhaustively
examining the ways in which a library of faults can occur in
the plants. When faults force the model to change or when
another chemical plant must be analyzed, QHI builds a new
model based on the modified operating conditions and as-
sumptions. Consequences of faults are predicted by qualitative
simulation. Thus, QHI works by exhaustively positing possible
faults, simulating them, and checking for hazards.

Hazards incorporated in the current implementation include
controller saturation, overtemperature, overpressure, catalyst
poisoning, and explosion. QHI can evaluate the effects of a
number of different faults including leaks, broken filters, par-
tially and completely blocked filters and pipes, and controller
failures leading to a valve failing partially or completely closed
or to a valve failing open. Faults may perturb variables in the
original design model or may require building a new model.
An important advantage of the architecture is that all tasks
remain decomposed: QPC builds models, QHI applies a set
of rules to either modify the physical description or create a
disturbance function, QSIM simulates behavior, and QHI in-
terprets behavior.
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This article introduces hazard and operability studies, a tech-
nique currently used to identify hazards and to explain how
the approach used in QHI differs. It also describes how QSIM
and QPC work, and details the QHI algorithm. Two case
studies using QHI to identify hazards in the reactor section of
a nitric acid process are provided, and QHI is compared with
other computer aids for hazard evaluation.

Hazard Evaluation Methods

Several techniques exist for evaluating potential process haz-
ards in chemical plants. They include what-if analysis, check-
lists, fault trees, event trees, failure modes and effects analysis,
hazard and operability studies, and so on. These and other
methods are described in detail by Lees (1980), Crowl and
Louvar (1990), Greenberg and Cramer (1991), and in the AIChE
Center for Chemical Process Safety (CCPS) book Guidelines
Sor Hazards Evaluation Procedures (1985). The hazard and
operability (HAZOP) study is one of the most widely applied
of these methods (Chemical Industries Association, 1977; Law-
ley, 1974; Kletz, 1985).

Originally developed by the Petrochemicals Division of Im-
perial Chemical Industries (ICI), a HAZOP study is a system-
atic, methodical procedure for hazard identification. Using
design documents describing a facility and a list of guide words,
a multidisciplinary team of engineers studies the process flow-
sheet line-by-line then unit-by-unit using guide words to help
generate a list of possible deviations from the intended design
conditions that could lead to hazardous events. The possible
causes (faults) and consequences (hazards) of these deviations
are then identified. Without computer support, a typical HA-
ZOP study of a large process can take many weeks to complete.

A key point in automating any hazard evaluation procedure
is deciding where to start in the hazard sequence. Figure 2
shows the pieces of a hazard sequence: an initiating event, the
actual fault or malfunction, occurs causing intermediate de-
viations in process parameters resulting in one or more hazards.
For example, in the nitric acid process shown in Figure 3, a
clogged air filter leads to the deviation no flow which leads to
the hazard high ammonia concentration as ammonia may reach
its explosive [imit. When engineers perform HAZOP studies,

FAULTS / MALFUNCTIONS HAZARDS
(e.g. Clogged Airfilter) (e.g. Explosion)
(Causes of Hazards) (Results of Faults)

— <"

0——(

INTERMEDIATE DEVIATIONS
(e.g. No Flow)

Figure 2. Hazard sequence.
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Figure 3. Reactor section of nitric acid plant.
Modified from Coulson and Richardson (1983).

they begin with a deviation such as no flow and reason forward
to determine hazards and backward to determine faults, be-
cause they are confident that they can generate a complete list
of deviations and thus a complete list of faults and hazards.
This approach offers advantages in that it can help engineers
think of faults that they may not have considered. Also, when
different faults cause the same deviation, one does not need
to analyze the resulting hazards more than once.

In contrast, the QHI algorithm begins with a fault and sim-
ulates forward to determine both intermediate deviations and
hazards. This approach requires a library of different classes
of faults and “‘rules’’ describing the situation in which each
may occur. For example, if X is a valve, then it may fail shut
or leak. The consequences of faults are systematically explored
by (1) finding each location in the plant where each fault type
in the fault library could occur, (2) altering the plant model
to include the fault, (3) simulating, and (4) checking to see if
hazards result. The advantage of altering the model and sim-
ulating is that one can detect hazards that may result from
complex interactions far downstream from the original fault.
One disadvantage of this approach is that one cannot conduct
the HAZOP by starting with deviations, since the simulations
require having a plant model. As long as the library of faults
is complete, starting with a fault is more efficient because only
one simulation is required; whereas, starting with an inter-
mediate deviation requires both a simulation to determine the
hazards resulting from the deviations and a fault diagnosis
system to determine the faults leading to the deviations.

QSIM and QPC Algorithms

The qualitative hazard identifier is based on the ability to
automatically build and solve models of chemical plants even
at a design stage where exact numerical models and parameter
values are not available. To do this, we use QPC and QSIM
to build and solve qualitative plant models. This section gives
a brief introduction to strengths and weaknesses of this qual-
itative modeling approach.

The processes that occur in chemical plants, such as reaction
and heat transfer, can be described by a set of algebraic and
differential equations. To build and solve this set of equations,
engineers must specify exact parameter values and mathe-
matical relationships. Depending on the stage of process de-
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velopment, this information may be only partially known or
the equations may be highly coupled and nonlinear making
them difficult to formulate or solve, even with the help of
computers. Yet solutions to these equations are useful for
design and safety and loss prevention. The QSIM algorithm
provides a framework in which to specify incomplete knowl-
edge about a system in terms of qualitative differential equa-
tions (QDEs) and still be able to make predictions about the
possible behaviors of the system. The QDEs are abstractions
of ordinary differential equations such that infinitely many
linear and nonlinear ODEs reduce to the same QDE.

