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ABSTRACT

Safe Design of a Continuous Supercritical Extraction System for the Extraction of Drilling
Fluid from Drill Cuttings

Angelique Rosenthal
University of Guelph, 2012

Advisor:
Dr. Warren H. Stiver, Ph.D., P.Eng

The objective of this research was to design a pilot scale continuous supercritical fluid
extraction (SFE) system for the treatment of drill cuttings.The design includes:
•

A Piping and instrumentation diagram (P&ID)

•

A control philosophy

•

An operation manual, and

•

A HAZOP analysis

The pilot scale SFE system was designed using a HAZOP-inspired framework, which
resulted in the inclusion of risk reducing measures. This design approach was
appropriate for the design of a novel technology, as risk reduction was made the inherent
priority throughout the process.

No major changes were made to the design during the professionally conducted safety
analysis (HAZOP), thus the design is considered to be well positioned to operate safely.

Recommended, non-critical future design improvements include:
•

Separation of the process control from the safety control systems

•

Continuous reduction of “human factors”, and

•

Review of all changes to the design before implementation
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CHAPTER 1: INTRODUCTION
Off-shore oil production has resulted in large amounts of drilling waste being discharged
into the marine environment. One major waste stream of production activities is drilling
cuttings contaminated with drilling fluids (Daan & Mulder, 1996).

Drilling fluids are used in oil production primarily to cool and lubricate the drill bit, bring
solid material such as rock fragments (“cuttings”) from the well to the surface, and
control formation pressures. Fluids are generally classified into three categories: water
based (WBF), oil based (OBF), and synthetic based (SBF) fluids (US Environmental
Protection Agency, 2000a; US Environmental Protection Agency, 2000b; Thanyamanta
et al., 2005). SBFs were developed as an alternative to OBFs when public concern
increased about the environmental impacts of OBFs. OBFs, which are based on
hydrocarbons such as diesel, generally contain toxic concentrations of polycyclic
aromatic hydrocarbons (PAHs; some of which are known carcinogens) and benzene (a
carcinogen) (US Environmental Protection Agency, 2000a).

Figure 1 is a diagram of the generic drilling fluid circulation during petroleum
production. Drilling fluid is pumped through the drill string to the drill bit where it is
ejected into the well. Here the jet of fluid mixes with the cuttings and lifts them from the
bottom of the well to the surface. The cuttings travel to the surface through the space
between the drill string and well casing. At the surface, these cuttings, mixed with the
drilling fluid,) undergo solids management and/or contaminant treatment, such that,
ideally (but not always, due to challenging mud characteristics), may be separated from
the cuttings and reused. After treatment the waste cuttings are generally disposed of by an
approved method (US Environmental Protection Agency, 2000a).
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Figure 1 – General drilling fluids circulation, adapted from US Environmental Protection Agency
(2000a)

In general, three methods are used to dispose of contaminated drilling cuttings:
• Discharging to the marine environment
• Down-hole disposal
• On-shore treatment (land application or land filling)

The method of waste disposal used for each well depends on legislative jurisdiction. In
the North Sea, OSPAR (the legislative body for environmental protection) prohibits the
discharge of OBF cuttings, but allows discharge of SBF cuttings if they contain less than
1% (by wet weight) of oil retained on the cuttings (ROC) (OSPAR Commission, 2000).
In Canada, drill cuttings may be discharged if they contain less than 1% ROC, similar to
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the OSPAR regulation (National Energy Board et al., 2002). The EPA (2000a) allows
6.9-10.2% ROC for discharge of SBF contaminated cuttings (depending on the type of
SBF used), and prohibits the discharge of OBF cuttings. The EPA (2000a) suggests that
the best available technology can reduce contaminants to approximately 4%, while
OSPAR (2009) suggests 1% is achievable.

The EPA determined that allowing discharge of treated SBF cuttings (given contaminant
criteria are met) is more favourable than implementing a zero-discharge regulation. Cost
analyses of the disposal options showed that under a zero-discharge regulation, producers
would favour the use of WBFs and OBFs to SBFs. As a result, larger quantities of WBF
cuttings would be discharged, and larger quantities of OBF cuttings would be disposed of
by down-hole injection or on-shore treatment. The non-water quality environmental
impact analyses of the transport and disposal activities associated with favoured WBF
and OBF discharge showed greater impacts compared to the impacts associated with
approved marine discharge of SBF contaminated cuttings when contaminant criteria are
met (US Environmental Protection Agency, 2000a).

One method of treating drill cuttings (removing oil from the cuttings) is supercritical
fluid extraction (SFE). In this process, a supercritical fluid dissolves and removes the oil
from the drill cuttings. This process is described in more detail in section 4.1.
Laboratory-scale studies have shown that SFE systems can reduce the oil retained on soil
and drill cuttings (Eppig et al., 1984; Goodarznia & Esmaeilzadeh, 2006; Saintpere &
Morillon-Jeanmaire, 2000; Street et al., 2007; Tunnicliffe & Joy, 2002). Tunnicliffe and
Joy (2002) achieved removal efficiencies as high as 99%. An excellent review of soil
remediation using SFE is authored by Guigard et al.(2005). Supercritical fluids are
described in more detail in section 4.1.

The majority of the research above has been on batch SFE systems. Despite constant
exploration of this technology for application to soil remediation, it does not yet exist as a
large scale commercial unit. Limitations associated with the design of in-situ SFE soil
treatment technology would also apply to the design of in-situ drill cutting treatment
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technology, as SFE processes for soil remediation are most commonly batch or
semi-batch process (Laitinen et al., 1994). Some challenges associated with in-situ drill
cuttings management on offshore oil platforms are storage space and capacity limitations.
As stated by Laitinen et al. (1994, p. 725) “A great leap forward in soil cleaning would be
if... continuous high pressure extraction could be developed.” A continuous system would
help solve some of these challenges.

Thus, a continuous SFE system might be an ideal technology for application to drill
cuttings treatment. The possible benefits to the oil and gas production industry of using
SFE for the treatment of hydrocarbon contaminated drilling waste include cost savings
from the reuse of drilling fluid in production and possible environmental benefits.
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CHAPTER 2: THESIS CONTEXT, OBJECTIVES, SCOPE AND STRUCTURE
2.1

The Overall Project

The work documented in this Thesis is part of a larger project, investigating the use of a
pilot scale continuous supercritical fluid extraction (SFE) system for the treatment of drill
cuttings (herein referred to as the “Project”). This subsection describes the aims of the
Project.

The Project is being completed in partnership with researchers at the University of
Guelph, Dr. Warren Stiver, and Ms. Angelique Rosenthal, and the University of Alberta,
Dr. Selma Guigard, Ms. Christianne Street, and Ms. Maedeh Roodpeyma, (herein
referred to as the “design team”). It is supported by an industrial partner, M-I SWACO (a
Schlumberger Company), an oil drilling solutions company, and by the Natural Sciences
and Engineering Research Council of Canada (NSERC) through a Collaborative
Research and Development (CRD) grant.

