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The article proposes a novel practical framework for computer-assisted hazard and operability (HAZOP) that integrates
qualitative reasoning about system function with quantitative dynamic simulation in order to facilitate detailed specific
HAZOP analysis. The practical framework is demonstrated and validated on a case study concerning a three-phase sep-
aration process. The multilevel flow modeling (MFM) methodology is used to represent the plant goals and functions.
First, means-end analysis is used to identify and formulate the intention of the process design in terms of components,
functions, objectives, and goals on different abstraction levels. Based on this abstraction, qualitative functional models
are constructed for the process. Next MFM-specified causal rules are extended with systems specific features to enable
proper reasoning. Finally, systematic HAZOP analysis is performed to identify safety critical operations, its causes and
consequences. The outcome is a qualitative hazard analysis of selected process deviations from normal operations and
their consequences as input to a traditional HAZOP table. The list of unacceptable high risk deviations identified by the
qualitative HAZOP analysis is used as input for rigorous analysis and evaluation by the quantitative analysis part of
the framework. To this end, dynamic first-principles modeling is used to simulate the system behavior and thereby com-
plement the results of the qualitative analysis part. The practical framework for computer-assisted HAZOP studies intro-
duced in this article allows the HAZOP team to devote more attention to high consequence hazards. VC 2014 American

Institute of Chemical Engineers AIChE J, 60: 4150–4173, 2014

Keywords: hazard analysis, multilevel flow modeling, dynamic simulation, computer-assisted HAZOP, knowledge-base

Introduction

Hazard and operability (HAZOP) study is a well-accepted
method for hazard identification of process designs and for
planned modifications, which initially was developed for
analyzing chemical process hazards.1 The approach is a
structured brainstorming using guidewords and is performed
by a multidisciplinary team during a set of meetings to

derive the records of causes and consequences of devia-
tions.2 An effective HAZOP ensures that all potential devia-
tions from design intentions are identified and process
hazards are revealed. Based on the brainstorming sessions,
mitigating actions can be planned against unacceptable pro-
cess consequences or actions for improvement of the system
safety integrity level. It is important that records of the
brainstorming sessions and documentation of planned actions
are available for review by management and authorities.3

Conventional HAZOP study is time-and-cost consuming
and suffers from lack of completeness.4,5 By investigation,6

for the installation of an oil and gas unit on an existing site,
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each P&ID (Piping & Instrumentation Diagram) might take
5 or 6 h depending on the scale of the project. For the instal-
lation of a major new unit on an existing refinery or of the
topsides on an oil platform, 6–8 weeks may be required.
Consequently, HAZOP studies may benefit significantly from
development of computer-aided technology, for example,
through the use of knowledge-based techniques, combining
multiple models to improve the quality of the hazard analy-
sis in terms of consistency, coverage, and so forth.

During the last three decades, many studies have focused

on developing improved HAZOP methods. There are two

promising research trends to develop effective hazard analy-

sis: automating HAZOP using qualitative models and reason-

ing in expert systems and HAZOP supported by quantitative

dynamic simulation. According to Dunj�o et al.,7 almost 40%

of published literature in HAZOP improvement work con-

cerns the development of expert systems intended to auto-

mate HAZOP. Some of these expert systems are model

based. Vaidhyanathan and Venkatasubramanian8 proposed

HAZOP Digraph-based models for representing causal mod-

els of process systems, and developed an expert system,

named HAZOPExpert, for performing HAZOP analysis. The

expert system was implemented is in an object-oriented

architecture using the expert system shell G2. Srinivasan and

Venkatasubramanian9 described the architecture of a proto-

type expert system based on the use of Petri net-digraph

models. A Functional HAZOP assistant proposed by Rossing

et al.10 is based on multilevel flow modeling (MFM) repre-

senting functional knowledge providing a very efficient para-

digm for facilitating HAZOP studies and for enabling

reasoning about potential hazards in safety critical opera-

tions. Briefly, the purpose of the above mentioned different

qualitative models is to represent systems and reproduce the

reasoning in expert system during the HAZOP analysis

searching for the causes and consequences of process vari-

able deviations. The qualitative models play an important

role in increasing the efficiency, coverage, consistency, and

accuracy of HAZOP analysis. Conversely, for deviations

with potentially high risk and hazardous consequences,

researchers try to use quantitative dynamic simulation to val-

idate the effects of deviations on plant. Dunj�o et al.7 found

that only up to 5% of published literature in the research

area of HAZOP has been supported by quantitative dynamic

simulation. However, although the qualitative and quantita-

tive methodologies for hazard analysis and risk assessment

have been researched separately for years, the integration of

the two aspects in a qualitative and quantitative modeling

framework for cause and consequence analysis of hazards

and operation problems has not been presented.
The aim of this article is to develop tools to assist with

hazard identification in the proposed integrated qualitative
and quantitative modeling framework, develop the systematic
qualitative and quantitative methods used and explore how
the qualitative and quantitative methods may supplement
each other. The purpose of the proposed framework is to
support designers and system analyzers by representing the
process from two perspectives: “goal-function-structure” and
“phenomena-structure-behavior” and to identify hazards from
the above two perspectives, and use the ALARP principle to
rank and filter the hazards, which are output of the hazard
analysis and at the basis for proposing possible countermeas-
ures (including operator tasks and systems design changes).
In summary, the proposed framework may be used to inves-

tigate process and/or control design modifications to mitigate
the operational risk.

The proposed integrated qualitative and quantitative mod-
eling framework is suggested to be used primarily during
front-end engineering design (FEED) stage of a project as
this is the stage where it makes the most sense to invest
time and resources for a comprehensive hazard identification
and risk analysis. However, as the tools and methods are
generic, they can be applied during other stages of the pro-
ject life cycle. The selected case study in this article focuses
on the methodology development and validation of the
framework, with in-depth discussions and result presentation.
The extrapolation to an industrially relevant case study with
more unit operations is straight forward, and therefore, kept
outside this contribution. It can also be noted that in a typi-
cal topsides operation, one would have several unit opera-
tions in series. This does not present a challenge to the
proposed framework.

The remainder of this article is organized as follows. The
Methods and Tools section introduces the qualitative and
quantitative modeling approaches and the simulation soft-
ware used in the study. Next, the proposed integrated quali-
tative reasoning and quantitative process simulation
framework is explained in detail followed by the proposed
integrated HAZOP procedure explained step by step. In the
case study, the proposed qualitative and quantitative model-
ing framework is applied in computer-assisted HAZOP stud-
ies. Finally, a discussion of the result follows and
conclusions are drawn.

Methods and Tools

System modeling methodologies developed in process
safety engineering (PSE) are primarily driven by two consid-
erations. One is the interest in a quantitative representation
of system behavior as a whole from the physical laws point
of view while the other has an emphasis on investigating
how the functions of the plant components, the structures,
and their interactions contribute to fulfillment of the overall
goals of the system.11 We call these two system modeling
methodologies the physical modeling approach and the func-
tional modeling approach. The purpose of this section is to
present the two approaches and the associated reasoning and
simulation software we used in this study.

Quantitative modeling

A mathematical model describes the plant involving physi-
cal, chemical, and/or biological processes and control cou-
plings by the laws of physics, chemistry, biology,
mechanical, and electrical engineering.12 To achieve quanti-
tative analysis, a set of mathematical equations are devel-
oped from knowledge of physical, chemical, and biological
mechanisms (i.e., first-engineering principles modeling or
mechanistic modeling) and used to simulate system behavior.
However, obtaining the necessary information to formulate a
model with required fidelity may be difficult, in particular
without a well-developed understanding and accurate knowl-
edge about the system and its internal processes. When fun-
damental theories and mathematical equations are not
available, empirical equations can be developed to fit a
hypothetical mathematical model, but such a possibility
requires the availability of measurements, that is, a data
driven modeling approach. However, for safety critical sys-
tems, the data driven methods may not be applicable due to
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the low accident occurrence rate of safety critical situations.
There may not be enough accident event data to be obtained
from plant operation. Accordingly, empirical data are insuffi-
cient to enable proper modeling and validation for this spe-
cific purpose. Hence at the moment the available computer-
aided tools13,14 are mostly used for simulations and analysis
of failure scenarios as a means to support training and edu-
cation in safety critical systems.

However, a quantitative model does not contain explicit
representation of (sub-) system intention and purpose. To
achieve the purpose of preventing or mitigating significant
hazards, good hazard identification practices are, therefore,
highly dependent on understanding the qualitative nature of
the system. System models must represent system features
and capture system knowledge about design intention.