In order to construct a QSIM QDE model, the model builder
must specify both the variables of the physical system and the
constraints relating variables to each other. Each variable has
a quantity space, an ordered set of landmark values specifying
the range of values that the variable can have. Landmarks of
a variable may include zero, positive infinity, negative infinity,
and all qualitative critical values, such as the quantity space
of temperature, which may include boiling point and dew point.
The QSIM algorithm discovers new critical values as the sim-
ulation proceeds, such as noting the point at which a temper-
ature reaches its maximum value, and thus adds new landmarks
to the quantity space. At each time point in a simulation, each
variable has a qualitative state characterized by its magnitude
with respect to the landmarks and its direction of change (in-
creasing, decreasing, or steady). For example, if a variable is
negative [on the range (— o 0)] and increasing (inc), then its
qualitative state is [(— o 0) inc].

The constraints consist of qualitative versions of mathe-
matical relationships such as addition, multiplication, and dif-
ferentiation, along with other constraints asserting that some
functional relationship exists between two parameters but only
specifying whether the functionality is monotonically increas-
ing (M+) or decreasing (M—). It is the M+ and M- con-
straints that provide QSIM with the ability to simulate in the
absence of complete knowledge. For example, reaction rate
increases with reactant concentration irrespective of the order
of the reaction.

The model builder may also specify transition information
to establish the limits of applicability of a QDE model. Tran-
sitions are usually specified in terms of a variable reaching a
certain landmark value. For example, when a liquid is heated,
it may reach its boiling point. If this critical value is reached
and another QDE model is specified as being applicable beyond
this boundary, the simulation will continue with the new QDE
model. Both models, before and after boiling, must be specified
a priori by the model builder.

Once a QDE model has been formulated, an initial state is
defined by asserting values for certain parameters and letting
QSIM complete the initial state by propagating variable values
through the constraints. The initial state does not necessarily
have to be a steady state; for example, we may be interested
in modeling flow through a tank starting with an empty tank
in which case the mass in the tank is zero and increasing in
the initial state. For the purposes of this research, however,
an initial steady state is specified along with a disturbance
defining a step change in one of the model parameters. For
example, modeling flow through a tank starts with steady-state
flow through the tank, and then QSIM may be asked to de-
termine the possible behaviors when the inlet flow rate is in-

creased.
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Given the QDE, initial state specifications, and a disturbance
function, QSIM identifies the set of possible successor states
consistent with the model constraints. If QSIM is unable to
reduce either a variable value or its direction of change (de-
rivative) to one result, then all possible values are retained and
the state has multiple successors. This procedure of generating
and filtering successor states continues until all variables in all
states have steady derivatives or until the limit of computer
memory is reached, whichever occurs first. A branching tree
of states results, and a path through the tree constitutes a
behavior of the system. The generation of multiple behaviors
vs. one numerical solution is one of the biggest differences
between qualitative and quantitative simulation. QSIM has
been used to model a wide variety of physical systems including
mass and spring systems (Lee and Kuipers, 1988), physiological
mechanisms (Kuipers, 1987), and some chemical processes such
as reaction and flow through mixing tanks (Dalle Molle et al.,
1988; Dalle Molle, 1989). Problems with intractable branching
where infinitely many behaviors are produced have limited the
complexity and type of models built.

One of the main causes for the proliferation of behaviors
is that QSIM is unable to filter all spurious or aphysical be-
haviors. Spurious behaviors do not correspond to any physi-
cally possible solution of the model, and they occur due to the
abstractions made in moving from a quantitative to a quali-
tative model. The QSIM algorithm is guaranteed to generate
all behaviors exhibited by the original ODE from which the
QDE was derived (Kuipers, 1986). Thus, if QSIM predicts only
one behavior, then that behavior is guaranteed to be the correct
solution. However, since many different ODEs result in the
same QDE, it is possible that in addition to the set of actual
behaviors, QSIM will generate spurious behaviors correspond-
ing to no possible solution of the particular situation modeled,
but instead describe a slightly different ODE. Much of the
recent research associated with QSIM has focused on ways to
reduce the number of spurious predictions including higher-
order derivative constraints (Kuipers and Chiu, 1987; Kuipers
et al., 1991), phase space representations (Lee and Kui-
pers, 1988), energy constraints (Fouche and Kuipers, 1992),
and mixed qualitative-quantitative simulation (Kuipers and
Berleant, 1988).

The QPC algorithm (Crawford et al, 1990; Farquhar, 1993}
automatically generates the set of qualitative differential equa-
tions describing a system. The algorithm decomposes quali-
tative reasoning into two tasks, a model building task that
creates a QDE model, and a qualitative simulation task that
predicts possible behaviors resulting from this model. Illus-
trated in Figure 4, the QPC algorithm for model building and
simulation requires two inputs. The user must supply a library
of physical and chemical phenomena. The definition of each
phenomenon in this library consists of the preconditions nec-
essary for the phenomenon to apply, and the equations con-
tributed to the model if the preconditions are satisfied. For
example, the phenomenon mass flow requires the pressure of
one vessel to be greater than the pressure of a connected vessel,
and if applicable, mass flow contributes an equation describing
the flow rate between the two vessels.

The second input to QPC is the physical description of the
plant, a symbolic representation of the substances and equip-
ment present, their connectivity, and assumptions about op-
erating conditions. The physical description of the plant is
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Figure 4. Model building and simulation using the qual-
itative process compiler (QPC).

matched against the preconditions of the general phenomenon
definitions such as mass flow and chemical reaction. When
the preconditions of a process are satisfied, a specified instance
of the phenomenon, such as mass flow of water between the
reactor and product tank, is identified. This specific phenom-
enon is said to be active, and the equations associated with it
become part of the mathematical model, such as an equation
describing the flow rate between reactor and product tank is
included in the model. The equations from all active phenom-
ena form the model of the entire plant.