The aim of The Project is to develop a full scale continuous SFE system for the
remediation of drill cuttings. Constraints for the full scale system are:
•

Must be a continuous process

•

Footprint of system must fit on the drilling platform of an offshore drill platform

•

System components must fit within a freight container to facilitate transport to the
offshore drill platform

•

Must be able to accept and treat cuttings of varying compositions

•

Must recirculate gaseous CO2

•

Must achieve 1% oil ROC

A pilot scale continuous SFE system will be used to help explore the feasibility of a full
scale system. Using the pilot scale system, researchers will:
•

Establish stable continuous flow of supercritical CO2 and drill cuttings through the
system
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•

Quantify mass transfer rates, extraction efficiencies and other system performance
indicators as a function of operating conditions

•

Complete a preliminary design of a full scale system and estimate operation and
capital costs of such a system

2.2

Context of this Thesis within the Project

Before the pilot scale system can be used to explore the feasibility of a full scale system,
it must first be designed and assembled. The work completed for this Thesis includes the
design of the pilot scale system.

Furthermore, an important consideration in an engineered system’s design is safety.
Thus, the focus of the design work is in ensuring that the risks associated with the pilot
scale design are identified and reduced, as part of the design process. An explanation
about achieving “safety” in process design is included in the next section (section 2.3).

The assembly of the pilot scale system is the responsibility of the University of Alberta
members of the design team. Equipment for the pilot scale system is being purchased
and delivered to the testing facility at the University of Alberta. Ms. Street will run
experiments under the direction of Dr. Guigard using the pilot scale system to help
achieve the Project goals above. Information on her research plan and future research are
not included in this Thesis. Ms. Roodpeyma will design, build and further develop the
control system.
2.3

Objectives

The broad objective of the work presented in this Thesis is to design a “safe” pilot scale
continuous SFE system. However, the concept of “safe” must be explored to better
understand and communicate the objective.

An important topic that will be revisited in this Thesis is that of “safety”. .Crowl and
Louvar (1990) use “safety” synonymously with loss prevention and accident prevention,
where “risk” is the probability of a hazard resulting in an accident. “Alarp” is a concept
often applied to risk. It stands for as low as reasonably practicable. In a general sense,
6

Alarp means to reduce risk from an unacceptable level to at least a tolerable one. A risk
is tolerable if the costs of a protection measure grossly outweigh the benefits (Macdonald,
2004).

This perspective on safety implies that:
•

No system is perfectly “safe”; the safety of a process or facility can always be
improved

•

Further improvements in risk reduction become exponentially more costly as higher
levels of “safety” are achieved, and

•

As with any statistical analysis, the risk or risk reduction can only be quantified to a
certain degree of precision; the precision depends on the quality of data and the
calculation method

Hence, the more appropriate objective statement is:
The aim of the work completed in this Thesis is to design a pilot scale continuous SFE
system, pilot scale SFE system that is well positioned to be implemented, operated and
behave in a tolerably safe manner.

In general, the piping and instrumentation must be configured and specified correctly, the
control logic must enable maintenance of normal process behaviour (and provide safe
shutdown logic), and the process must be operated safely. The pilot scale system must
undergo a safety analysis using a standard method that adequately captures the potential
risks associated with the design.

Thus, the safe design of the pilot scale SFE system will include:
•

A P&ID and specification requirements for all equipment and instrumentation

•

A control philosophy which details the “ground rules” of process control and safety
control

•

An operation manual which details standard operating procedures, emergency
response procedures, etc., and

7

•

A completed HAZOP analysis, where the resultant recommendations are
implemented

2.4

Scope

The scope of the work completed for this Thesis includes the pilot scale continuous SFE
process for the remediation of drill cuttings and its control system (herein referred to as
the “System”) located in Markin/CNRL NREF 1-1041 at the University of Alberta
(herein referred to as the “laboratory” or “lab”). Described are the results of the design
work, the control philosophy, operation manual and the HAZOP. The experimental plan,
pre-experiment testing plan, and plans for other use of the System are not included in this
Thesis, although experiment related operation and safety principles may also apply to any
use of the System or its components.
The results presented in this Thesis are the design of the System, which is a product of
the design process and the HAZOP activities. The execution of purchasing, assembly,
operation, control programming, etc. is the responsibility of design team members
involved with implementing and operating the System. They are to take appropriate
measures to ensure elements of the design described in this Thesis are achieved.

Known or apparent limitations of the components and control have been accounted for
and explained in this Thesis. However, additional limitations may be discovered during
implementation. Thus, it will also be the responsibility of the design team members
involved with implementation and operation to make and defend their adjustments to the
design in the event that a prescribed element of the design cannot be achieved.
Also, as the operators conduct the pre-experiment trials and later the experiments with the
System, they will be learning the nuances in its operation and behaviour. Especially since
the Project is occurring in a research and development setting, and the technology being
developed is novel (thus no design template exists), the System and its operation will
inevitably evolve. As a result of gaining experience with the System and the inevitable
evolution of the System, operators and design team members will find areas of the design
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that need updating, adding to or adjustment. Again, it will be the responsibility of the
design team members involved with implementation and operation to make and defend
their adjustments to the design.
2.5

Structure

The readers of this Thesis should be aware that its structure is atypical. The result of the
work completed for this Thesis is the design of the System. Therefore, the focus of the
Thesis is the design itself.

A brief overview of the safety guidelines applicable to the System follows in Chapter 0.
The literature review, Chapter 4, gives the reader insight into basic concepts of SFE,
safety, design tools and methods used for the design and safety analysis.

Chapter 5 describes, in general, the design process used to reach the end System design.
Specific methods, such as the “HAZOP-inspired” assessments, are described therein.
HAZOP analysis in general is described in the literature review.

The ‘Results’ section, Chapter 6, gives a description of the design of the System. This
Chapter is organized to give a comprehensive description of the design at the time this
Thesis was written. The “tangible” results of the Thesis work are the Piping and
Instrumentation Diagram (P&ID), the Control Philosophy and the Operation Manual.

The primary audience for the Control Philosophy and the Operation Manual are the
future operators of the System and the design team members responsible for
implementation. These sections are to be read and used by design team members in
isolation from the rest of the Thesis; their presentation in this Thesis is consistent with
their presentation as in-lab reference documents. Therefore, there will be redundancy in
material in these sections and other sections of this Thesis. Where appropriate, references
have been made to other sections of this Thesis.
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Chapter 0 is the discussion section of the Thesis. The discussion is meant to give insight
into how the risks associated with the System have been reduced.. Specifically, the
System is discussed with respect to the following questions:
•

Is the System “safe”? and

•

Did the HAZOP-inspired design process produce valid results?

A summary of the conclusions and recommendations is given in Chapter 0.

Design drawings, results tables, Operation Manual attachments, Control Philosophy
tables, references and appendices are included at the end of the Thesis.
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CHAPTER 3: APPLICABLE GUIDELINES
The Province of Alberta Safety Codes Act (Province of Alberta, 2000) applies to the
System. Under the Province of Alberta Pressure Equipment Exemption Order (Province
of Alberta, 2006a), the Vessel and the Separator are exempt from the Province of Alberta
Pressure Equipment Safety Regulation (Province of Alberta, 2006b).

The System must comply with the Alberta Occupational Health and Safety Code
(Alberta, 2009).
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CHAPTER 4: LITERATURE REVIEW
This section briefly describes the basic principles of SFE, introduces process safety, gives
insight into some design features, and details tools applied in the design process and
safety analysis.
4.1

Overview Supercritical Fluid Extraction

A supercritical fluid (SCF) is a fluid that exists as a single phase when heated and
compressed beyond its critical temperature and critical pressure (i.e. its critical point).
Each compound has a unique critical point.