Qualitative modeling

The functional modeling of a system is one representative
qualitative modeling framework, which aims at covering the
problems described above. Functional modeling uses the con-
cepts of goal and function to describe system functionality at
multiple abstraction levels. This modeling concept has demon-
strated its potential to resolve challenges in modeling operat-
ing modes, control modes, and failure mode analysis in the
domains of nuclear power system,15,16 oil/gas facilities,17 and
so forth. MFM is a widely used knowledge-based functional
modeling methodology. MFM modeling applies means-end
and parts-whole decomposition and aggregation techniques to
handle the complexity of PSE systems.18 A means-end rela-
tion links the target state of a process with means provided by
the plant designer for reaching it. In MFM modeling, means-
end relations link the objective and flow function structure.
They can be seen either from the objective perspective, which
describes how the objective is achieved by functions in the
flow structure, or from the function flow structure perspective,
to describe what objective is reached by its functions. MFM
reasoning can propagate events in both directions depending
on the nature of the reasoning (causes or consequences). Con-

sequently the modeling of a process system can be done in
either top-down manner or bottom-up manner or a combina-
tion thereof. For example, the top-down manner is suitable for
the early phases of system design. The purpose of this top
down procedure makes sure that the plant functions (flow
functions and control functions shown in Figure 1) are defined
in the context of the system objectives. It starts from the defi-
nition of objectives to end at the structure of the system. The
concept of objective here represents a state which should be
produced or maintained. Objectives are related to functional
structures by means-end relations. We take the separator in
the case study presented later as an example to illustrate these
fundamental concepts. The function of transport of mixed
feed of crude oil, water, and gas from upstream to the separa-
tor is realized by means of pipelines and valves that have the
potential behavior to fulfill one of the objectives that is to
maintain the separator feed flow condition to achieve the goal

Figure 1. The basic MFM symbols.

Figure 2. Means and ends of the three-phase separator
subsystem.
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(the end) to separate the mixture of gas, crude oil, and water
as shown in Figure 2. The MFM modeling languages provide
formalized concepts for the description of the systems and as
such serve as a modeling languages which as pointed out by
Stephanopoulos and Reklaitis11 is an important research effort.
The graphical symbols used in MFM as shown in Figure 1
support multilevel representation in terms of mass and energy
flow structures and control structures.19 Detailed definitions
for each graphical symbol can be found in an introduction to
MFM.20 Reasoning with MFM models is based on cause-
effect relations associated with the function–function and
function–objective relations, which comprise the elements of
reasoning patterns, which are implemented in a rule-based
reasoning system (called the MFM reasoning engine) devel-
oped at Technical University of Denmark (DTU). The reason-
ing system propagates state information of each function and
can derive possible cause and consequence paths of a given
deviation of a functional state.21,22

In this study, a graphical editor based on the Java-based
ShapeShifter framework supporting MFM modeling (called
the MFM Editor) developed by the Institute for Energy
Technology in Norway is used.23,24 This MFM Editor inte-
grated with the MFM reasoning system developed by DTU
can generate cause and consequence trees for a given devia-
tion in a system function.

The functional models are qualitative and display the rela-
tions between the means and the intention of the system in
question. Thereby functional models capture much of the
tacit knowledge, which normally is neither displayed nor
communicated when quantitative models are developed and
presented. Consequently, there is a direct connection from a

qualitative (functional) model to a quantitative (mathemati-
cal) model of a given system with a specific purpose or
design intention. Therefore, it is considered highly relevant
to develop and investigate an integrated qualitative func-
tional and quantitative framework.

Integrated qualitative and quantitative process
simulation framework

This section describes the purpose of the integrated quali-
tative and quantitative process simulation framework. It is
well known that, in general, no single method is sufficient
for a wide range of problem-solving tasks.25 For example, a
quantitative dynamic simulation cannot simulate emergency
situations.26 A qualitative model-based approach for HAZOP
is often needed for full understanding the complexity of real
industrial systems. But the integration of qualitative and
quantitative methods is quite rare. However, qualitative and
quantitative methods for facilitating hazard analysis can sup-
plement each other in several aspects.
� At early system design stage, there are still no detailed

numerical data about the physical process phenomena, equip-
ment specification, controllers, and so forth, which are nec-
essary for quantitative process simulation. However, by
providing general information about the process, such as
mass and energy balances qualitative reasoning concerning
cause and consequence of hazards can be carried out before
a detailed design has been done.
� Qualitative methodologies for facilitating hazard analy-

sis, such as MFM model-based methods, can explore both
causes as well as consequences of deviations from design

Figure 3. The proposed integration of qualitative and quantitative process simulation frameworks: qualitative anal-
ysis highlighted in upper left box and quantitative analysis is highlighted in lower right box.
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intention of the process components or equipment. A quanti-
tative dynamic simulation can only be triggered by an initial
abnormal event and track the corresponding consequences.
There is no direct means in a quantitative dynamic simula-
tion to search for the initial abnormal event, in other words,
to find possible causes for a given consequence.
� Conversely, some inherent limitations for some hazard

analysis purposes exist in qualitative hazard analysis method-
ologies. There is insufficient information to examine how the
system reacts to deviations with respect to accurate response
time for resetting affected variables back to the normal range.
Also, even if the possible consequences can be inferred by
the qualitative reasoning, a quantitative value on how far the
system will move away from the critical situation cannot be
answered. Obviously, quantitative dynamic simulation can
handle such limitations. At the same time, the consequences
obtained from quantitative dynamic simulation can be helpful
with pruning and validation of the possible consequences
deduced from qualitative reasoning engine.

Generally speaking, integration of the qualitative and
quantitative process simulation for hazard analysis and risk
management aims to complement each other by overcoming
their respective gaps/shortcomings. In nature, the qualitative
models formulate “goal-function” relations of systems in a
logical way to represent how the system functions achieve
system goals, where the system goals represent the combined
technical and social (ethical) requirements27 to the plant. In
contrast, quantitative models deal with “goal-behavior” of

system, which represent the plant behavior as perceived by
the system developer. This understanding is unfortunately
only seldom documented by the model developer, and there-
fore, in practice most often only tacit knowledge.

The proposed framework for integration of the qualita-
tive and quantitative process simulation for HAZOP stud-
ies is shown in Figure 3. Based on the qualitative MFM
model of the process system, one can perform qualitative
simulations as follows: first, a deviation in one of the func-
tions of the process is induced (one deviation at a time),
and then the reasoning engine derives possible causes
paths for the given deviation. The outcomes from this
qualitative simulation are cause trees. Then selected poten-
tial root causes are evaluated by followed by a conse-
quence analysis of root causes that leads to the deviation.
In this way cause–consequence paths are derived. By per-
forming risk assessment based on a qualitative risk
matrix,28 the potential high risk causes are selected as
input for the quantitative dynamic process simulator. From
the quantitative dynamic simulator, on one hand, we can
validate consequences, that is, results obtained from the
qualitative consequence analysis derived from the MFM
model. On the other hand, detail behavior of the system,
such as quantified scenarios can be explored.

The benefits for the performance of HAZOP studies in the
integrated framework are:

1. The qualitative MFM-based functional representation of
the process is based on deep knowledge about system goals,

Table 1. Risk Matrix Showing Likelihood (Frequency) on Horizontal Axis, and Consequences (Severity) on Vertical Axis

Likelihood

Scale Improbable Remote Occasional Probable Frequent
Quant. <0.0001 0.001 0.01 0.1 1

Qual. Rare Unlikely Probable Likely Certain
Consequences Catastrop. 50 M$ Very high

Critical 5 M$ High
Moderate 0.5 M$ Medium
Minor 0.05 M$ Low
Negligible <0.005 M$ Very low

Table 2. Predefined Matches of Functions and Failure Modes to Generate Failure

Scenarios in Quantitative Dynamic Simulator

Parts/Components Possible Functions Function States Possible Failure Modes Quantitative Input Variables

Valve Mass transport {low, normal, high} {Open failure, Close
failure}

Stem position [0, default, 1]

Mass balance {leak, normal, fill} {Leakage, Stick} Leakage fraction [0, 1]
Stem position [0, default, 1]

Pipe Mass transport Energy
transport

{low, normal, high} Plugging Plugging fraction [0, 1]

Separator Mass storage {lowvol, normal, highvol} {Open failure, Close failure} Water-oil interface level
23LV0001 Stem position
[0, default, 1]

Water level 23LV0002
Stem position
[0, default, 1]

Energy storage Temperature/K [0, 315.15,
333.15]

Pressure /MPa [0, 2.4, 6]
Motor Energy source {lowvol, normal, highvol} Machine failure Voltage fraction [0, 1]
Compressor Mass transport {low, normal, high} Reduction of polytrophic

efficiency
Reduction fraction [0, 1]

Heat exchanger Mass storage Energy
storage

{lowvol, normal, highvol} {Open failure, Close failure} 23TV0003 stem position [0,
default, 1]

Mass balance Energy
balance

{leak, normal, fill} {fouling, plugging} Fouling factor [0, 1]
Plugging [0, 1]
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function, and structure rather than heuristic knowledge such
as the deduction from expert evidence. The deep knowledge
reasoning about HAZOP result is more consistent, universal,
and suitable for engineering application, which could be ben-
eficial for improving the quality of HAZOP;

2. The functional models capture much of the tacit
knowledge, which normally is neither displayed nor com-
municated when quantitative models are developed and
presented. For example, the precondition for proper work-
ing of a centrifugal pump is that it has to be filled with a
suitable amount of fluid. The failure of such condition ful-
fillment is also one type of potential hazard. The qualita-
tive functional model can represent and detect such
potential hazards (i.e., by examining whether the enable-
ment relation between flow structure and objective/func-
tion is fulfilled or not). Conversely, quantitative modeling
is rooted in first principles and physical/chemical laws
underpinning phenomena in engineering system (e.g., in
off-shore oil and gas industries, that would include phe-
nomena such as transport, reaction, separation, thermody-
namics, input-output dynamics, and so forth, which will
be explicitly mathematically described) where the connec-
tion to the goal of the system and the conditions required
for their fulfillment are implicit. Hence the two modeling
approaches enhance the breadth and scope of modeling
the system. Therefore, integrating qualitative and quantita-
tive methods can be potentially beneficial for revealing a
larger set of possible scenarios.