After determining the specific instances of phenomena con-
sistent with the physical description and building a QDE model
consisting of the equations contributed by these active phe-
nomena, QPC forms an initial QSIM state to specify a qual-
itative initial value problem. It is possible that in forming the
initial state, new variable values will be identified that will
activate other instances of phenomena. If this happens, the
model must be rebuilt before the simulation can proceed. Once
the precise model and initial QSIM state have been generated,
a QSIM simulation is performed and the possible gqualitative
behaviors are identified. If a behavior crosses a region tran-
sition, such as water reaches its boiling point, QPC returns to
the model building portion of its algorithm so that a new model
can be created describing the physics in the next region.

QPC’s approach to model building is incremental so that
assumptions made and entities present can change as more
information is gained from active phenomena. Phenomena
themselves can contribute operating assumptions not neces-
sarily specified @ priori by the model builder in the physical
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description, and these additional assumptions may cause in-
stances of other phenomena (fluid flow into a vessel can cause
a new substance to appear in that vessel, creating a new vapor-
liquid equilibrium). Therefore, not only does QPC handle in-
complete knowledge about system parameters and functional
relationships as qualitative simulators do, but it also handles
incomplete knowledge about the entities that exist, the oper-
ating conditions that hold, and the physical and chemical phe-
nomena that model the particular physical situation.

A library of physical and chemical phenomena in the QPC
representation was developed (Catino, 1993) in which chemical
plants are described as a series of containers (vessels that hold
material) and the connections (pipes and valves) between them.
Containers hold phases which can exist as gases, liquids, or
solids, and phases consist of components such as air and am-
monia. Other entities incorporated in the library include trans-
port-devices (pumps, compressors) and controllers (pressure,
level, and ratio controllers). QPC is a frame-based represen-
tation, with inheritance. Liquids, for instance, have certain
properties (such as boiling point) different from gases (such
as dew point), but both inherit properties associated with phases
(such as mass) since both are types of phases.

Qualitative Hazard ldentifier (QHI) Algorithm

The QHI algorithm combines the automatic model building
features of QPC with the qualitative simulation capabilities of
QSIM to identify hazards in chemical plants. Unlike a HAZOP
study performed by a team of engineers, where the starting
point is an intermediate deviation (such as no flow) developed
by combining guide words with design intentions and process
parameters, QHI works by exhaustively positing possible faults,
simulating the consequential plant behaviors, and checking for
hazards. Posited faults are classes of specific faults (such as
leaks) that are matched to particular instances of pipes, re-
actors, and so on.

The basic premise of the QHI algorithm is that there are
two types of faults: (1) those that can be described by pertur-
bations of the original design model (for example, a partially
blocked pipe can be simulated by a perturbation function that
decreases the conductance of the pipe); and (2) those that
require building a new model because the original design model
is no longer applicable (for example, a leak of water from the
shell side of a heat exchanger into its tube side cannot be
simulated by the original design model, because water is now
unexpectedly present in a second vessel (tube side) and perhaps
reacts with the contents of that vessel, and so on). The new
model therefore consists of different active phenomena and,
hence, different equations.

The idea that certain faults can be analyzed using the original
design model while others require building a new model maps
onto the HAZOP study’s set of guide words. In general, de-
viations in process parameters developed by the guide words
no, more, and less (such as more flow and less temperature)
can be analyzed using a single model; whereas, deviations in
process intentions developed by the guide words as well as,
part of, reverse, and other than require building and analyzing
a new model. For example, the guide word “‘as well as” is
used to develop deviations in which all of the original design
intentions are achieved along with some additional activity not
originally intended. Particles which should have been removed
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from the air by a filter, for instance, may flow with the air to
the rest of the process units.

The QHI algorithm is therefore broken down into two parts,
one in which the model does not change and one in which the
model changes. Each of these two subparts consists of three
processors: a pre-processor that applies a set of rules to de-
termine if a fault is applicable (this pre-processor replaces the
guide word approach in HAZOP studies), a processor that
calls QSIM, or QPC and QSIM where the model changes, and
a post-processor that interprets the behaviors generated and
determines whether or not a hazard could have occurred. The
following sections describe the details of these processors for
each of the two parts of the QHI algorithm.

QHI algorithm: model does not change

Many of the faults that occur in a chemical plant can be
described using the original design model and perturbing model
parameters. Faults from a library of faults such as a partially
blocked pipe or controller failure (valve fails closed) are
matched against particular instances of pipes, controllers, and
valves in the physical description to develop perturbation func-
tions that perform step changes in parameters of these specific
entities. For example, if the conditions for the fault partially
blocked pipe match for the pipe connecting the evaporator
and reactor, then a perturbation function that performs a step
decreases in the conductance (that is, an increase in the re-
sistance) of the pipe connecting the evaporator and reactor is
created.

An overview of the QHI algorithm is provided in Figure 5.
First, a QDE model of the plant as it was designed to operate
is automatically generated by QPC from a library of phenom-
ena and then the physical description of the plant, a symbolic
representation of the process units present, their connections,
and operating conditions. This plant model consisting of the

1. GENERATE AND SIMULATE PLANT MODEL:

Library
of Phenomena

Plant
Behavior

Physical
Description
1I. A. PERTURB DESIGN MODEL AND SIMULATE
Perturbation
Function

Plant
Behavior
1I. B. GENERATE AND SIMULATE MODEL OF FAULTY PLANT:

Library
of Phenomena
New QDE
New Physical
Description

III. CHECK FOR HAZARDS

Plant
Behavior

Figure 5. Overview of qualitative hazard identifier (QH))
algorithm.

Use II A when model does not change and I{ B when the model
changes.
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Figure 6. Inputs and outputs of QHI processors.

equations contributed by the active phenomena is then sim-
ulated by QSIM to ensure that the original equations are self-
consistent. Next, in the case that the model does not change,
a perturbation function is created: a fault is introduced in the
system, and the design model is simulated by QSIM to deter-
mine the behavior of the plant in response to the fault. Finally,
QHI checks all behaviors for hazards.