A SCF has properties intermediate to liquids and gasses; it exhibits liquid like densities
and gas like viscosities and diffusivities. Gas-like (low) viscosity and diffusivity allows a
fluid to penetrate the pores of solid matrices, and liquid-like density allows solutes to
dissolve into the fluid. Thus, these properties promote the solubility and mass transfer
qualities of a SCF.

Though there are a variety of uses of SCFs, the application of interest in this Thesis is as
a solvent, where the SCF is contacted with a solid matrix to extract substances from the
matrix. This is called supercritical fluid extraction (SFE). Small adjustments in the most
important operating conditions - temperature and pressure - change the viscosity and
diffusivity of the SCF. Most importantly, a change in these conditions also changes the
solubility of compounds into the SCF. This allows selective extraction of different
compounds from a solid matrix. A compound that has been dissolved in (or extracted by)
the SCF can be separated from it when the conditions are changed. Often, separation
occurs by way of depressurizing the SCF such that the dissolved compound takes on a
different phase from the SCF.

The use of carbon dioxide (CO2) as a SCF, which is used in the SFE system described in
this Thesis, became a popular alternative to using other common organic solvents (some
of which are known to be toxic and/or carcinogenic) because of several desirable
qualities. CO2 is non-toxic, chemically inert, and available at low cost and in high purity.
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It is considered well suited for the extraction of non-polar organic compounds, including
hydrocarbons and oils. It can also be modified with co-solvents (such and methanol and
water) for extraction of polar compounds. Its critical properties are 31 oC and 7.4 MPa.
Figure 2 shows the phase behaviour of CO2 with respect to pressure and temperature,
where the area region above and to the left of the critical point is the supercritical region,
as it is higher in temperature and pressure than the critical point.

Figure 2 - CO2 Pressure-Temperature Phase Diagram, adapted from Shakhashiri (2008)

In a patent by Eppig et al.. (1984), the first use of SC freon, propane, and CO2 was
documented for this application. Saintpere and Morillon-Jeanmaire (2000) conducted
pilot scale extraction experiments in reactors of varying sizes and mixing conditions and
showed that, among other conclusions, the technology is effective at removing oil from
the wastes being studied. Tunnicliffe and Joy (2002) demonstrated high removal
efficiencies (up to 99%) at high pressures in their batch experiments. For extractions
performed by Goodarnznia and Esmaeilzadeh (2006), oil extraction increased as
temperature and pressure increased, however temperature had a greater effect on
extraction efficiency.
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In addition, experiments have been conducted by members of the design team (Street et
al., 2007). Bench-scale batch tests demonstrated that SFE with SC-CO2 can extract
drilling oil from drilling waste, reducing its content from 19% to 0.3%, and that the
extracted oil is the same as the oil contained in the waste. Street et al. (2007) were able to
achieve removal efficiencies as ranging from approximately 35-98%.
4.2

Previous continuous SFE system design for the treatment of drill cuttings

This specific work of Fortin (2003) and Forsyth (2006) is described in this section
because the work completed in this Thesis is based on some of their findings. The next
two subsections will discuss their lab-scale continuous SFE apparatus from the
mechanical and control perspectives, while the safety of the apparatus is described in
section 4.3.3.
4.2.1

Process and Apparatus

The design of the bench-scale SFE apparatus on which this project is based is described
in Fortin (2003). Fortin spiked soil slurry with naphthalene, extracted the naphthalene
with the lab-scale continuous SFE system, and analyzed the mass transfer performed by
this apparatus. Forsythe (2006) modified Fortin’s design (modifications are explained
below) and conducted experiments on the apparatus using slurry spiked with different
polycyclic aromatic hydrocarbons (PAHs).

Fortin’s work was successful; stable countercurrent SC-CO2 and slurry flow through
extraction vessel was achieved and could be maintained for longer than two hours, and
mass transfer occurred (mass transfer coefficients as high as 4.6x10-4 s-1 were achieved).
Forsyth successfully implemented slurry level control (which functioned properly) for the
extraction vessel, leading to longer experimental runs at steady state conditions. Higher
mass transfer coefficients were achieved (5.1x10-3 s-1) for naphthalene as compared to
Fortin. Lower mass transfer was achieved for the phenanthrene extraction compared to
the naphthalene extraction.

A drawing of Fortin’s counter-current SFE system design is shown in Figure 3. This
drawing was modified from Fortin to show, in colour, the different streams: blue
14

represents SC-CO2 flow, and red represents slurry flow. The flow paths highlighted in
the diagram show the flow of material through the system during extraction.

Figure 3 - Lab-scale continuous SFE design, adapted from Fortin (2003)

The SC-CO2 and waste slurry streams are pumped into the extraction column at
supercritical conditions. The SC-CO2 enters from the bottom and flows upward, such
that it contacts the slurry (introduced at the top of the extraction vessel) as the slurry
cascades down the baffled interior of the extraction vessel. The baffles in the interior of
the extraction vessel are meant to increase contact area, promoting heat and mass
transfer, between the two fluids without the use of external energy (Nagata et al., 1998;
Dutta & Dutta, 1998).

Thus, it is by way of this mass transfer that hydrocarbons contained in the slurry are
transferred to the SC-CO2. The streams leaving the extraction column are the SC-CO2
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effluent (which contains dissolved hydrocarbons), and the ‘treated’ solids effluent. The
CO2 effluent stream is depressurized to gas phase by the needle valve and flows into the
U-tube in order for the hydrocarbons to be collected. The gaseous CO2 is then released to
the fume hood, the collected hydrocarbons analyzed and the treated slurry either reused
or disposed of as approved (Fortin, 2003).

Some important notes about the design of the CO2 flow path are (Fortin, 2003):
•

Pump automatic safety shut off at 25.9 MPa

•

Includes relief valve near the outlet of the pump (set point not specified)

•

Check valve prevented back flow, set to 0.17 MPa backpressure

•

Bypass line used at beginning of experiment to clean lines and stabilize flow

•

Needle valve controlled CO2 flow and depressurized CO2 effluent stream

•

Needle valve heated to above the melting point of naphthalene to avoid ice and solid
naphthalene forming in the pipe and valve, and plugging the valve before exiting
system

•

Glass wool in CO2 outlet of the extraction vessel prevented soil from entering the
CO2 lines when the extraction vessel filled with slurry, or when solids were entrained
in CO2 flow

•

Pressure transducer close to exit of the extraction vessel communicated pressure
information to the computer

•

Wet flow meter measured the total expanded CO2 through a given U-tube during a
run

•

The computer recorded pressure from pressure transducer, flow meter and pressure
from CO2 pump (at one second intervals)

Some important notes about the design of the slurry flow path are (Fortin, 2003):
•

Slurry tank was not stirred

•

Ball valve on slurry tank allowed intake into pump

•

Pressure gauge (at discharge side of pump) allowed adjustment of the back pressure
relief valve

•

Back pressure relief valve redirected flow back into slurry tank
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•