3. The feedback from the quantitative model can be used
to prune the possible cause paths and enhances the MFM
model reasoning as indicated in Figure 3.

4. After searching for hazards based on the functional
model, the more hazardous events of considerable interest
are scrutinized by performing quantitative dynamic simula-
tions of the corresponding abnormal scenarios to explore
details such as response time and quantified degree of devia-
tion in order to improve the analytic depth.

Integrated HAZOP methodology procedure

In this section, the integrated HAZOP methodology proce-
dure used by the presented framework are described and
explained in detail.

The main steps of the integrated HAZOP methodology
procedure include:

1. MFM model building. In this step, given system infor-
mation such as process flow diagram and P&ID, a functional
model of the physical system is developed by following the
MFM model building procedure:

a. Knowledge acquisition: collect supporting docu-
ments from design plant such as P&ID diagram and
operational manual.
Then analyze comprehensively the production system
to fully understand the purpose (-s) of the system;

b. Decompose the process system into subsystems
and analyze their goals;

Figure 4. Simplified P&ID of three-phase separation process.

Table 3. Function Nodes in Section 1

Node Number Function Structure

1 Fluid transport Line from Feed 1 to the three-phase separator (23VA0001)
2 Fluid transport Line from Feed 2 to the three-phase separator(23VA0001)
3 Separation Three-phase separator, 23VA0001
4 Liquid transport Line from the separator (23VA0001) to water outflow including water level

control valve and other instrumentation
5 Liquid transport Line from the separator (23VA0001)to oil outflow including a pump (23PA0001)

and other instrumentation
6 Gas transport Line from the separator (23VA0001) to compressor (23KA0001)
7 Gas transport Compressor(23KA0001)
8 Gas transport Line from the compressor (23KA0001) to heat exchanger (23HX0001)
9 Control function Antisurge control loop
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c. Each subsystem is further decomposed into func-
tional nodes;

d. Means-end analysis in terms of components, func-
tions, objectives, and goals;

e. Build MFM model based on the means-end
analysis;

f. Model verification and validation.
2. Qualitative HAZOP analysis for process. In this step,

each column of the traditional HAZOP table is filled and the
former P&ID diagram is modified by following the qualita-
tive HAZOP analysis for process procedure:

2.1. Traditional HAZOP
Carry out a traditional HAZOP procedure to fill in the tradi-
tional HAZOP parts of the qualitative HAZOP worksheet1

2.2. MFM-based HAZOP
a. Set abnormal state of any function to trigger devi-

ation of selected parameter so as to generate a failure
scenario;

b. Run the cause analysis and consequence analysis
to generate cause tree and consequence tree for the
deviation;

c. Interpret each function state of cause tree and
consequence tree and record it in the corresponding
column of the HAZOP worksheet of MFM-based
causes and MFM-based consequences;

d. Existing safeguards for each consequence are filled
in and required mitigating action (-s) are proposed;

e. Modify the P&ID diagram.
3. Select potentially high risk hazard. In this step, the

higher unacceptable risk hazard with cause–consequence
paths is selected by following the select potentially high risk
hazard procedure.

a. Evaluate the likelihood and severity of each
cause–consequence path using a risk matrix. Two met-
rics: severity and frequency (or likelihood) is taken into
account. Table 1 shows the risk matrix, showing likeli-
hood (frequency) on horizontal axis, and consequences
(severity) on vertical axis. Risk 5 severity 3 frequency
and the low risk zone (generally acceptable risk) is
marked by light gray color, medium risk zone is
marked by white color, high risk zone is marked by
dark gray color26;

Figure 5. MFM model of three-phase separation process (higher level abstraction).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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b. Select potentially high risk hazard marked by
dark gray color as input for the quantitative dynamic
simulation in quantifying the process hazard.

4. Validation of the qualitative analysis using quantitative
dynamic simulation. In this step, the quantitative model
could be simulated by commercial dynamic simulation soft-
ware (HYSYS, K-SpiceVR , and so forth), and the highly
unacceptable failure scenarios identified by qualitative analy-
sis are simulated in the quantitative dynamic simulator. In
this task, the following workflow is typically involved:

a. Configure the process in quantitative dynamic
simulation software;

b. Implement the highly unacceptable qualitative sce-
narios with quantitative dynamic simulation; the possible
failure scenarios can be generated from qualitative anal-
ysis matching the quantitative parameters in the quanti-
tative dynamic simulator according to the Table 2.

c. Analyze the quantitative simulation output.
5. Further detailed analysis for highly unacceptable conse-

quences is done for further mitigating suggestions.

Case Study: Three-Phase Separation Process

In this section, the integrated qualitative and quantitative
modeling framework is demonstrated on a three-phase separa-
tion process which is a commonly used unit operation on off-
shore platforms in the oil and gas industry. The process sche-
matic is shown in Figure 4 and is explained as part of the MFM
model building section below. The feed to the process is a
three-phase fluid flow consisting of gas, oil, and water, which is
separated into a gas-rich, an oil-rich, and a water-rich stream.

Development of the MFM model

To build a MFM model of the separation process, accord-
ing to the procedure proposed above, the first step is knowl-
edge acquisitions of the process followed by a
comprehensive analysis of the production system and fully

understand the purpose of the system. The purpose of the
separation system is to separate two feed flows with mixtures
of crude oil, water, and gas stream. Both feed flows have a
nominal flow rate of 1 kg/s, pressure of 5.6 3 106 Pa and
temperature of 323.15 K. The components of the feed flows
are water, lower hydrocarbons, methanol, carbon dioxide,
nitrogen, isobutene, isopentane, MEG, and four pseudo com-
ponents representing higher hydrocarbons.

The two feed streams are mixed before entering the three-
phase separator (23VA0001), which is designed to separate
the gas, the oil, and water. A pressure safety valve
(23PSV0001) provides protection against unwanted pressure
buildup in the gas phase. The weir plate inside the separator
separates the oil and water chamber and the level controller
(LIC0001) maintains the water level. The oil is skimmed
over the weir. The level of the oil downstream of the weir is
controlled by a level controller (LIC0002) that operates the
oil export valve (23LV0002). The gas flows out through the
gas outlet pipe with the emergency safety valve (25ES0002).
Then it passes to a centrifugal compressor (23KA0001)
driven by a variable motor speed (23EM0002) which
increases the pressure of the export gas. At the outlet side of
the compressor, a heat exchanger (23HA0001) is connected
with water as cooling medium (23COLD0001). The cooler is
regulated by a temperature control loop (TIC0003). Also an
antisurge controller loop (23UV0001) is installed to protect
the compressor from entering a surge condition. More details
about the process can be found elsewhere.29

Initially starting with Step 1 a for knowledge acquisition,
the supporting document of the designed process such as
P&ID diagram and quantitative simulating models are
obtained to support understanding of the process.

According to Step 1 b in MFM model building, based on
the design intentions of the system, we divide the process
system into two subsystems:
� Section 1: three-phase separator section with the goal:

Separate two fluid streams of mixture of gas, crude oil, and
water into three streams, that is, gas, oil, and water.
� Section 2: heat exchanger section with the goal: to

recover as much heat as possible before shipping the gas
through a pipeline.

To illustrate the Step 1 c, we take Section 1, for example,
which is further divided into the functional nodes listed in
Table 3.

In the Case Study section of the article, the relevant process
parameters and deviations will be applied to identify hazards
in each functional node. For example, for the Node 3 “function
of separator” will be: Level: {higher, lower}

Flow: {more, less, reverse, no}
Temperature: {more, less}
Pressure: {more, less}

Figure 6. MFM model of three-phase separator section
(lower level abstraction of separation function).

Table 4. Control Objectives

Number Measurements Actuator

Cbj1 Oil level in the separator Dump oil 23LV0002 to
next unit

Cbj2 Water level in the
separator

Dump water 23LV0001

Cbj3 23PT0002, 23PT0003
and the value of flow
element 23FE0001

Antisurge valve 23UV0001

Cbj4 Temperature of output
gas flow

Pipe valve 23TV0003
output gas flow

Cbj5 Pressure of the separator Motor EM0002 speed
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It should be noted that when we simulate failure scenarios
in the MFM reasoning engine, the “no” guideword is not
covered by the presently existing version. However, the man-
ual HAZOP includes the “no” guideword to complete
HAZOP results and required actions.