More specifically, Figure 6 illustrates the inputs and outputs
of the QHI processors while a more detailed flowsheet is shown
in Figure 7. In the current implementation, certain modifi-
cations are hand-encoded into the QDE model once it has been
generated by QPC. Most of these changes are made in order
to algebraically simplify the equations in the model and to
limit ambiguity in its simulation and should become unnec-
essary as QPC and QSIM are improved.

Given the QPC description and QDE model of the plant as
it was designed to operate and a set of rules describing general
faults, the pre-processor determines a particular instance of a
fault and outputs the perturbation function that can be used
to simulate the behavior of a plant with this fault. Each rule
in the library of faults consists of the name of the fault {partially
blocked pipe), the preconditions necessary for the fault to apply
including the objects that must exist and the operating con-
ditions that must hold, and the variable to be perturbed (de-
crease conductance of pipe) if the preconditions are found to
exist in the physical description. Thus, these rules link faults
(partially blocked pipe) to their resulting parameter deviations

(such as decrease in conductance of pipe).
The scope of faults that have been implemented in QHI

when the model does not change is shown in Table 1. The third
rule, for example, states that in order to have a blocked filter,
a container that is a filter and is connected to another container
via a path must exist in the physical description. If a container
that satisfies these conditions is found in the physical descrip-
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Figure 7. QHI algorithm.

tion, then it is possible for the container (filter) to become
blocked, and the fault is implemented by performing a step
decrease to zero in the conductance of the path connecting the
two containers. Note that the list of rules is not a list of specific
faults applicable only to the nitric acid plant. Rather, the faults
included in this library are general enough to apply to a variety
of plants and also to a number of instances within a single
plant. Thus, it is possible for the pre-processor to find more
than one set of matching conditions for any given rule. For
example, a blocked pipe only requires that a path exists and
therefore applies to all pipes in the plant. When more than
one match is found, QHI loops through each set of matches
individually, creating the associated perturbation function and
sending it on to the QHI processor.

Once the perturbation function has been created, the QHI
processor calls QSIM to perform a qualitative simulation of
the disturbance and to ultimately determine the behavior of
the plant as a result of the specific fault. In general, these
QSIM simulations for the nitric acid plant contain approxi-
mately 250 variables and 320 constraints, most certainly the
largest QSIM models built and functioning to date. In order
to obtain meaningful results from these large, complex models,
the perfect controller, and pseudo-steady-state assumptions,
forms of time-scale abstraction are used (Catino, 1993, Kui-
pers, 1987). The perfect controller assumption ignores all tran-
sients associated with the controller variables so that control
is instantaneous and faster than all other processes in the plant.
The pseudo-steady-state assumption forces all transients to be
ignored, allowing comparison of qualitative values between
two steady states. Therefore, the plant starts at one steady
state, a fault occurs leading to a parameter disturbance, and
then a new steady state is reached in which certain parameter
values differ from the first steady state.
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Table 1. Rules Linking Faults to Parameter Disturbances Without Model Change

Entities in

Physical Relations in Physical
Fault Description Description
Partially Blocked Pipe Path Step decrease in conductance of path
Blocked Pipe Path Step decrease to zero in conductance of
path
Partially Blocked Filter Container Step decrease in conductance of path
Blocked Filter Container Step decrease to zero in conductance of
path
Controller Failure Valve Step increase in valve position of valve
{Valve Fails Open)
Controller Failure Valve Step decrease in valve position valve
(Valve Fails Partially
Closed)
Controller Failure Valve Step decrease to zero in valve position
(Valve Fails Closed) of valve
Partially Blocked Heat path Step decrease in thermal conductance
Heat Path (Fouling) of heat path
Blocked Heat Path Heat path Step decrease to zero in thermal

(Fouling)

conductance of heat path

The QSIM simulation produces the set of all possible next
steady states, and these behaviors are sent to the QHI post-
processor to determine if any of them are hazardous. The list
of possible hazards includes both generic hazards such as over-
pressure, over-temperature, and controller saturation, all of
which can occur in any plant, and specific hazards such as
explosion which are particular to the materials and design
involved. For example, if the concentration of ammonia in the
reactor of the nitric acid plant reaches a critical value, the
mixture becomes explosive. Comparative analysis (Weld, 1987)
is used to identify hazards. A brief description of the post-
processor mechanism follows.

The generic hazards are each associated with a variable (such
as pressure, temperature, valve position). The QHI post-pro-
cessor selects one of these variables associated with a hazard,
such as pressure, and finds all pressure parameters in the model,
such as evaporator-pressure, reactor-pressure, and so on. For
each of these model-specific pressure parameters, the post-
processor checks all behaviors to see if that parameter has
increased from the original steady state to the new steady state.
If the pressure of a process unit increases in any of the be-
haviors, then it is feasible for the hazard over-pressure to occur
in that unit as a result of the fault. The same procedure is
carried out for temperature, valve-position, and mass fraction
of ammonia. Note that QHI identifies controller saturation
only by testing whether or not valve-position has increased
rather than testing to see if it is greater than or equal to a
critical value. In a qualitative model, if a variable increases
and a landmark larger than the original value exists, it will
always be possible for the variable to reach that landmark. If
approximate quantitative knowledge were available, this could
be used to determine whether or not saturation actually occurs
(Catino, 1993).

QHI algorithm: model changes

Some faults cannot be simulated by perturbing the original
design QDE model but instead require the creation of a new
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model. This half of the QHI algorithm shows the strength of
incorporating automatic model building capabilities into a
computer aid for hazard identification. This section describes
the QHI algorithm for automating the case in which faults
change the model describing the plant.