Bypass line diverted part of slurry flow back to slurry tank

•

After treatment, slurry returned to slurry tank

•

Rinse tank was used to purge the system of solids following an experiment

Based on Fortin’s recommendations, Forsyth (2006) made several changes to apparatus
in order to optimize flow, stabilize extraction conditions and improve data. Some
changes, as stated in Forsythe (2006), are:
•

Changed location of the apparatus. It was moved from fume hood to other lab
location. Moving the system to outside of the fume hood means that in the event that
gas escapes from the extract collection system or otherwise leaks, it is a potential
health threat

•

While still using the baffled slurry tank, mixing was introduced to one side of the
baffles only. This functioned well from a slurry preparation stand point, however
solids accumulated in the stainless steel tubing entering the extraction vessel

•

Slurry bypass line ensured the slurry pump never pumps against dead head (when the
slurry inlet valve is closed), preventing damage to slurry pump’s valve

•

Extract line steel wool added in line, which helped to increase separation
effectiveness

•

Temperature recording frequency changed to improve stability in operation and
confidence in results

•

Temperature monitored by a stainless steel thermocouple probe connected to the top
endplate of the extraction vessel was assumed to be at operating temperature

•

Slurry level control system added to stabilize the slurry level within the extraction
vessel. This was probably one of the most important improvements. Steady state is
assumed in the mass transfer analysis, thus stabilizing slurry level improved
reliability of mass transfer calculations. It also increased the duration of extraction
runs, helped prevent extreme fluctuation in pressure and temperature in the vessel,
and promoted more stable slurry and CO2 flow rates
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4.2.2

Control

An experiment was started by pumping CO2 into the extraction vessel until the desired
extraction pressure was reached. The CO2 was then allowed to flow through the system
until the flow rate and pressure had stabilized. Upon stabilization, slurry flow through the
bypass loop was started.

After turning on the slurry pump and stabilizing the slurry flow, slurry was pumped into
the extraction vessel for a few seconds in order to establish a slurry level of
approximately 10 cm. The slurry outlet valve was then opened and slurry flowed through
the extraction vessel, while maintaining a slurry plug within it.

CO2 flow rate was set and controlled by adjusting the needle valve downstream of the
extraction vessel. It was challenging to accurately set a consistent CO2 flow rate in each
experiment; however achieving consistent slurry flow rate was easier.

Forsyth (2006) modified the apparatus and its operation by adding slurry level control
within the extraction vessel. The level control strategy chosen was discrete sensing at two
different locations, 4 and 13 cm from the bottom of the extraction vessel, and applying a
basic logic to keep the slurry level between those sensors.

The control logic was based on the four sensor states shown in Table 1. The CO2 pump
responds to adjust the slurry level based on the sensor states. For example, increasing
CO2 set pressure would push slurry out of the extraction vessel faster, thus decreasing the
slurry level.
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Table 1 - Slurry level control logic for lab scale continuous SFE (adapted from Forsyth, 2006)

Sensors’ State
1. Lower sensor
activated, upper
sensor not activated

Pump Controller

Explanation

Required Response

Slurry level between

Maintain pumps

lower and upper

current set pressure

level sensors

Incrementally
2. Lower sensor

increase pumps

activated, upper

current set pressure

sensor activated

up to a maximum

Slurry level above
upper level sensor.
Extraction vessel’s
slurry level rising

set pressure
Incrementally
3. Lower sensor not

decrease pumps

activated, upper

current set pressure

sensor not activated

down to a minimum

Slurry level below
lower level sensor.
Extraction vessel’s
slurry level falling

set pressure

Malfunction of
4. Lower sensor not
activated, upper
sensor activated

lower (failure to

Display error

activate) or upper

message

(short circuit) level
sensors

4.3
4.3.1

Supercritical Extraction Process Safety
Definitions

Historically, the focus of process “safety” was on worker safety. Thus, accident
prevention was achieved by using hardhats, safety shoes, rules and regulations. Recently,
“loss prevention” has been used synonymously to “safety”; the concept now includes
hazard identification, technical evaluation, and design of new engineering features to
prevent loss (Crowl & Louvar, 1990).

Crowl and Louvar (1990, p. 2) provide the following definitions:
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1. Safety/loss prevention: “prevention of accidents by the use of appropriate
technologies to identify the hazards of a chemical plant and to eliminate them before
an accident occurs”
2. Hazard: “anything with the potential for producing an accident”
3. Risk: “the probability of a hazard resulting in an accident”

MacDonald (2004, p.1) defines a hazard as “an inherent physical or chemical
characteristic that has the potential for causing harm to people, property or the
environment”. He defines risk as “the combination of the severity and probability of an
event”.

Hazards are believed to be most often a result of design defects, material defects,
workmanship or human error. Human error is believed to occur mainly during the
operation of a process or facility, but it can also be the cause all of the above mentioned
defects. When facilities or processes cannot be mass produced but rather are individually
designed, they are generally more susceptible to human error associated with design and
construction (Nolan, 1994).
4.3.2

Safety in Supercritical Operations

Due to the high pressures and often high temperatures required for SFE, SFE takes place
in a pressure vessel, and the system itself can be considered a pressure system. The main
hazards from pressure systems are (UK Health and Safety Executive, 2001):
•

Impact of compressed liquid or gas release

•

Contact with released liquid of gas

•

Impact from explosive blast

•

Impact from flying debris or failed equipment parts

•

Fire caused by release of flammable liquid or gas

Clavier and Perrut (1996) wrote an excellent overview of important hazards associated
with SFE systems. Hazards were classified into mechanical, thermodynamic, chemical,
biological and ‘other’, which, for the purpose of this report can be considered “external”.
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The following paragraphs summarize their comments and recommendations according to
these categories (Clavier & Perrut, 1996).

Mechanical hazards
•

Vessel Rupture
o Strict inspection procedures limit this hazard to near zero
o Official inspections and tests should be enforced by state agencies (or the
equivalent)

•

Corrosion
o Many products induce corrosion, which causes cracks and local weakness of
the metal
o System should be designed for range of expected materials

•

Plugging (written specifically for batch processes)
o In large scale systems, plugging could cause breakage during decompression
o In lab scale systems decompression is generally effective, but compressed
CO2 may remain in basket. Thus the hazard exists of the basket exploding or
ejecting upon opening
o Care should be taken when working with "sticking" material, such as highly
viscous extracts, etc.
o Operators should wait 5-10 minutes after decompression before opening
autoclave (vessel), so that CO2 has time to exit from basket

•

Tubing connection rupture
o Double ring connections are commonly used on most small scale units where
Pressure is less than 40 MPa bar
o Connections are generally safe when connection procedures are properly
followed
o If connection procedures are not properly followed, rings are not sufficiently
attached to tubing and rupture may occur upon system pressurization
o Proper setting of connections should be verified prior to high pressure use
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•

Metal fatigue
o Life duration of a high pressure vessel is associated with number of
pressurization/depressurization cycles
o Commonly 10000-20000 cycles
o Large scale units must be equipped with a counter to verify the cycle number,
and operation must be stopped after the limit number is reached