To achieve the goals of the process system, following the
Step 1 d, we need to associate the objectives with the goals
to be satisfied. What is more, every objective is achieved by
functions which are realized by related system components.
The principle of an MFM model represents system relations
by such means-ends analysis. To illustrate the means-ends
structure, we take Section 1 as an example as shown in Fig-
ure 2 and discussed earlier in the Methods and Tools
section.

In the Step 1 e, the MFM model is built using the MFM
editor as shown in Figures 5 and 6. The explanations of ele-
ments in (flow structures, objectives, relations, and functions)
in Figures 5 and 6 are presented in Appendix A.

The MFM model provides a hierarchical abstraction repre-

sentation. The level of abstraction is defined by the level of

operation by which a system is viewed, which is inversely

proportional to the description level, the higher the level the

less detail. A lower level could contain literarily hundreds or

thousands of objects. So Figure 5 is a higher level abstrac-

tion of the three-phase separation process. Figure 6 is the

lower level abstraction of separation function and reveals the

equilibrium-surface phenomena of gas and liquid, which aids

the reasoning of deviation in the separator. In Figure 5, the

mass flow structure (mfs1) of the three-phase separator rep-

resents the mixture of gas, crude oil, and water flowing from

the wells to the three-phase separator followed by the heat

exchange of gas for model completeness. The first separator

function (sep1) represents the separation of the gas phase

and the liquid phase via means-end relation (pp2: producer-

product) driven by the energy storage (sto5) in separator in

the higher level abstraction. In lower level abstraction, this

separation is coupled to the energy structure (efs1) in Figure

6 via means-end relation, which drives the mixed flow in

mass structure (mfs1) in Figure 6 flowing from the liquid

(sto2 Liq) to the gas (sto1 Gas) phase within the three-phase

separator following the evaporation (tra1) and, inversely, the

liquefaction (tra2) processes. Afterward, the liquid phase of

mixed flow of crude oil and water will be separated (sep2)

due to the density difference of water and crude oil stored in

the water storage (sto2) and oil storage (sto3). The weir plate

between the water room and oil room in the tank is repre-

sented as a barrier (bar1). A barrier in MFM is a special

flow functions, which often is used to express a safety pur-

pose in a system. Here it is used to represent subfunctions of

the separation function. The separated oil will be pumped

out (tra10) supported by the energy structure of the pump

(efs1) via outlet pipeline (tra11) to the downstream facilities.

The objective of the three-phase separator from the mass

flow perspective is to separate the mixture of gas, crude oil,

and water, explicitly obj1 (two-phase gas/liquid separation)

and obj2 (crude oil/water separation). There is also a threat

(i.e., an undesired situation or a hazard) represented in MFM

by a black circle (thr1 related to an operation condition /tem-

perature and pressure represented by the energy storage func-

tion sto5), the pressure relief safety valve (23PSV0001)

represented by the transport function (tra19) destroying the

threat is represented by the means-end relation (de1), and

enables (en1) the mass flow and transport function (tra13) to

flow away from the over pressurized separator. In detail, rep-
resenting the gas-liquid equilibrium phenomena in Figure 6,
the objective of the separator from the energy perspective is
to maintain the right pressure (obj2), that is, the right amount
of energy in storage (sto3) and the objective of the two
phase (gas/liquid) separation process is from the mass flow
perspective to maintain the right liquid level, that is, the
right amount of mass in storage Liq (sto2). The separated
gas will be transported out and pressurized by compressor
(tra21) via means-end relation (pp3: producer-produce)
driven by the energy flow structure of the compressor (efs4)
to the heat exchanger. By regulating the outlet cooler flow
(tra27) to mediate (me1: mediate relation) the energy taken
away (tra31) and to maintain the temperature of the dis-
charge gas of the heat exchanger tube (obj4).

It should also be noted that some control objectives are
related to control flow structures. In Figure 5, there are five
control flow structures. The related control objectives and
actuators are explained in Table 4. Specifically, in the anti-
surge control loop including a comparison between the set
point of 23ASC0001 set by measurement of 23PT0002,
23PT0003 and the value of flow element 23FE0001 to
actuate the antisurge valve 23UV0001 (tra25). It can be seen
that in a functional model, such antisurge loop can be repre-
sented and included in the qualitative reasoning.

Step 1 f for verification/validation of the model can be
done in two ways: (1) The verification of the MFM model of
the real system is handled by the built-in MFM syntax vali-
dation function of the MFM-editor. The software checks
function connection patterns, causal relation links, and
means-end relation links, and whether the model syntacti-
cally is properly connected. The MFM syntax is described in
Zhang et al22; (2) To validate the MFM model, internal and
external modeling purposes should be specified first. An
internal modeling purpose is meant to inquire into whether
the MFM model preserves the behaviors and characteristics
of real system that modelers are interested in, while an exter-
nal modeling purpose is meant to inquire into whether the
applicable domain provides a sufficient representation for the
intended system purpose. Then a validation procedure for an
MFM model should be followed to accomplish the validation
task. This article is not dealing with the MFM model valida-
tion issue in detail. If readers are interested this subject,
please refer to Wu et al.30

Qualitative HAZOP analysis

To demonstrate the feasibility of the methodology for
qualitative hazard analysis, we applied related deviations for
the nodes of Section 1. According to the Step 2.1, we carried
out a traditional HAZOP procedure to fill in the traditional
HAZOP parts of the qualitative HAZOP worksheet. The
result of traditional HAZOP and the results of functional
HAZOP are compared. The qualitative HAZOP analysis
result for node 3 “function of separator” is shown in Table
5. It should be noted that the consequences occur in Table 5
are in condition of the safety valve 23PSV0001 failure to
open.

In Table 5, the first two columns are selected process
parameters and the guide words that can be selected from
guide words list in traditional HAZOP. These two columns
are combined to comprise the third column, that is, devia-
tions. The fourth and sixth columns are filled in with results
obtained from traditional HAZOP as causes and
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consequences for the deviation in third column, respectively.
The explanations of numbers in MFM-based causes and con-
sequences refer to Tables 8 and 9. The gas out pipeline of
the separator blocked as a cause for a deviation of higher
pressure in Table 5 as an example illustrating the feasibility
of the methodology for qualitative hazard analysis. The
MFM-based consequences are the same as the results from a
traditional HAZOP analysis. Increasing pressure in the sepa-
rator will push the oil level lower, which in turn will press
the water level lower inside the separator. If the safety valve
failure to open on the separator, then this would eventually

Figure 7. Qualitative simulation results with MFM editor for simulating the causes and consequences for higher
separator pressure: (a) MFM editor interface for setting the deviation, (b) One wrong cause path (bal7
leak , filled and marked by gray), and (c) cause tree generated by the reasoning engine.

Figure 8. Two conflicting results displayed in cause
tree: the left possible root cause, bal7 leak,
is wrong whereas the right possible root
cause, bal7 fill, is right.
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result in gas flowing toward the oil processing equipment
through 23PA0001 and 23LV0002 and eventually toward the
water processing equipment though 23LV0001. The remain-
ing consequences from the MFM-based method and the tra-
ditional method for the same cause of a given deviation in
Table 5 can also be compared in this way.

Here we describe how we obtain the result of functional
HAZOP, which includes pruning the possible causes and val-
idation with the aid of quantitative simulation. We simulated
one deviation, higher pressure of the separator in node 3 in
Table 3. To do this, we set the state of function sto3 in Fig-
ure 7a to hivol (high volume). The transportation function
tra12 is the same function in both abstraction level of the
MFM models (Figures 5 and 6), therefore, it is a key func-
tion to propagate the effect of high volume state of function
sto3 from lower abstraction level to higher abstraction level
of models. Continuously, by using postdiction (i.e., searching
backward toward causes in the same or lower structure)
based on the reasoning rules in the MFM reasoning engine,
it is feasible to find all possible cause paths (a complete
cause tree) are shown in Figure 7c.

One of the observations that can be made from the rea-
soning result is that some of the reasoning paths are invalid
due to the nature of the process. For example, two conflict
results can be seen from the cause tree that is generated by
the reasoning engine. One states that a balance bal7 leak

can be a root cause of low flow in tra12, while the other
states that bal7 fill can be a possible root cause shown in
Figure 8.

A further observation can be made that low flow rate in
tra25 and tra22 along the two paths can cause the low value
in tra12 shown in Figure 9, and they can also be the cause
for each other. This indicates that a dynamic situation and
the influence forces must be considered quantitatively to
evaluate which one of the functions has a major influence on
tra12. This can be easily determined by the quantitative sim-
ulation model. The major and minor cause paths determined
by the simulation are shown below in Figure 10. The bal7
leak is deleted from root cause list, because in this cause
path on left side of Figure 8, sto1lovol is in conflict with the
higher pressure of the separator. The simulation process will
be explained further in the section on validation of the quali-
tative analysis. The complete cause tree generated from the
reasoning engine is shown in Figure 7c and all valid cause
paths are summarized in Table 6.

By prediction (searching forward in the same or higher
structure) to find consequences, we take root cause sou9lovol
as an example, there are seven consequence paths for this
root cause as follows as shown in Table 7.