An overview of the algorithm when the model changes is
presented in Figure 5, parts I and IIB. The first part of the
procedure is identical to the case when the model does not
change: the design case model is automatically generated by
QPC and subsequently simulated by QSIM. Instead of devel-
oping a perturbation function, the second step alters the design
case physical description of the plant consisting of assumptions
about operating conditions and process units and substances
present. This new physical description, along with the original
library of phenomena, is then input to QPC and a new QDE
model describing the fault scenario is automatically generated,
simulated, and checked for hazards. As before, Figure 6 shows
the inputs and outputs of the QHI processors, while a more
detailed flowsheet is presented in Figure 7. Note that the same
names are used for the processors in this half of the QHI
algorithm as were used when the model did not change, but

their functions are slightly different.
Given the physical description of the plant as it was designed

to operate and a set of rules describing general faults, the pre-
processor determines particular instances of faults and outputs
the modified physical description of the plant representing the
faulty conditions. Each rule in the library of faults consists of
the name of the fault, the preconditions necessary for the fault
to apply, including the entities that must exist and the operating
conditions that must hold, and a list of modifications to be
made to the physical description if the preconditions are found
to exist in the physical description. Thus, these rules link faults
to their respective physical description modifications. Faults
that have been implemented when the model changes include
leaks and broken filters.

Once the new physical description has been created, the QHI
processor calls QPC to generate a new QDE model and calls
QSIM to perform a qualitative simulation. Finally, the post-
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processor interprets the behavior(s) of the qualitative simu-
lation and determines if any hazards could possibly occur.
When the model changes, hazards are identified by comparing
the list of active phenomena with QHI’s list of hazardous
phenomena which may include catalyst poisoning or mass flow
to the vessel ‘‘atmosphere,’’ that is, leak. If any of the active
phenomena match a hazardous phenomenon, then QHI rec-
ords that phenomenon as a possible hazard.

Results of the QHI algorithm

QHI is able to evaluate the effects of a number of different
faults including leaks, broken filters, partially and completely
blocked filters and pipes and controller failures leading to a
valve failing partially or completely closed or to a valve failing
open. Some specific faults can be simulated while others do
not complete before exhausting the 224 megabytes of memory
on a Sun SparcStation ELC. Run times vary from seconds to
days. Numbers of behaviors range between ten and 1,600, with
most between 40 and 100. Table 2 presents the specific instances
of faults that have been simulated and the resulting hazards
that were identified.

There are several reasons why some faults exhaust available
computer memory before completing the simulation and iden-
tifying hazards. The biggest problem lies in the inefficiency of
the constraint satisfaction algorithm used by QSIM to deter-
mine and filter all possible variable values given the extremely
large number of variables and constraints. While efficiency
problems are hardly noticeable when simulating small QDE
models, they become a major obstacle when large models like
the one describing the nitric acid plant (250 variables and 320
constraints) are simulated. Improvement of the constraint sat-
isfaction algorithm is currently being examined by the Qual-
itative Reasoning Group at the University of Texas at Austin
and at the University of Pennsylvania.

Simulations can also be made faster by rearranging and
simplifying the models generated by QPC. Furthermore, as
will be demonstrated in the first case study reported here, the
type of disturbance made has a definite effect on the simulation
time. Often, a result can be obtained more easily when a vari-
able value is perturbed to an extreme (such as zero) rather than
simply decreasing it to another positive value. This technique
of simulating a disturbance by perturbing to some extreme has
been employed by other researchers (Weld, 1988).

Two other problems arise from the QHI algorithm when the
model does not change: determining which physical description
to use to build the design case QDE model and determining
which variables to inherit following a disturbance. First, the
basic problem in deciding which physical description to use
lies in determining which controllers should be included as part
of the process description. When perfect control is assumed,
some disturbances lead to contradictions, indicating that the
controller cannot compensate for the disturbance. To obtain
a consistent solution, the simulation must be rerun with the
controller saturated, that is, fixed at its maximum value,

The second problem that arises from the QHI algorithm is
determining which variables should be inherited, that is, re-
maining constant, following a disturbance. At least three fac-
tors are involved in making this decision: the controllers
included the QDE model, the variable to be perturbed and its
“location’’ in the plant, and the layout of the plant. Some
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generic inheritance rules can be written; for example, because
the perfect controller assumption is used, the set point and the
controlled variable are always inherited for each controller.
Beyond this, the decision about which variables to inherit be-
comes trickier, because it depends on the layout of the plant
and, hence, is difficult to generalize by developing rules that
will apply to a variety of designs. For this reason, variables
to be inherited in the current implementation of QHI are pro-
vided a priori for all possible disturbances rather than deter-
mined automatically using a set of rules.

Case study I: model does not change

Consider, once again, Figure 3 depicting the reactor section
of a nitric acid plant. The design has passed preliminary anal-
yses and has been sent to QHI for a hazards review. Faults
that can be simulated by making perturbations to the original
design model are considered first.

A completely blocked filter is selected off the list of rules
linking faults to parameter disturbances (Table 1), and its
preconditions are compared with the entities and operating
conditions in the physical description of the nitric acid plant.
One match is found: the air filter container exists, and it is a
filter connected to another unit, the compressor, via the path
path-af-compl. Since the preconditions for a completely
blocked filter have been satisfied, QHI creates a QSIM per-
turbation function that decreases the conductance of path-af-
compl to zero. The QDE model of the plant is then simulated
with this perturbation function to determine the effects of a
blocked filter. Inherited variables include air filter tempera-
ture, evaporator pressure, and the set points and controlled
variables of the three controllers. The simulation takes less
than a minute to complete on a Sun SparcStation ELC, and
QSIM predicts 72 possible steady states following the disturb-
ance,

All 72 behaviors exhibit the following characteristics: a step
decrease to zero in the conductance of the pipe connecting the
air filter and the compressor causes the flow rate between the
air filter and reactor to decrease to zero. The pressure increases
in the filter until it reaches the pressure of source-canl. When
the pressures becomes equal, the flow rate into the filter de-
creases to zero. The ratio controller notices that the flow rate
between the filter and reactor has decreased to zero, so the
controller closes valve2 to force the flow rate between the
evaporator and reactor to zero, maintaining the ratio at its set
point. In order for the flow rate out of the evaporator to go
to zero, the vaporization rate must decrease to zero. In order
for the vaporization rate to decrease to zero, the heat flow
rate must also go to zero, which means that the evaporator
temperature increases until it reaches the temperature of the
steam unit (the heat source). With the flow rates into the reactor
decreased to zero, the reactor contents react until one of the
reactants disappears. Therefore, the mass fractions of products
increase while the mass fractions of reactants decrease. Finally,
since the flow rates of the feed streams to the reactor have
decreased to zero and these streams cool the reactor contents
and since the reaction is exothermic, the reactor temperature
increases.