•

Metal “fragilization”
o Carbon steel exhibits better mechanical properties than stainless steel
o Adiabatic CO2 decompression to atmospheric pressure leads to low
temperatures and CO2 ice formation, therefore, hot fluid should be circulated
in the extraction vessel and/or tubing jacket
o Controlling decompression well may help to avoid reaching lower limit of
design temperature
o Temperature sensor may be employed inside autoclave wall near the bottom
(where lowest temperatures occur) so that the lower limit of the design
temperature is not reached
o Autoclave (vessel) must be replaced if lower limit of design temperature is
reached
o In large scale units, internal wall of vessel is commonly covered by stainless
steel cladding
o If this cladding is perforated or cracked, CO2 may corrode the carbon steel (in
presence of water)
o Cladding should be inspected regularly to ensure no perforation or cracking

Thermodynamic hazards
•

Dry ice (formed by low temperatures during adiabatic depressurization of CO2) leads
to tubing plugging by water
o Dry ice plugging hazard exist
o Vent and exit line diameters should be overestimated and carefully designed

•

B.L.E.V.E. - Boiling Liquid Expanding Vapour Explosion
o Occurs during brutal decompression of SC fluid to atmospheric pressure

22

o Depressurization is followed by chemical explosion due to gas cloud
inflammation
o Vessel rupture occurred when liquefied petroleum gas vessels burst


Example: San Juanico Disaster, Feyzin Disaster



Disasters linked to metal around vessels weakening during fire

o External fire detectors should be installed that could order immediate
depressurization of whole plant in case of fire
o Properly sized safety valves and/or rupture disks should be employed
Chemical Hazards
•

Flammable fluids, co-solvents and other products
o Use of explosion-proof equipment, buildings and procedures must be enforced
when flammable fluids are handled, especially for light, volatile hydrocarbons
o Atmospheric sensors detecting at explosive limits must be installed


These should be connected to high power fans and to fluid feed stop
valves

•

Corrosive hazards of chemicals previously covered in mechanical hazard description

Biological hazards
•

Asphyxia, for example due to CO2 build-up in facility atmosphere
o All possible emissions must be collected in an over-designed vent
ensuring good dispersion of gas into external atmosphere
o CO2 detectors must be installed
o Detectors should be installed in lower levels of facility and connected
rooms and buildings

•

Chemical and biochemical toxicity
o Leakage of dangerous raw material or extract may lead to aerosol
formation (thus potential of inhalation)
o Proper precaution must be taken if this is a hazard associated with
materials used in process
o Materials should be handled with extreme care, especially if they are
affected by high pressure
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o Materials must be isolated if necessary, proper effluent treatment
implemented, and/ or equipment room sterilized if necessary
External hazards (specifically, human error and operator training related)
•

Operators must be trained and knowledgeable in supercritical processes

•

Equipment suppliers and designers should provide assistance to operators if
necessary

•

General tips for operators include:
o Do not over tighten a leaking nut. CO2 leakage causes temperature
decrease; a risk of nut breakage or metal piece ejection may occur
o Operators must wait before opening a depressurized vessel and must be
prudent when doing it
o Reliability of instruments should be verified. Instrument indications
should be carefully adhered to, especially if plugging materials are
handled
o Equipment should never be modified without the consent of the original
manufacturer and new parts never introduced without manufacturer
approval
o Safety protocol must be in place in case of electrical failure or instrument
failure (including air failure, if instruments are air-actuated)

4.3.3

Safety in a Continuous SFE design

Fortin (2003) and Forsyth (2006) both wrote about hazards and safety concerns
associated with running experiments with the lab-scale continuous SFE system (described
in section 4.2). Similar themes emerged in their safety discussions. The following list
details these themes:
•

Important to be familiar with lab and building safety provisions and procedures (for
example personal protection equipment, eyewash station, etc.)

•

Never operate equipment alone

•

Important to become familiar with system operation:
o Normal (or healthy) fluctuations, other nuances
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o Operation and control of pumps and valves, how their adjustment affects
operating conditions
o Materials (Material Safety Data Sheets, MSDSs)
•

Ensure shut down controls (switches, breakers) and lab exits accessible, nothing
blocking operator to these at anytime

•

Hazard of projectiles, whipping from loose connections: mitigate risk by anchoring
lines, checking connections before system use, employing barrier between operator
and system (e.g. fume hood sash (Fortin, 2003) or Plexiglas barrier (Forsyth, 2006)),
positioning possible projectiles toward walls, ceiling or otherwise away from operator
and access points

•

Hazard of high pressure leaks: mitigate risks similarly to projectiles

•

Hazard of abnormally high pressure in extraction vessel, and blockage of vessel
outlets: employ pressure relief devices and indication of pressurization, ensure
operator is never alone in lab, understand how blockages are indicated and how they
may be caused

•

Always assume the extraction vessel may be pressurized when opening it

•

Access equipment for meter reading, etc. for shortest durations possible

The hazards that were dedicated the greatest discussion were: slurry stops flowing
coupled with increasing vessel pressure, and leaks.

Causes identified for the first hazard, slurry stops flowing coupled with increasing vessel
pressure, were a) obstruction in slurry outlet line and b) pressure of CO2 was too high for
the incoming pressure of slurry. In the case of a), the pressure in the vessel would
increase and the slurry would be bypassed back though the pressure relief valve, and the
operator would shut the system down. In this manner the situation was corrected. In the
case of b) the CO2 pressure could be lowered, allowing the slurry to flow normally again.
Degassing of CO2 was generally avoided, in order to avoid obstruction by ice. System
shutdown was the ultimate solution if the system didn’t respond to corrective actions
well.
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In the case of leaks, corrective action depended on the size and location of leak. Minor
leaks at fittings would be corrected by tweaking the fittings without stopping the
experiment. In such a scenario, it was important to correctly determine the direction of
turn for tightening a fitting before commencing such the action. Corrective actions for
major leaks are described by Forsyth, in a table organized by the location of the leak. It
presents a stepwise approach to safely stopping leak and cleaning spills. Generally,
pumps are immediately or sequentially stopped (depending on the location of the leak).
4.4

Overview of Hazard Assessment

This subsection gives a brief introduction to hazard assessments, while sections 4.5 and
4.6 detail the specific hazard assessment methods used in this Thesis.

Hazards analysis methods are often classified as qualitative or quantitative. Qualitative
methods are generally used to identify hazards, and quantitative methods are used to
evaluate the potential impact hazards. Quantitative methods are also used to evaluate
recommended solutions when a risk has been identified as higher than industry accepted
standards (MacDonald, 2004). Several commonly used hazard analysis methods are
described in (Crowl & Louvar, 1990; Nolan, 1994; Macdonald, 2004; Stephans, 2004).

A completed hazard review report demonstrates that all actions have been considered
and/or implemented to reduce major hazards. Hazard analyses are generally not used to
evaluate potential “slips, trips, or falls” since these should be covered by a company’s
general safety policies (Nolan, 1994). Also, many hazards assessment methods are
generally applied to large processes or facilities (such as an entire gas processing plan).
However, it is equally important to conduct a hazards assessment on newly developed
technologies and small scale processes that are perhaps more susceptible to human error,
such as the technology described in this report.

Table 2 is a schedule of the typical process hazard study life cycle. Although the study
life cycle appears to be a linear process, often, and especially for the project described in
this report, it is an iterative process which can follow the iteration of a design cycle or can
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iterate due to updates in the facility and processes or newly acquired information on the
process and its hazards.