According to Step 2.2 c, each root cause is interpreted
from the structural failure aspects as summarized in Table 8.
By consequence analysis for each root cause, all possible

Figure 9. Example of two causes (low flow rate in tra25 and tra22) leading to low value in tra12 which requires
quantitative simulation to determine which cause has the major influence on tra12.

Figure 10. Minor and major cause paths determined by quantitative simulation displayed by MFM reasoning engine.
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consequences are found and filled into Table 5. The possible
consequences are explained in Table 9.

According to Steps 2.2 d and 2.2 e, we fill in existing pro-
tection for each consequence and the required action and the
required actions in HAZOP worksheet are reflected in the
P&ID diagram shown in Figure 11. From a means-end rela-
tion perspective, Figure 11 represents three strategies for
process design to minimize hazards and perform the required
safety function. The first strategy is the adequate level of
redundancy in plant. This strategy displayed in figure 8 is
the redundant critical manual valves and stand-by pumping
system. By redundancy, the end can be realized by the
optional means with the same performance. The second

Table 6. Cause Paths for Higher Pressure Deviation in Node 3 “Function of Separator”

ID Number Cause Paths

1
sto3hivol! tra9hiflow! tra10loflow! sto4hivol! tra3loflow! tra10loflow! sto1hivol! tra12loflow

! tra21loflow! tra22loflow! sto6hivol! tra23loflow! bal7fill

2
sto3hivol! tra9hiflow! tra10loflow! sto4hivol! tra3loflow! tra10loflow! sto1hivol! tra12loflow

! tra21loflow! tra22loflow! sto6hivol! tra23loflow! tra35loflow! bal9fill

3
sto3hivol! tra9hiflow! tra10loflow! sto4hivol! tra3loflow! tra10loflow! sto1hivol! tra12loflow

! bal5fill

4
sto3hivol! tra9hiflow! tra10loflow! sto4hivol! tra3loflow! tra10loflow! sto1hivol! tra12loflow

! tra12loflow! tra21loflow! tra33loflow! sin12hivol

5
sto3hivol! tra9hiflow! tra10loflow! sto4hivol! tra3loflow! tra10loflow! sto1hivol! tra12loflow

! tra21loflow! tra33loflow! sto8lovol! tra32loflow! sou9lovol

Table 7. Consequence Paths for Root Cause (sou9lovol) in Node 3 “Function of Separator”

ID Number Consequence Paths

1 sou9lovol! tra32loflow! sto8lovol! tra34loflow! sin13lovol

2 sou9lovol! tra32loflow! sto8lovol! tra33loflow! sin12lovol

3 sou9lovol! tra32loflow! sto8lovol! tra33loflow! tra21loflow! sto1hivol

4
sou9lovol! tra32loflow! sto8lovol! tra33loflow! tra21loflow

! sto1hivol! tra4loflow! tra3loflow! tra1oflow! sou1hivol

5
sou9lovol! tra32loflow! sto8lovol! tra33loflow! tra21loflow

! sto1hivol! tra4loflow! tra3loflow! tra2loflow! sou2hivol

6 sou9lovol! tra32loflow! sto8lovol! tra33loflow! tra21loflow! tra12loflow! obj3 false

7
sou9lovol! tra32loflow! sto8lovol! tra33loflow! tra21loflow! tra22loflow

! sto6lovol! tra23loflow! tra24loflow! sin3lovol

Table 8. Interpretation of Each Root Cause

ID number Root causes Interpretations

1 Bal7fill Pipeline joint is blocked
2 Bal9fill Antisurge valve stucks
3 Bal5fill Low inlet gas flow to

compressor due to
plugging gas pipe

4 Sin12hivol Polytropic efficiency of
compressor is degrading

5 Sou9lovol Motor failure

Table 9. Interpretation of All Possible Consequences for All

Root Causes

ID
Number

Possible
Consequences Interpretations

1 Sin13lovol The compressor mechanical
energy loss is reduced

2 Sin12lovol The useful work of compressor
is reduced

3 Sou2hivol Inletflow of Feed2 is low lead-
ing to source of Feed2 flow,
finally low level of oil and
water, gas could exist via the
oil output causing high pres-
sure downstream

4 Sou1hivol Inletflow of Feed1 is low lead-
ing to source of Feed1 flow
accumulated, finally low level
of oil and water, gas could
exist via the oil output caus-
ing high pressure downstream

5 Obj3 false1 Compressor surges
6 Sin3lovol Gas production is low
7 Sto1hivol Gas mass in separator is high,

which means separator pres-
sure is high

8 Obj3 false 2 Compressor is blocked
9 Sou9hi Electric energy for motor is

accumulated
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strategy is improvement of system independence level. This
strategy used in Figure 11 is the indicators and alarm sys-
tem. By installation of these devices, the spurious operation
or failure of transmitter or controller could be displayed. The
third strategy is the diversity. For example, during the start-
up of the pump, the pump valve is hard to open, to allow
proper starting and operation, the kick-back line is installed
to pump as shown in Figure 11. Alternatively the gas or tur-
bine driven pump could be provided in addition to the elec-
tric motor driven pump as shown in Figure 11.

Using the risk matrix for qualitative risk assessment

Following Step 3 of the methodology, the likelihood and
severity of each cause–consequence path is evaluated using
the risk matrix as shown in Figure 12. The pairwise numbers
indicate a cause and consequence path. The numbers in the
figure represent the scenarios (possible cause–consequence
paths for higher pressure of separator) analyzed in Qualita-
tive HAZOP Analysis section above and high potential risk
hazards are marked by dark gray color. The total number of
high potential risk paths is 20. Among them, the consequen-
ces of higher pressure in separator, compressor working con-
dition toward surging or block, oil escaping via oil output
line leading to high downstream high pressure, low water
level, and low oil level are of considerable interest because
the consequences have several causes. These are the causes
that can lead to high risk consequences. An evaluation of the
severity of these consequences will require detailed quantita-
tive dynamic simulation to be examined in the following
step.

Development of quantitative model

For the case study presented here, the quantitative model
of the three-phase separation process is based on the three
conservation equations of momentum, energy, and mass
together with the Soave–Redlich–Kwong equilibrium state
equation as the thermodynamic model, as described in
Cameron et al.14 The implementation of the three-phase sep-
aration system in the commercial dynamic simulation soft-
ware K-SpiceVR was performed in the following five stages:

Figure 11. Modified P&ID diagram for Section 1.

Table 10. Measured and Monitored Variables List (Refers to

Figure 3)

ID Number Measured Variables Units

1 23VA0001:Temperature K
2 23VA0001:Pressure Pa
3 23KA0001:mass flow kg/s
4 pf_23LV0001:mass flow kg/s
5 pf_25ES0002:mass flow kg/s
6 pf_25HV0001:mass flow kg/s
7 pf_25HV0002:mass flow kg/s
8 pf_25MV0003:mass flow kg/s
9 23VA0001:level overflow liquid m
10 23VA0001:level feed side weir m
11 23VA0001:level heavy phase feed side weir m
12 23KA0001:inlet pressure Pa
13 23KA0001:outlet pressure Pa
14 23KA0001:polytropic head m
15 23PA0001:inlet pressure Pa
16 23PA0001:outlet pressure Pa
17 23PA0001:volume flow m3/s
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(1) feed source stage-define the feed; (2) flow pressure
stage-setup the piping/fitting network; (3) separation stage-
build the separator; (4) heat exchanger stage-build the heat
exchanger; (5) compressor antisurge stage-implement the
antisurge control. The model parameters are presented in
Cameron et al.14

Validation of the qualitative analysis

Step 4 of the integrated methodology is applied in this
section, to demonstrate the validation methodology for the
qualitative analysis. Configuration of the process (Step 4 a)
is done using the quantitative dynamic simulation software

K-spiceVR . To implement Step 4 b, the measured variables
list is shown in Table 10. The normal operation condition of
the three-phase separation process is obtained and shown in
Table 11. The linking of the qualitative analysis outputs in
Table 9 as input for quantitative dynamic simulation is
shown in Table 12, where each root cause is represented by
a corresponding failure scenario. The detailed quantitative
analysis is represented in Table 13 for one of the failure sce-
narios in Table 12, namely the failure of the control function
of the antisurge valve (UV0001). The consequences of the
other root causes are summarized in Appendix B. The nor-
mal valve fractional position in the antisurge pipeline is 0.5.