Next, the post-processor examines all 72 behaviors. The
description above provides the chain of reasoning that leads
QHI to predict the following possible hazards: over-pressure
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in the air filter and over-temperature in the evaporator and in
the reactor.

It is also interesting to examine the results from QHI if the
system is designed without a ratio controller. A step decrease
to zero in the conductance of the pipe connecting the air filter
and compressor again causes the flow rate between the air filter
and reactor to decrease to zero. The pressure increases in the
filter until it reaches the pressure of source-canl, at which
point, the flow rate into the filter decreases to zero. Since the
air filter pressure increases from one steady state to the next,
QHI identifies the hazard over-pressure in the air filter. There
is no flow of air into the reactor; however, since there is no
ratio controller in this design, the flow rate of ammonia into
the reactor and the evaporator temperature remain unchanged.
Since the mass fraction of ammonia in the reactor increases,
QHI identifies the hazard explosion in the reactor. Explosion
can occur when the mass fraction of ammonia in the reactor
reaches a critical value. [n this case, the reactor temperature
decreases because the ammonia feed acts to cool the reactor,
and the reaction rate goes to zero since there is no air left in
the reactor to react.

Once models can be automatically generated, engineers can
propose changes to the design, rebuild the model, and use QHI
to determine if the change results in a hazard. If the nitric acid
plant is designed without a ratio controller, QHI predicts an
explosion as a possible hazard. When a ratio controller is
incorporated in the design, QHI no longer predicts the explo-

sion, and a safer design results.
It is also interesting to note that when a partially blocked

filter is simulated using the same QDE model as in the case
of a completely blocked filter, that is, the conductance is de-
creased to a smaller positive number rather than zero, 42 be-
haviors result, and processing time increases to 25 hours.
Perturbing a variable to an extreme value, in this case zero,
can greatly reduce simulation time. When a partially blocked
filter is simulated, QHI predicts an extra hazard, an explosion,
in addition to the same three hazards identified for the com-
pletely blocked filter, over-pressure in the air filter, and over-
temperature in the evaporator and reactor. Although a ratio
controller maintains the ratio of ammonia to oxygen entering
the reactor, the flow rates of ammonia and oxygen into the
reactor change, and explosion is predicted because QSIM is
unable to determine whether or not the mass fraction of am-
monia increases, decreases, or remains the same following the
disturbance.

This computer-generated result was compared with a HA-
ZOP study performed by a team of engineers (Coulson and
Richardson, 1983). For the deviation less flow in the line con-
necting the air filter and compressor, the engineers predict only
one possible hazard caused by a partially blocked filter con-
cerning possible dangerous increase in ammonia concentration,
whereas QHI predicts four possible hazards. QHI similarly
checks all other potential faults that do not change the model.
These results are shown in Table 2.

Case study II: model changes

QHI continues the hazard review of the nitric acid plant by
considering next the faults that are simulated by rebuilding the
original design model. A broken filter is selected off the list
of rules linking faults to physical description modifications,
and its preconditions are compared with the assumptions in
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the original design physical description of the nitric acid proc-
ess. One match is found: the air filter container exists, it is a
filter, and it contains a solid particle phase.

Since the conditions for a broken filter have been satisfied,
QHI modifies the physical description as per the rule for a
broken filter. The assumptions that ignore influences on the
derivatives of the mass fraction of particles in the solid phase
in the air filter and of the total mass of the solid phase in the
air filter are removed since these describe a correctly func-
tioning filter. This fault also requires finding all process units
downstream of the filter because particles will now be present
in these vessels. QHI discovers that the air filter is connected
to the compressor, which is connected to the reactor which is
connected to the product tank. Since the compressor is a trans-
port device and is assumed not to contain phases, the following
assumptions about the reactor and product tank are added to
the physical description: (contains-unexpected-state reactor air
filter) (contains-unexpected-state product-tank reactor), (un-
expected reactor air filter particles), and (unexpected product-

tank reactor particles).
This new physical description, along with the original library

of processes, is sent to QPC, and a QDE model describing a
broken filter is built and simulated. The additional assumptions
involving ‘‘contains-unexpected-state’’ cause a new solid phase
to be created in both the reactor and product-tank. The ex-
istence of the new phases combined with the two “‘unexpected”’
assumptions above instantiates two new phenomena asserting
that particles are now expected in the reactor and product-
tank which in turn instantiates two new contained component
phenomena, as well as two new solid-phase phenomena in
addition to forced flow of particles between the air filter and
reactor via compressor and mass flow of particles between the
reactor and product tank. More importantly, however, QPC
activates the phenomenon catalyst-poisoning because both a
solid phase and a catalyst exist in the reactor.

QPC simulates this new QDE model and determines that
there are three possible steady states. Ideally, one state should
be created, but QSIM branches on the difference in mass frac-
tion of particles in the solid phase in the reactor and mass
fraction of particles in the solid phase in the product tank,
allowing this difference to be negative, zero, or positive. In
this case, the mass fraction of particles in the solid phase in
both containers is one as the solid phase consists solely of
particles. A generic rule could be added which would reduce
the number of behaviors to one. Finally, the QHI post-pro-
cessor examines the QDE fault model and determines that
catalyst poisoning is a possible hazard of a broken filter, pre-
cisely the hazard predicted by the team of engineers. QHI
similarly checks all other potential faults that change the model.