A hazards assessment report is a living document and is updated as the facility and
processes are updated. It is often required by regulations that a process hazard analysis is
updated and revalidated periodically, for example US regulations require it every 5 years
according to the US OSHA and EPA (MacDonald, 2004).
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Table 2 - Typical Process Hazard Study Life Cycle (adapted from MacDonald, 2004)

Project stage

Hazardous Study
Level

Process
development

1

Process definition 2

Process design

3: Detailed design
hazard study

Procurement and
Construction

4: Construction/
design verification

Commissioning

5: Pre-startup
safety review

Operation

6: Post-startup
review

4.5

Description
Occurs in the conceptual design stage. The aim
is to establish the context of the risks.
Occurs during project definition. The draft
design flow sheets are studied at a stage where
design changes to include safety measures will
not result in penalty or wasted design effort.
This study is a detailed hazards evaluation,
which takes place when a design is nearly
final. It assumes that control system functions,
operability features, and critical safety
functions of the design have been identified
from the previous study levels
Generally occurs at the end of construction to
verify equipment/facility is built as intended.
Hardware, operating and emergency
procedures, and outstanding action items are
checked
This study aims to ensure the operating team
can properly commission the facility. Training
is completed, the safety integrated system
(SIS) and alarms are validated. Compliance
with legislation is confirmed
Thus study occurs a few months into facility
use. The aim is to verify all outstanding action
items are complete, the facility operates as
expected

HAZOP

A framework for the design process (described in Chapter 0) that enables hazards
identification and facilitates inclusion of risk reducing features; and, a rigorous, standard
and clear design review method for the design work was required to fulfill the objectives
of the Thesis.

HAZOP analysis is detailed in this section because it was the methodology used for these
purposes. In section 4.5.1, the reader should gain a basic understanding of what a
HAZOP analysis procedure entails. The two subsequent subsections, sections 4.5.2 and
4.5.3, discuss the advantages and disadvantages of using HAZOP methodology for the
work in this Thesis.
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4.5.1

Introduction and Methodology

HAZOP analysis is a hazard assessment method often applied to chemical processes. The
term “HAZOP” comes from combining the words “hazard” and “operability”, as the
method addresses both these aspects of a process, plant or facility. “Hazard” was
previously defined in section 4.3. The definition of “operability”, in the chemical process
context, is less concise. Generally, “operability” as a concept is comprised of the
following themes (Marlin, 2010):
•

Operating window

•

Flexibility (and controllability)

•

Reliability

•

Safety (and equipment protection)

•

Efficiency (including product quality and profitability)

•

Operation during transitions

•

Dynamic performance, and

•

Monitoring and diagnosis

Dunjo et al. (2010) provide an excellent review of HAZOP analysis.
They state that HAZOP is “defined as the application of a formal, systematic critical
examination of the process and the engineering intentions of new or existing facilities to
assess the potential for malfunctioning of individual pieces of equipment, and the
consequential effects on the facility as a whole.” (Dunjo et al., 2010, p.20)

When a process, material or equipment used in a system is unusual, complicated or
extremely hazardous, a detailed HAZOP analysis can generally ensure that major hazards
are accounted for, even those which may not be familiar to the review team (Nolan,
1994). As previously stated, a HAZOP analysis is systematic, conducted according to
procedure and well documented. It generally requires a team of reviewers and a team
leader who has specialized training in conducting HAZOP reviews. The team leader
guides the team through the process by following a standard format. This systematic
approach makes the HAZOP review a logical and thorough process that has the capacity
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to investigate sequential failures to their final outcome. For the same reasons, however, it
may be slower and more costly to implement than some other reviews (Nolan, 1994).

In structure and systematic execution, HAZOP and Failure Mode and Effect Analysis
(FMEA) are similar. HAZOP generates deviations of design intent based on deviation
guidewords applied to process parameters, while FMEA considers failure modes of
specific equipment (Stephans, 2004).

The general procedure for a HAZOP, as described by Nolan (1994) and MacDonald
(2004) is:
•

Node identification: a process is divided into systems or subsystems; each subsystem
contains 1-2 components called nodes
o Divide the system into subsystems. Follow the process flow of the system to
do this
o Isolate subsystems into “flow lines” which achieve a single objective (i.e.
increase pressure, remove water, separate gases, etc.)

•

Identify characteristics (properties) of the flow lines

•

Generate deviations or (guidewords) for each property parameter. Examples are given
in Table 3

•

Complete analysis of each flow line:
o For each flow line and property, every guideword deviation is considered
o For each deviation, a cause is identified
o For each cause, a consequence is identified
o For each consequence, protection, or safeguard is identified
o For each protection, a recommendation for action is made if the remaining
level of risk is unacceptable
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Table 3 - Examples of HAZOP deviations (MacDonald, 2004)

Deviation/Guideword

Description

No/Not

None of the design intent is achieved

Less

Quantitative decrease

More

Quantitative increase

As well as

Qualitative modification or additional
activity occurs

Part of

Only some of the design intent is achieved

Reverse

Logical opposite of design intent

Other Than

Complete substitution – another activity
takes place

Where Else

For flows, transfers, etc. – consider
sources and destinations

Before/After

Relates to the order of sequence

Early/Late

Timing is different from intention

Faster/Slower

The step is completed fast/slower than
intended timing

4.5.2

Advantages of HAZOP as a design framework and review method

Advantages to using HAZOP methodology for the design process (Chapter 0) and design
review are broadly discussed in this section. Reflection on how the design process and
design review were able to capitalize on the strengths of the method is discussed in more
detail in subsections 7.2.1 and 7.2.2.

HAZOP methodology was applied as a framework for the design process (thus calling it a
“HAZOP-inspired” process). M-I SWACO generously offered to conduct a HAZOP of
the System with design team members and some of their experienced professionals using
their typical HAZOP process for the design review, once the design was in a more
detailed state.
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HAZOP’s widespread usage (in several industries), adoption into international hazard
analysis guidelines, recognition by legislation, and use as the standard hazard analysis
method of several large chemical/process companies attest to the success of the method
for improving the safety of chemical plants and systems (Dunjo et al., 2010). Also, there
is appreciable body of literature available on the application of HAZOP for improving the
safety of chemical processes. Thus, advantages of applying HAZOP in the design process
and design review are that it has a successful industrial legacy as hazard analysis tool,
and that current, peer reviewed HAZOP methodology resources and reference material
could be obtained for use for this Thesis.

In general, it is important to integrate safety analysis into the design process from its very
early stages (Macdonald, 2004). The types of safety analysis methods used at different
stages is shown in Table 2. The literature (Bahr, 1997; Stephans, 2004; Macdonald, 2004)
suggests that HAZOP analysis can be conducted at any stage of plant or system
development, but notes that the more detailed and developed the process design is the
better HAZOP methods can be leveraged to comprehensively identify hazards. The
design discussed in this Thesis started as a design “concept”. In order to continuously
improve the design, and to identify new potential hazards as detail was added, several
stages of HAZOP-inspired design iterations were used in the design process. Though, in
general terms as a technology, the design is still novel. Therefore, when the detail in the
design had matured sufficiently (i.e. after development occurred by during
HAZOP-inspired design iterations), a standard, professional HAZOP (the November
2010 HAZOP) was conducted as the design review (as explained in Chapter 0).