Table 11. Normal Operating Conditions for the Three-Phase Separation Process

ID Number Flow/Equipment Parameter Normal value

1 Feed flow Flow rate 1 kg/s
Temperature 323.15 K
Pressure 5.6 3 106 Pa

2 Three-phase separator Temperature 315.15 K
Pressure 2.4 3 106 Pa
Total level 0.156 m
Oil-water interface level 0.05 m
Oil level 0.15 m

3 Compressor Suction pressure 2.38 3 106 Pa
Discharge pressure 5.03 3 106 Pa
Mass flow rate 0.41 kg/s
Compressor rotation speed 139 Hz
Suction temperature 315.05 K
Discharge temperature 380.15 K
Polytropic efficiency 73.4 %

4 Motor for Compressor 23EM0002 Control signal 0.90 fract
The speed of the machine’s own rotor 139 Hz
Machine power 5.95 3 106 W
Machine torque 6.80 3 103 Nm
Norminal Torque 3.5 3 104 Nm
Nominal synchronous speed 157 Hz

5 Pump 23PA0001 Pump speed 49 Hz
Inlet suction pressure 2.41 3 106 Pa
Outlet pressure 5.32 3 106 Pa
Pump suction temperature 315.25 K
Pump discharge temperature 316.95 K
Pump volumetric flow rate 0.11 m3/s
Consumed pump power 0.48 3 106 W

6 Motor for pump 23EM0001 Control signal 1 fract
The speed of the machine’s own rotor 49 Hz
Machine power 0.49 3 106 W
Machine torque 1.59 3 103 Nm
Nominal torque 2.00 3 103 Nm
Nominal synchronous speed 50 Hz

7 Heat exchanger Tube Inlet temperature 379.15 K
Outlet temperature 318.15 K
Flow rate 40.6 kg/s

Shell Inlet temperature 288.15 K
Outlet temperature 350.15 K
Flow rate 21.7 kg/s

Table 12. Generation Failure Scenarios from Qualitative Analysis to Quantitative Dynamic Simulation as Input to K-SpiceVR

Root cause
ID number

Qualitative
Function Name

Function
States Equipment

Failure
Mode

Process Input
Variable

1 Balance 7 Fill Heat exchanger
23HX0001_tube

Plugging Plugging fraction 0.8

2 Balance 9 Fill Antisurge valve
(UV0001)

Stuck Stuck position 0.9 fraction

3 Balance 5 Fill Outlet gas pipeline from
the separator

Plugging Plugging fraction is 0.8

4 Sink 12 High Compressor Polytropic efficiency
deterioration

Deterioration fraction 0.8

5 Source 9 Low Motor (23EM0002) Mechanical failure The machine failure is true
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In this failure mode, the valve position was assumed to be
stuck at 0.9 fractional position. This means that the normal
antisurge loop mass flow (pf_25ES0006) is 1.94 kg/s, while
when the antisurge valve get stuck at 0.9 fractional position
the mass flow increases to 47.22 kg/s.

The failure scenario of 0.9 fraction leakage of the anti-
surge valve (cause 2) is introduced after the simulator has
been running in normal state runs for 900 s. The failure sce-
nario trend time is 2700 s, and the simulation results are
recorded for every 8 s. The simulation results are shown in
Figures 13–15. The pressure of three-phase separator rises
from 2.4 to 2.84 MPa within 3 min. The growth of pressure
is in accordance with the evaluated risk by the qualitative
risk matrix of the cause–consequence path (2, 7) identified
by the functional model. The temperature of three-phase sep-
arator climbs to a peak at 316.65 K and comes down to
another stable state at approximately 315.55 K, which has
little impact on the separator (Figure 13). Whereas the
water–oil interface level and oil level in the separator are
only decreased a little in a very short period then moves
back to the normal state. We can see the separator shifts
from the original steady state to a new steady state. The con-
trol loop for the separator pressure plays an important role in
controlling pressure increases. Due to the loop, the outlet gas
flow rate from the separator increases from 40.55 to
84.44 kg/s (Figure 14). Accordingly, the inlet volume flow
rate for the compressor increases from 1.98 to 3.6 m3/s, and
the head-flow rate performance curve of the compressor in
Figure 15 shows that the working condition of the compres-
sor is approaching a blocking state. So this behavior is
regarded as highly unacceptable, which is in accordance
with the cause–consequence path (2, 8) identified by the
functional model.

The consequence analysis of the other failure scenarios in
Table 12 summarized in Appendix B, validate the cause–
consequence paths in highly risk area in the risk matrix in
Figure 12. What is more, the quantitative dynamic simula-
tion allows the HAZOP meeting to give priority to high risk
scenarios. For example, in the five failure scenarios,
mechanic failure of the motor for the compressor is the most
dangerous situation because the operators cannot be expected
to be able to cope with the motor failure within a short time
period. Thus if the emergency trend has been observed, the
proper action is to shut down the process following the shut-
down procedure in the operation manual. It suggests that
condition monitoring of the motor indeed should be applied
as is normally done using an alarm system for the motor.

Real-time simulation of transient behavior and
quantification of deviation scenarios

In this section, quantitative analysis is carried out for seri-
ous failure scenarios. The purpose of the analysis is to make
a detailed investigation of the transition of the process state
from deviation via abnormal and critical to catastrophic. The
failure scenario with plugging of the separator outlet gas
pipeline (root cause 4) is selected as an example. This failure
could happen due to hydrate formation. At normal condition,
the mass flow rate is 40.55 kg/s at a plugging fraction at 0.
In the K-SpiceVR dynamic model, the plugging fraction is set
to simulate a failure scenario. The plugging fraction is
increased successively from 0.1, 0.2,. . .to 0.9, and to simu-
late an extreme abnormal situation, 0.95 fraction and 0.98
fraction are also introduced. The trend/lasting time for each
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plugging change is shown in Table 14. The results are
sampled every 48 s. It is assumed that the other equipment
state is normal at the beginning of the simulation.

We monitor the same variables as listed in Table 10 and
determine whether the changes can satisfy the safety
demands. The plugging fraction deviation will be quantified.
The influences of the plugging fraction upon other parame-
ters changes are shown in Figures 16–19. Along with the
successive changes of separator outlet gas pipeline plugging
fraction with time in Figure 16, the pressure of the separator
starts to increase after the plugging fraction increases to 0.7

and the temperature of the separator goes through a similar
trend as shown in Figure 17. At a pipeline plugging fraction
of 0.9, the separator pressure dramatically rises to 4.8 MPa.
The transients of oil level and water level inside the
separator during the time period where the plugging fraction
changes from 0.7 to 0.9 can be observed in Figure 18. After
the plugging fraction increases to 0.9 the centrifugal com-
pressor surges, as can been seen from the performance curve
of centrifugal compressor in Figure 19. By investigating the
other parameters, it can be seen in Figure 18, that the water
level is almost 0. In other words, since the pressure rises

Figure 12. Risk matrix for higher pressure deviation of separator.

Figure 13. Changes in operating condition of the three-phase separator when antisurge valve is stuck. (a) Pressure
changes, (b) Temperature changes, and (c) Level changes.
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above the safety relief pressure limit, the three-phase separa-
tion process is at a catastrophic state (referring to Table 15).
All the quantitative results validate the unacceptable high
risks resulting from the cause–consequence paths derived
from the qualitative functional modeling. Furthermore, the
deviation of the plugging fraction can be quantified as shown
in Table 15. From the 0–0.6 plugging fraction, the process
state is deviating. If the plugging fraction increases further to
be in the range between 0.6 and 0.8, the process state change
from the deviation to abnormal. More seriously, if there are
no counter measures taken to control the deteriorating trend,
the process state turns into the critical situation when the
plugging fraction is in the range 0.8–0.9. Beyond the plugging
fraction 0.9, the process state can be catastrophic.

Discussions and Perspectives

From the case study results, some significant features of
the framework for computer-assisted HAZOP studies are dis-
cussed below:

First, only a systematic, creative, and imaginative exami-
nation by the HAZOP team can yield a high quality HAZOP
report. This means that the traditional HAZOP is limited by
the expertize and experience within the team which may not
guarantee identification of every possible hazard or operabil-
ity problem that could arise during the actual operations.
The MFM-based HAZOP presented here provides a comple-
mentary tool to the traditional HAZOP as it can support
the process of brain-storming explicit by being a tool for

identification, elaboration, and discovery of possible failure
scenarios. Thereby, the MFM-based tool assists HAZOP
team to carry out HAZOP studies and provides quality of
the study and enables identification of more complex possi-
ble scenarios.

Second, another demonstration of the methodology has
linked functional modeling to HAZOP.9 Also, it is the first
time an MFM model of a three-phase separation process in
the specific oil and gas production field has been presented
in the literature. The possibility offered by a functional mod-
eling could track causes and consequence paths from node
unit to whole system level.

Figure 14. Mass flow rate changes of feed flows, sepa-
rated oil, water, and gas flows when anti-
surge valve is stuck.

Figure 15. Changes in operating condition of the centrifugal compressor when the antisurge valve is stuck.