Comparison With Other Hazard Evaluation
Methods

Now that the QHI algorithm has been explained in detail,
we can compare QHI with other work that has been done to
provide computer support for hazard identification. The basic
principle behind the development of QHI is that there are two
requirements for a hazard identification aid. First, automatic
model building is essential to rebuild models when faults force
the model to change and in order to build a general system
applicable to a variety of facilities. Secondly, a simulation is
necessary to predict the results of faults. Methods for auto-
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Table 2. Faults Simulated Using the Qualitative Hazard Identifier (QHI) and the Resulting Hazards
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Class of Fault Identif.
Specific Fault Hazards Time
Partially Blocked Pipe
Source-canl and air filter Overtemperature in evaporator 76 h
Overtemperature in reactor
Explosion
Air filter and compressor Overpressure in air filter 25 h
Overtemperature in evaporator
Overtemperature in reactor
Explosion
Reactor and valve3 Overpressure in evaporator 4h
Level controller saturation
Ratio controller saturation
Pressure controller saturation
Source-can2 and pump Overpressure in evaporator 1.3h
Level controller saturation
Ratio controller saturation
Evaporator and valve2 Overpressure in evaporator 1.3h
Level controller saturation
Ratio controller saturation
Blocked Pipe
Source-canl and air filter Overtemperature in evaporator 20 s
Overtemperature in reactor
Air filter and compressor Overpressure in air filter 50s
Overtemperature in evaporator
Overtemperature in reactor
Reactor and valve3 N/A—Memory exceeded
Source-can2 and pump Overtemperature in evaporator 47 s
Overtemperature in reactor
Evaporator and valve2 Overpressure in evaporator 335
Qvertemperature in evaporator
Overtemperature in reactor
Partially Blocked Heat Path
Steam unit and evaporator Overpressure in evaporator 1.4 h
Level controlter saturation
Ratio controller saturation
Blocked Heat Path
Steam unit and evaporator N/A—Memory exceeded
Partially Blocked Filter
Air filter Overpressure in air filter 25h
Overtemperature in evaporator
Overtemperature in reactor
Explosion
Blocked Filter
Air Filter Overpressure in air filter 50 s
Overtemperature in evaporator
Overtemperature in reactor
Broken Filter (Filter Fails to Remove Particles)
Air filter Catalyst poisoning in reactor 2h
Controller Failure (Valve Fails Partially Closed)
Valvel Ratio controller saturation 4 h
Valve2 Overpressure in evaporator 6.2h
Overtemperature in evaporator
Overtemperature in reactor
Explosion
Controifer Failure (Valve Fails Closed)
Valve2 Overpressure in evaporator 35s
Overtemperature in evaporator
Overtemperature in reactor
Valve3 Overpressure in air filter 13 min
Overpressure in reactor
Qvertemperature in reactor
Overtemperature in evaporator
Ratio controller saturation
Controller Failure (Valve Fails Open)
Valvel Overpressure in evaporator 45 min
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matically generating fault trees are becoming established, and
decision support systems and check lists are commercially
available, but applying simulation of process models to hazard
identification is quite new.

Of all the hazard evaluation techniques, fault trees have
been the subject of the majority of computer aids. Fault trees
are graphical models that show how various combinations of
equipment failures and faults can lead to a hazard. Fault trees
are not used to identify hazards; rather, hazards are identified
first by some other means, and then fault trees are developed
to identify the faults that lead to those hazards. Algorithms
for converting causal models to fault trees have been devel-
oped. Fault trees can be generated from signed directed graph
(digraph) models (Lapp and Powers, 1977). More recent work
by Al researchers, such as Forbus (1984, 1990), has furnished
methods for automatically creating the digraphs. Alternatively,
mini-fault trees can be created from propagation equations
relating inputs and outputs of a unit and from statements
linking faults and hazards to particular parameter disturbances
(Kelly and Lees, 1986). These mini-fault trees are combined
to create the main fault tree for the plant, a rather complex
procedure that uses rules to avoid inconsistencies. Also, an
algorithm has been developed to convert influence diagrams,
which specify the chain of events leading to an accident event,
into a fault tree (Nagel, 1991).

Several researchers have developed hazard identification aids.
Waters and Ponton (1989) share some similarity to the QHI
approach in that they use qualitative simulation for fault prop-
agation. However, they do not provide an algorithm for iden-
tifying hazards or their initiating faults. Moreover, they build
their models by hand rather than automatically generating
them, and apparently they have only looked at flow and not
at reaction.

Parmar and Lees (1987) do provide an algorithm for iden-
tifying hazards and their causes. Unlike QHI, which starts by
systematically examining faults, this algorithm begins by re-
viewing parameter deviations as in a conventional HAZOP
study. Unit models consisting of rules are automatically gen-
erated from user-supplied propagation equations relating in-
puts and outputs of units. For example, the user must provide
the propagation equation flow out = f(flow in), which the
program automatically converts to the rule “‘if flow in is high
(low), then flow out may/will be high (low).”” An enhancement
to their approach would be the ability to automatically generate
the propagation equations. In addition, a device-centered li-
brary of unit models is used which means that only events that
have been anticipated a priori can occur in a process unit, such
as reaction can occur only in units specified by .the model
builder. The approach, therefore, lacks the flexibility and ro-
bustness of QHI, which takes full advantage of a process-
centered library of phenomena to automatically build process
unit models in which unanticipated events may occur.

Another model-based methodology has been used to deter-
mine hazardous chemical and/or physical reactions (Nagel,
1991). Variable influence diagrams are developed from the set
of process equations describing a flowsheet by starting with a
top-level hazard and chaining back through the events to de-
termine the root causes. This approach is much more detailed
than QHI. Exact stoichiometric reactions and quantitative val-
ues (such as pressure, temperature) are used to eliminate or to
confirm potential hazards. The method does not provide for
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automatic model generation; however, fault trees can be au-
tomatically generated. Finally, Vaidyanathan and Venkata-
subramanian (1992) are beginning work on an object-oriented
framework for automating HAZOP analysis.