Bahr (1997) refers to HAZOP as a “somewhat controlled technical brainstorming
session” and an “extremely useful tool in making sense of highly complex process flows”
(Bahr, 1997, p. 110). Thus, it is the nature of an open discussion, structured such that all
flow characteristics (as identified by the HAZOP team) are analyzed, that makes HAZOP
a good method to use as the design framework. While each design team member may
have a correct view of the system being analyzed, no individual may possess the
complete perspective of the system (De la Garza & Fadier, 2005). Thus, a group style
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analysis allows for many experts to share their knowledge and concerns openly in a
structured setting.

A process-oriented procedure, such as HAZOP, was deemed more appropriate than an
equipment-oriented one (such as FMEA). It was important for the design team to
understand the process characteristics, and design around them to ensure the risks of
associated with the process have been reduced. It was assumed that the appropriate
equipment could be sourced given sufficient research, recommendations from suppliers
and guidance from M-I SWACO.

In summary, the strengths of applying HAZOP methodology to the design process (for
example, in “HAZOP-inspired” assessments, as it is used in this Thesis) and as a
traditional safety review (i.e. a standard HAZOP analysis, such as the November 2010
HAZOP) are:
•

Clear in procedure and results: enables tracking of causes, consequences and
recommendations in an actionable list

•

It is recognized internationally as a standard hazard identification and analysis
method for the chemical processing and other industries

•

There is an appreciable body of literature about HAZOP available to the researchers

•

In theory it can be applied at any stage of the design process, the caveat being that the
method is only as thorough as the detail in the design (where the review is more
thorough for a well presented, detailed design)

•

Structure and style of discussion ideal for drawing from the expertise and knowledge
of many individuals in one meeting

•

Process-oriented

4.5.3

Disadvantages of HAZOP as a design framework and validation method

There are several potential shortcomings associated with HAZOP. These are introduced
in this section, and subsections 7.2.1 and 7.2.2 discuss how the design process and
November 2010 HAZOP faired with respect to these shortcomings.
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Though HAZOP method can also account for management and human factors,
incorporation of human factors is not ubiquitous in all HAZOP methodology applied by
industry (Stephans, 2004). The methodology often focuses on physical subsystem
(Suokas & Rouhiainen, 1989).

Collectively, the HAZOP team member should have sufficient process knowledge and
experience that the process and flow line conditions and deviations can be identified.
Appropriate identification and critical assessment of these is pivotal for a successful
HAZOP. If the HAZOP team is unable to identify these conditions and deviations, or
chooses not to assess those which are of questionable importance, the results (thus safety
and operability of the plant) can be compromised.

Though the methodology was developed to encourage creative and open discussion, the
style of the discussion is ultimately determined by the HAZOP chair and the HAZOP
team dynamic. When the HAZOP team falls into habit or routine, or has poor dynamic
where creative ideas and constructive criticism are not encouraged, certain process
behaviours can be overlooked and hazards can be missed. (Macdonald, 2004)

Thus, a HAZOP analysis can fail to capture hazards resulting in potential loss/events if
the HAZOP team:
•

Does not consider management or human factors in the analysis

•

Has poor team dynamic, or is chaired (led) by an inexperienced or poor facilitator

•

Lacks process knowledge and/or experience, or

•

Is allowed to be apathetic

Also, literature suggests that the selection of the appropriate hazards analysis technique
should be carefully considered. Managers can best make objective decisions on plant
design by considering the results of from various methods, such as HAZOP, Facility Risk
Review (FFR) and Quantitative Risk Analysis (Montagne, 1990; Macdonald, 2004)
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Analysis of a mature process or plant design, appropriate presentation of the design,
proper specification of HAZOP method (which includes physical and human factors),
careful selection of the HAZOP chair and team, and careful consideration (and
application) of several hazard analysis methods will help to develop good HAZOP
results.
4.6

Quantifying Risk

As previously described, risk quantification is often an important element of risk
reduction for a proposed design. This section describes a risk quantification method that
may be applied to this project. A discussion regarding the value of completing a
quantitative risk assessment as part of this Thesis work is included in section 7.1.13.
4.6.1

Overview

In order to reduce risk in a chemical process, plant or facility, one must have a sense of
the “amount” of risk a system poses in order to have an understanding for the type of
reduction or management intervention it requires. It follows that risk must be measured in
some way. To quantify risk, a system must be subject to a quantitative risk assessment, or
QRA.

Generally, a “value” for risk is determined by (McBean, 2010):
 =  

×   (Equation 1)

For process industries, this may appear as (Macdonald, 2004):
 =  

 ×    (Equation 2)

Reducing the exposure or frequency reduces the probability that the ‘recipient’ or subject
(worker, public, sensitive environment, etc.) will be impacted by a hazard, while reducing
the severity or toxicity reduces the potential impact a hazard will have on the recipient.
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There are several scales used to measure risk, though no universal scale exists. These can
be qualitative or quantitative. Table 4 is an example of a risk matrix from MacDonald
(2004). The columns refer to the severity of the consequence and the rows refer to the
frequency at which the hazard or accident may occur. The severity * frequency
combinations are evaluated into risk classes (roman numerals), which are interpreted in
Table 5. The scale will vary with different processes, facilities and industries being
evaluated.

Table 4 - Example of a Risk Matrix, based on table B1 of IEC 61508-5 (MacDonald, 2004)

Frequency

Severity
Negligible

Marginal

Critical

Catastrophic

Frequent

II

I

I

I

Probable

III

II

I

I

Occasional

III

III

II

I

Remote

IV

III

III

II

Improbably

IV

IV

III

III

Incredible

IV

IV

IV

IV

Table 5 - Interpretation of Risk Classes Shown in Table 2 (MacDonald, 2004)

Risk Class

Interpretation

Class I

Intolerable risk

Class II

Class III
Class IV

Undesirable risk. Tolerable only if risk reduction is impracticable or if the
costs are grossly disproportional to the improvement gained
Tolerable risk if the cost of risk reduction would exceed the improvement
gained
Negligible risk

MacDonald suggests caution when using a scale, as hazardous events may have potential
consequence in more than one risk category, such as production, personnel,
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environmental and assets. Thus when assessing overall risk, the effects must be recorded
and considered from each category.

In addition to risk classification, risk matrices, such as the one presented above, are used
as a decision tool to help designers determine which hazards must be mitigated or
potential severity reduced.
4.6.2

QRA and Risk Reduction in Process Industries

Risks that must be considered in a QRA are not limited to the process and equipment; it
should encompass everything that may cause a potential hazard, including the operator
and malfunctions of the control system (Macdonald, 2004).

When considering quantification of risk in process industries, literature suggests that
combining HAZOP and a Fault Tree Analysis (FTA) is the best combination (Bendixen
& O'Neill, 1984; Ozog, 1985; Ozog & Bendixen, 1987; Cozzani, Bonvicini, Spadoni, &
Zanelli, 2007).

A Fault Tree is a graphical method of qualitatively analyzing hazards and system
reliability. A ‘top’ event (an undesired critical or important event) is postulated by an
engineer. Faults which must occur in order to cause the top event are sequentially listed
below the top event on branches (a separate branch for each separate fault) in a top-down
manner. Thus, the engineer could identify the sequence of failure and parallel failures
that must occur in order to cause the top event (Bahr, 1997).