Table 14. Trend Time for each Plugging Change

Plugging Fraction Trend Time (s)

0 300
0.1 300
0.2 300
0.3 300
0.4 600
0.5 600
0.6 900
0.7 1200
0.8 1200
0.9 1200
0.95 1200
0.98 1200

Figure 16. Pressure changes of the separator along
with the changes of separator outlet gas
pipeline plugging fraction.
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Third, the output of the qualitative part of the integrated
methodology is the modified HAZOP worksheet. By compar-
ison of results from the traditional HAZOP with those of
MFM-based HAZOP, it is demonstrated that we can find
potential causes and consequences systematically by MFM-
based HAZOP, and the results are in accordance with the
traditional HAZOP. However, the coverage of guide words
in MFM based HAZOP should be improved by introducing
the concept of roles and additional reasoning rules.31 Roles
can be seen as binary relations between an action (function,
e.g., transport) and the concrete structural entities serving the
roles, that is, the pump and the water. They can also be seen

as representing structural entities of the plant in the context
of plant goals and functions and are, therefore, conveying
information about purposes of these elements. Reasoning
about the realization relations of roles between structure and
function makes it possible to consider consequences of com-
ponent failure in MFM and the extension of MFM with roles
also support the representation of and reasoning about redun-
dancy. Therefore, the expressivity and reasoning ability of
extending MFM with information of the plant structure will
make it possible to deal with the myriad of plant details, that
is, design data and specification. Addition of the further
guide words “no,” “part of,” “as well as” would be directly
possible, but will require further development of the MFM
reasoning engine.

Fourth, within the integrated qualitative and quantitative

modeling framework for HAZOP studies, the quantitative

analysis using dynamic simulation verify and validate the

unacceptable risks identified and evaluated by the qualita-

tive analysis. Moreover, in the case of clearly unaccept-

able high risk scenarios, the simulation workload for

HAZOP deviations can be effectively reduced using the

results of the qualitative analysis as the starting point for

quantitative simulation. However, it also should be noted

that some catastrophes, with low probability but high con-

sequence, will be in the right bottom corner in the risk

matrix even though they also may lead to significant loss

consequences. Those consequences should not be ignored,

such as the nuclear leakage in Japan resulting from the

recent tsunami. Once a low probability event with high

consequences occurs, it may expand into a huge disaster

leading to environmental, human, and economic catastro-

phes such as the Macando well blowout in Gulf of Mex-

ico in 2010. Therefore, based on this different

understanding of the concept of risk, some companies pay

much more attention on such scenarios when HAZOP

studies are performed.
Fifth, when the quantitative knowledge for the process

is available, it can be used to prune redundant paths in
the cause or consequence trees obtained from the

Figure 18. Level changes of the separator along with
the changes of separator outlet gas pipeline
plugging fraction.

Figure 17. Temperature changes of the separator along
with the changes of separator outlet gas
pipeline plugging fraction.

Figure 19. Changes in operating condition of centrifugal compressor along with the changes of separator outlet
gas pipeline plugging fraction.

Table 15. Quantification of the Plugging Fraction Deviation

Process state Deviation Abnormal Critical Catastrophic

Plugging fraction 0–0.6 0.6–0.8 0.8–0.9 0.9–1
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qualitative analysis. This means that only the validated
paths are kept. Such advantage could be helpful for ensur-
ing more consistent results from qualitative analysis. As
regards pruning and validation, the feedback from quanti-
tative to qualitative modeling has been demonstrated on
selected specific cases in the present study using process
insights and expert judgment. Conversely, the development
of a more general and systematic methodology for pruning
is needed and expected to be straight forward, since prun-
ing is related to reducing the space of possible consequen-
ces from a qualitative reasoning engine using the
information obtained from quantitative simulation There-
fore this remains as an interesting and challenging topic
for future work.

Sixth, in industrial practice HAZOP studies are carried out
at various stages during the plant life cycle. The integrated
methodology developed in this article could be best suitable
for FEED stage, where it makes the most sense to invest
time and resources for a comprehensive hazard identification
and risk analysis. It is common industry practice to divide
FEED stage into three stages with typical deliverables: mate-
rial and energy balance, preliminary equipment design, and
layout, purchase-ready major equipment specifications and
preliminary three-dimensional (3-D) model, and so forth. For
the FEED 1 stage, functional modeling is suitable for quali-
tative process modeling. For the dynamic modeling, FEED 3
stage has already an appropriate dynamic model. Hence our
methodology can be combined to already existing models.
Describing the systems qualitatively and quantitatively will
take time and efforts such that this step needs to be only per-
formed once. MFM modeling patterns for generic features of
basic processes and units need to be developed such that
later they can be easily maintained, expanded, and updated.
However, as our tools and methods are generic they are
ideally suited for reusage of the MFM models at different
levels of abstraction. Thereby the generic modeling tools can
be directly be applied during other stages of plant develop-
ment as well as later during the plant life cycle.

Last but not least, it is noted that the aim of qualitative
reasoning-based technology for HAZOP studies is not to
replace the industry standard HAZOP technique with the
HAZOP teams’ experiences and insights. Rather it is meant to
bring fundamental improvements and support to the HAZOP
technique. The knowledge-based reasoning system developed
here demonstrates a promising potential and feasibility for
automating some of the tasks involved in HAZOP analysis.
The tool complements the HAZOP team in completing a
comprehensive analysis as well as in better use of their time
and resources that comes with the model-based assistance.

Conclusions

An integrated qualitative and quantitative modeling frame-
work for HAZOP studies that uses MFM and knowledge-
based reasoning system, risk matrix, and quantitative dynamic
simulation for verification and validation risks has been pro-
posed. The integrated framework is successfully applied to a
realistic three-phase separation process system. To this extent
it provides a good test for the integrated methodology and
the computer-aided tool, MFM editor, and cause–consequence
reasoning capability of the MFM reasoning engine. The
application case provides a reasonable basis for demonstrat-
ing the integrated methodology. Here the qualitative func-
tional modeling supports the HAZOP analysis team in

formulating the goal-function relationships for the system and
enables qualitative reasoning about the cause–consequence
paths for selected deviations. Furthermore, the more critical
process hazards can be directly evaluated through quantitative
dynamic simulation. The results demonstrate the importance
of the formulation of MFM models to represent the physical
system for acquisition of HAZOP knowledge in the qualita-
tive part of the overall methodology. From this point of
view, the quantitative analysis obtained from the dynamic
simulation complements and enhances the MFM model
based process safety analysis of the system in particular
regard to the transient dynamics of the system.

The methodology generates a HAZOP worksheet, which
resembles quite closely that obtained from a traditional
HAZOP. This research demonstrates a promising potential
and feasibility of functional knowledge-based tool to assist
some of the tasks involved in HAZOP and as such contrib-
utes to better use of resources and time for a HAZOP team.
The outcome of the tool is cause–consequence paths with
high potential hazard risks. These potential high risks are
used as input for quantitative framework to analyze in detail
the operability issues and validate the cause–consequence
paths with high potential hazard risk using a dynamic pro-
cess simulation.
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Notation

Acronyms

HAZOP = Hazard and Operability Studies
MFM = Multilevel Flow Modeling
P&ID = Piping & Instrumentation Diagram

PSE = Process Safety Engineering
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Appendix A. The Explanations of Elements in (Flow Structures, Objectives, Relations, and Functions)

in Figures 5 and 6 are Presented in Detail as Below

Flow structure Objective
Function
name Function Structure

Elements explanation in MFM model in Figure 5
mfs1:The Feed

flow is separated
into crude oil,
water and gas
stream

obj1:Separate gas stream and
liquid stream

sou1 Provide feed flow 1 Upstream flow

obj2:Separate crude oil and
water

sou2 Provide feed flow 2 Upstream flow

obj5:Maintain the oil level
in oil chamber

sou6 Provide cold water Cold water

obj6:Maintain the water
level in water chamber

tra1 Transport feed flow 1 Pipeline
tra2 Transport feed flow 2 Pipeline
tra3 Transport gathered feed flow Pipeline
tra4 Transport the separated gas Gas density is lower than the liq-

uid density
tra5 Transport the separated liquid Liquid density is higher than the

gas density
tra6 Transport the separated crude oil Crude oil density is lower than

water density
tra7 Transport the separated water Water density is higher than

crude oil
tra8 Transport the outflow of the sepa-

rated water
Pipeline

tra9 Transport the outflow of the sepa-
rated oil

Pipeline

tra10 Transport the separated crude oil Pump
tra11 Transport the outflow of the sepa-

rated crude oil
Pipeline

tra12 Transport the separated gas Gas outlet of separator
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Appendix A. Continued

Flow structure Objective
Function
name Function Structure

tra13 Transport the over-pressurized gas
into environment

Relief valve

tra21 Transport the compressed gas Compressor
tra22 Transport the compressed gas into

heat exchanger tube
Tube-side fluid in

tra23 Transport the exothermic gas Tube-side fluid out
tra24 Transport the exothermic gas to

downstream
Pipeline

tra25 Transport bypass gas backflow after
bypass valve

Pipeline

tra26 Transport cold water Shell-side fluid in
tra27 Transport the endothermic water Shell-side fluid out
tra35 Transport bypass gas backflow

before bypass valve
Pipeline

bal1 Balance the feed flow 1 and feed
flow 2 with gathered feed flow

Valve group

bal2 Balance the outflow of the separated
crude oil with the inflow of the
crude oil in pump

Valve

bal3 Balance the outflow of the crude oil
in pump with the inflow of the
crude oil in pipeline

Valve

bal5 Balance the outflow of the separated
gas with the inflow of the com-
pressed gas in compressor