Commercial computer aids for hazard analysis have been
less ambitious in helping to identify hazards, but instead have
focused on database management and on helping the user
choose which hazard identification technique is best suited for
his or her purpose. Lihou Technical and Software Services,
Inc. (1991) has designed HAZOP version 2.0 to operate on
IBM-compatible personal computers. The software combines
a word processor for data entry with database tools such as
information sorting and retrieval. Similarly, HAZOP-PC uses
checklists to help users identify hazards (Primatech, Inc., 1990).
Arthur D. Little, Inc. (1992) has developed HAZOPtimizer,
another PC-based software for documenting and reporting
HAZOP studies, preliminary hazard analyses, what-if/check-
list analyses, and failure modes and effects analyses. Battelle
has created SOPHIE, a rule-based expert system for the se-
lection of hazard evaluation procedures. Other HAZOP sys-
tems have been written in Prolog in the Australian and British
academic communities. For example, see Weatherill and Cam-
eron (1989).

Conclusions and Recommendations

This article has explored an innovative methodology for
identifying hazards in a continuous chemical process. Unlike
previous attempts at providing computer support for hazard
identification, QHI takes advantage of recent advances in au-
tomatic model building and simulation in order to predict
hazards in a nontrivial chemical plant design. QHI postulates
possible fauits, simulates them, and checks for hazards. Rules
are used to match general faults with specific instances within
the physical description of the plant. The effects of multiple
faults, such as controller saturation and blocked pipe, can be
simulated. QHI draws on the simulation and model-building
power of QSIM and QPC to reason about a large number of
process variables including flow rate, temperature, pressure,
mass, mass fraction, and to automatically rebuild models when
faults force the model to change.

The QHI algorithm and code is entirely general and inde-
pendent of the plant being analyzed. It requires as input a
library of QPC model fragments describing all processes in
the plant, as well as of all faults and hazards that can occur
in the plant, including rules to allow QHI to recognize situ-
ations where the faults are relevant. Many of these processes,
faults, and hazards such as heat transfer, leaks, and over-
pressure are general. Others, such as the chemistry and some
dangers of explosion, are specific to the plant being studied.
QHI also requires a description of the plant in a form that
QPC can use to produce a QDE model of the plant under
normal operation. The overall analysis is, of course, limited
by the completeness or incompleteness of the above libraries.

The current library of faults is incomplete. However, faults
not currently included, such as power outages, loss of steam
pressure, sensor failures, and addition of water, all fit the QHI
framework nicely. For example, power outages would result
in pumps not functioning {zero flow rates) and sensors reading
zero. Power outages would perturb multiple variables, but
would require no changes to QSIM or the QHI algorithm.
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Similarly, addition of water to a unit would force the model
to change as additional phenomena in the library would be
activated to model the interactions between water and all other
chemical species in the system, but could be handled by the
current algorithm.

The other major limitation of QHI comes from the ambi-
guity inherent in qualitative simulation, which limits the size
and complexity of the systems that can be simulated. The
ambiguity, however, does not play as significant a role in
hazard identification as it does in fault diagnosis, because it
is sufficient to know that a hazard may occur. Since one qual-
itative simulation captures the behavior of an infinite number
of numerical simulations, ambiguity is advantageous, because
with one simulation the engineer can determine if there are
any combinations of variable values that lead to a hazardous
event. Engineers do not use much quantitative information
when performing an initial HAZOP study, but instead, identify
hazards first and then filter some as less likely or less significant
after obtaining additional information. The fact that engineers
filter the hazards generated in a conventional HAZOP study
and pass on only a fraction for further assessment explains
why QHI often predicts more hazards than the engineers. In
general, QHI errs in predicting possible hazards that may not
exist, because a spurious result was produced or because the
specific combination of variable values cannot possibly lead
to a hazard. This feature is certainly better than missing an
important hazard and follows from QSIM; all possible physical
behaviors are guaranteed to be generated, but other behaviors
that do not correspond to any physically possible solution may
also be predicted.

The development of QHI has helped to identify areas where
more research is required to make QSIM and QHI viable in-
dustrial tools. First, if qualitative simulation is to be used on
larger problems, QSIM must be more efficient so that inter-
mediate calculations do not require excessive memory. Our
results are somewhat discouraging for qualitative reasoning:
although in principle QHI should work seamlessly and easily,
in fact, minor tweaking of the models is required to make them
computationally tractable. Worse, although we have full dy-
namic models for the plant use in this study, they require far
more computing power than we have available. Improvements
to QSIM will increase the number of fault cases that QHI can
analyze and evaluate. Secondly, once more cases can be ana-
lyzed more quickly, more rules need to be developed to decide
which QDE model to use to simulate a fault case and to identify
which variables to inherit or maintain constant following a
disturbance. Thirdly, in the current version of QHI, hazards
such as over-pressure and over-temperature are examined only
when the model does not change by comparing the value of
variables within the same quantity space. To identify these
types of hazards when the model changes, a more advanced
comparative analysis method, such as Grantham and Ungar
(1991), is required since the value of the variable found by
simulating the original design model will no longer be directly
related to the value of the variable found by simulating the
fault model.

In the shorter term, it would be possible to use the exact
structure of QHI using purely quantitative models for the
simulation. Related work on fault diagnosis in dynamic systems
indicates that methods based on automatic model modification
can be applied using quantitative as well as qualitative simu-
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lation (Vinson and Ungar, 1993). Results were comparable on
small systems, but the quantitative simulation scales much
better to larger, more densely connected plants.

Future research could also be directed toward increasing the
scope of QHI. For example, HAZOP studies are also con-
ducted for startups and shutdowns of chemical plants. Exten-
sion of QHI to this area would exploit QPC’s incremental
model building capabilities and QSIM’s ability to do dynamic
simulation. Another feature that could be added to QHI is the
ability to predict the likelihood of the occurrence of various
faults or hazards. With these additional capabilities, QHI would
be an integral, contributing member of an industrial HAZOP
team.
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