Pipeline

bal6 Balance the outlet gas flow from
compressor with the inlet gas
flow to heat exchanger

Pipeline

bal7 Balance the exothermic gas flow
with bypassing reflux gas stream
and outlet compressed gas
downstream

Pipeline

bal9 Balance the Antisurge Valve
sep1 Separate the gas and liquid Separator
sep2 Separate the crude oil and water Separator
sto1 store the separated gas Gas chamber
sto2 Store the separated water Water chamber
sto3 Store the separated crude oil Oil chamber
sto6 Store the exothermic gas Heat exchanger tube
sto7 Store the endothermic water Heat exchanger shell
bar1 Block the water flowing into crude

oil
Weir plate

bar2 Block the mixture of exothermic
gas with endothermic water

Tube bundle with straight tubes

sin1 Collect the outflow of the separated
oil

Downstream

sin2 Collect the outflow of the separated
water

Downstream

sin3 Receive the exothermic gas Downstream
sin4 Receive the released over-

pressurized gas
Environment

sin9 Collect the endothermic water Downstream
ef1:the energy

conversion of
the pump

Producer-produce (pp1)the
function of transport of
the crude oil in pump

sou3 Electrical energy supply for the
pump

Electrical source

tra14 Transport the electrical energy Electrical wire
tra15 Transport the kinetic energy Water power
tra16 Transport the friction loss Pump friction loss and leakage

power
sto4 Store the electrical energy Pump
sin5 Receive the kinetic energy Pump shaft
sin6 Receive the friction loss Pump shaft friction

efs2:Energy flow
structure of
separator

obj7:maintain the motor
rotation speed

sou4 Feed flow 1 energy Feed flow 1

thr1:threaten the set pressure
of the relief valve

sou5 Feed flow 2 energy Feed flow 2
tra17 Transport the feed flow 1 energy Feed flow 1 and pipeline
tra18 Transport the feed flow 2 energy Feed flow 2 and pipeline
tra19 Transport the gathering energy flow Pipeline
tra20 Transport the liquid energy flow gas phase
tra36 Transport the gas energy flow Liquid phase
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Appendix A. Continued

Flow structure Objective
Function
name Function Structure

bal4 Balance the feed flow 1 and 2
energy flow with gathering
energy flow

Gathering valve group

sto5 Store energy in the separator Separator
sin7 Keep the gas phase energy Gas
sin8 Keep the liquid phase energy Liquid

efs3:heat exchange
between water
and compressed
gas

obj4:maintain the tempera-
ture of the compressed
gas

sou7 Energy of the cold water Cold water
sou8 Energy of the compressed gas Compressed gas
tra28 Transport the energy of cold water Shell and cold water
tra29 Transport the energy of the com-

pressed gas
Tube and compressed gas

tra30 Transport the exothermal gas energy exothermal gas and heat transfer
tube

tra31 Transport the endothermic water endothermic water
bal8 Balance the heat exchange between

water and compressed gas
heat exchanger

sin10 Keep the exothermal energy exothermal gas
sin11 Keep the endothermic energy endothermic water

efs4:the energy
conversion of
the compressor

Producer-produce (pp3) the
function of compressed
gas transport

sou9 Electrical energy supply for the
compressor

Electrical motor

tra32 Transport the shaft power Motor shaft
tra33 Transport the kinetic energy Impeller
tra34 Transport the energy loss Leakage, impeller resistance,

flow loss
sto8 Store the electrical energy Compressor
sin12 Receive the kinetic energy Compressed gas
sin13 Receive the energy loss Impeller

Elements explanation in MFM model in Figure 6
mfs1:representing

gas-liquid equi-
librium from
mass flow
perspective

obj1:maintain the right liquid
level, i.e. the right amount
of mass in storage Liq
(sto2).

sou1 Gathered feed flow source Gathered feed flow
tra1 Transform the liquid phase into gas

phase
Liquid and gas interface

tra2 Transform the gas phase into liquid
phase

Liquid and gas interface

tra5 Transport the separated liquid Liquid density is higher than the
gas density

tra6 Transport the liquid Liquid density is higher than the
gas density

tra7 Transport the gas Gas density is lower than the liq-
uid density

tra8 Transport the gathered feed flow inlet pipe of separator
tra12 Transport the separated gas Gas density is lower than the liq-

uid density
bal3 Balance the gathered inflow with

liquid phase flow and gas phase
flow

Mass balance

sto1 Store the gas phase Gas phase
sto2 Store the liquid phase Liquid phase
sin1 Collect the separated liquid Oil and water chamber
sin2 Collect the separated gas Gas chamber

ef1:representing
gas-liquid equi-
librium from
energy flow
perspective

obj2:maintain the right pres-
sure (obj2), i.e. the right
amount of energy in stor-
age (sto3)

sou3 Gathered feed flow energy source Gathered feed flow
tra9 Transport the energy of gas Temperature and pressure of the

gas
tra10 Transport the energy of liquid Temperature and pressure of the

liquid
tra11 Transport the gathered feed energy inlet pipe of separator
tra19 Transport the separated gas energy Gas density is lower than the liq-

uid density
tra20 Transport the separated liquid

energy
Liquid density is higher than the

gas density
bal4 Balance the gathered inflow energy

with liquid phase energy and gas
phase energy

Energy balance

sto3 Store the gas phase energy gas phase
sto4 Store the liquid phase energy liquid phase
sin7 Collect the separated gas energy Gas chamber
sin8 Collect the separated liquid energy water and oil chamber
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Appendix B. The Consequences Analysis of the Other Failure Scenarios in Table 12

(Except Failure Scenario 2) Is Summarized Below

Cause ID
Number

Failure Scenario

Equipment

Process Parameters

Consequences
Failure
Mode

Parameter
Value

T (K) Lw [m] Lo [m] Lt [m] P [MPa] F [kg/s]

Failure value

1 Heat exchanger
23HX0001_tube
plugging

0 0.8 Pf_25HV0001 316.55 2.56 62.2 Heat exchanger tube outlet
stream temperature
increases

Pf_25HV0002 315.95 2.56 54.2
Separator 315.15 0.05 0.15 0.156 2.4 116.4
Heat exchanger

tube
323.15 5.02 42.8

Export oil 315.15 2.4 73.1
Export gas 314.85 2.4 42.8
Export water 315.15 2.4 4.4
Pump 316.75 5.32 73.1
Compressor 381.15 5.14 42.8 Antisurge valve open at

0.0558965Antisurge loop 305.95 2.41 3.9
3 Outlet gas pipeline from

the separator plugging
fraction is 0.8

0 0.8 Pf_HV0001 316.55 2.56 61.1
Pf_HV0002 315.95 2.56 53.1 The pressure builds up the

separator.Separator 317.15 0.05 0.15 0.156 3.00 114.17
Heat exchanger

tube
318.15 5.00 42.78

Export oil 315.15 2.4 73.1
Export gas 315.15 2.4 42.78
Export water 315.15 2.4 4.44
Pump 316.85 5.32 73.06 The working condition of the

compressor is normal but
is approaching a blocking
state.

Compressor 381.15 5.14 42.78

Antisurge loop 305.95 3.28 3.89
4 Compressor polytrophic

efficiency deteriora-
tion is 0.8 fraction

0 0.8 Pf_25HV0001 316.55 2.56 53.06 Less inlet flow.
Pf_25HV0002 315.95 2.56 45.83
Separator 320.15 0.05 0.15 0.156 4.10 98.61 The pressure and temperature

increases sharply.Heat exchanger
tube

318.15 5.00 42.78

Export oil 315.15 2.4 73.06
Export gas 315.15 2.4 42.78
Export water 315.15 2.4 4.44
Pump 316.85 5.32 73.06
Compressor 381.15 5.14 42.78 Antisurge compressor valve

opens more.Antisurge loop 305.95 2.41 108.06
5 Motor (23EM0002)

machine failure
false true Pf_25HV0001 322.95 5.35 19.72 The inflow of mixed crude

oil is prevented from flow-
ing into the separator.

Pf_25HV0002 322.95 5.35 17.2 The separator losses the sepa-
ration opportunity due to
no object (feed flow) needs
to be separated. The pres-
sure of the separator rises
dramatically from 2.4MPa
to 5.4 MPa within only
100s. Temperature of the
separator has the same
increasing trend from
315.15K to almost
323.15 K.

SeparatorHeat 323.15 0 0.079 0 5.40 36.67 The wator-oil interface level,
oil level and the total level
Oil and water level falls
rapidly.

exchanger tube 288.15 5.00 3.89 Heat exchanger tube outlet
stream temperature
decreases a lot. Less
export gas.

Export oil 322.75 5.35 0 The low oil level causes gas
to exit via the oil output
causing high pressure
downstream. The outlet
pressure of centrifugal
pump (23PA0001) accord-
ingly goes up.

Export gas 372.35 5.35 3.89 Compressor surging. The gas
recirculation surge control
loop failed to handle with
the compressor surging
situation.

Export water 372.35 5.34 0
Pump 372.35 8.26 0
Compressor 282.85 5.01 3.89
Antisurge loop 322.75 5.34 232.5
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