It should be noted that conducting an FTA will not result in a model of every possible
failure, cause or consequence. Rather it is the model of a top event suggested by an
engineer, and the failure of elements (of the entire system) that lead up to that event. The
engineer can use the results of a HAZOP to identify which “top” event to analyze; the
HAZOP may identify an event for which additional risk reduction is required (Dunjo et
al., 2010; Bahr, 1997).
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Though a Fault Tree is not a quantitative assessment method, it can be quantified by
assigning failure probabilities to events and statistically solve for the probability of the
top event. Bahr (1997) recommends that reliability engineering books are appropriate
resources to consult when assigning failure probabilities. Probability estimates will likely
include probability data of the following sources, for a single event (Bahr, 1997):
•

Hardware failure

•

Human error estimation

•

Maintenance frequency

•

Environmental conditions

•

Mechanical failure

•

Etc.

For mature technologies, uncertainties associated with QRA are effectively minimized by
combining FTA with HAZOP, namely (Bendixen & O'Neill, 1984) :
•

The events that should be considered

•

The frequency these initiating events occur

•

The criterion applied to estimate the consequence

4.6.3

Recommended QRA Methodology

A holistic approach was taken to risk reduction for the System designed in this Thesis
Risk reduction is provided in “layers”, where each unique layer of protection functions to
reduce risk (MacDonald, 2004, from IEC 61511-1). A description of this approach is
included in section 4.10.

The amount of protection (risk reduction) the layers provide can be determined using
QRA. Figure 4 was adapted from MacDonald (2004) and is based on the IEC 61511-1
risk reduction model. Essentially, it shows the risk associated to a process, facility or
plant as an unprotected entity, and demonstrates that different ‘layers’ of protection help
to reduce risk to an acceptable level or below. There is always a certain amount or risk
associated with any protected process, therefore the risk of the protected process is called
“residual risk”.
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Figure 4 - Risk Reduction Model (adapted from MacDonald, 2004; original source: IEC 61511-1)

In the figure above, the residual risk is calculated using the following concepts:
•

Unprotected hazard frequency, Fnp (y-1): frequency of an event that has a critical
consequence (e.g. human harm or death), before a protection measure is
implemented. Could be considered the demand placed on the protection measure

•

Tolerable frequency of a hazardous event, Ft, (y-1): industry and/or publicly accepted
frequency a hazardous event may occur

•

Risk reduction factor, RRF (unit less): the amount of risk reduction achieved (or
required) by a protection measure. Likewise, the amount of protection that a
protection measure must provide in order to achieve tolerable frequency of a hazard.
 =

•





(Equation 3)

Average probability of failure on demand, PFDavg (unit less): average probability that
the protection system will fail to perform its design function on demand. In order to
achieve tolerable frequency, PFDave is the inverse of RRF, however it may not be.

•

Frequency of a protected hazard, Fp (y-1): frequency that an event will occur, given
protection by a protection measure
 =  × 
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(Equation 4)

•

Residual Risk (y-1): risk remaining after all protection measures have been applied is
 ! "#  =

$ × 
 ×  ×  × …
%
&
'

(Equation 5)

where ‘C’ is the exposure.

Safety integrity levels (SILs) are the measure of risk reduction resulting from protection
provided by a Safety Integrated System (SIS). A SIS is a control system that provides
safety functions, such as critical safety alarms and safety shutdown interlocks. These are
described in 4.7, and are detailed in the standard IEC 61511-1.

SILs define the range of risk reduction provided by an SIS. They represent a range of
failure on demand, PFDave values or risk reduction factors RRFs associated with the SIS.
Table 6 was adapted from MacDonald. It shows the relationship of SIL to RRF and
PFDave values previously discussed.
Process industries will generally design for SILs1, 2 and 3, reserving SIL4 for events
with only very severe consequences. SIL 3 is generally the upper limit to practicably
achievable safety engineering practices for most processes (Macdonald, 2004).
Table 6 - SIL Levels (adapted from MacDonald, 2004)

SIL

PFDave

Risk Reduction Factor

1

10-1 – 10-2

10-100

2

10-2 – 10-3

100-1000

3

10-3 – 10-4

1000-10000

4

10-4 – 10-5

10000-100000

Results of a HAZOP can be used as input data for the assignment of SILs to SIS.
Valuable information about required SIS specification is provided when safeguards are
identified in a HAZOP.
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A literature review of assigning SILs using HAZOP results or in conjunction with doing a
HAZOP is covered in Dunjo et al. (2010).
4.7

Control systems with respect to process safety

Defining “ground rules” (or a “philosophy”) for control was an important part of the
Thesis work. The following section presents important background information on
certain elements of the control philosophy.
4.7.1

Overview of Control Systems

In process industries, the importance of using control methods that produce payback
quickly is increasing. Thus, the digitization of new control system technology lends itself
well to this; they can be installed and updated quickly, which minimizes loss due to
changeover. These systems also provide sophisticated, easily customized controls that
also help increase process payback (Samad, 2001).

Process control generally includes plant hardware, computer control systems,
communication systems, computer software, etc. In commercial or industrial facilities,
control systems are often structured as distributed control systems (DCS), where tasks
can be grouped into levels; each level has a unique function, and all levels comprise a
hierarchy of control (Samad, 2001):
•

Enterprise management (well being of company)

•

Plant management (production scheduling)

•

Supervisory system (supervising lower levels – field and process)

•

Field control level (using direct digital control devices – interlocks and drives)

•

Field level (sensors actuators)

•

Process level

Lower levels use direct digital control (DDC), sensors, actuators that interface with
process. These lower levels use the local area network (LAN) to link operator
workstations, and drive programmable logic controllers (PLCs), sequential control and
simple unit controllers. Supervisory and plant management levels supervise and manage
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the production process. Interconnected computers provide the technological framework to
relay information between the plant management (production) and enterprise
management (commercial/business divisions) (Samad, 2001).

In terms of software, human machine interface (HMI) software for personal computers
provide sophisticated entry, manipulation and presentation of data. These have graphical
interfaces that relate to the process schematics, such that dynamic process data can be
easily represented (Samad, 2001).

One type of control application suite uses virtual instrumentation (VI), which is meant to
mimic real hardware instrumentation on a personal computer. This type of control
programming employs graphical symbols for mathematical or low level statements,
which can be connected together to build a VI. Components of this suite type include
(Samad, 2001):
•

Icons and wires: once a VI is constructed from the graphical programming
statements, it can be captured as a single icon and defined in unique units. VI icons
are connected together using “wires”. Using wires facilitates the construction of a
hierarchal structure in a control program, and helps specify required inputs and
outputs to VIs

•

Front panel: the presentation of process controls and data that the operator sees and
interacts with. The front panel can be embellished to emulate process hardware

•

Block diagram: the source code program where VI icons are connected by wires

An example of a control suite that employs VIs is LabVIEW. It has data acquisition
capabilities and various different “kits” for controllers, for example PID kit which allows
the user to specify a PID controller (Samad, 2001).
4.7.2

Control Systems Providing Safety Functions

A control system provides two separate functions: basic process control, and safety
control. The distinction between these is made in this section. This discussion is very
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important, as the control system specified in the results of this Thesis must fill both basic
process and safety control roles.

The safety functions of a control system should be separated from the basic process
control functions. Separation of these roles improves the integrity and reliability of the
most critical controls, the safety controls. The system that provides safety control is
called a Safety Integrated System, if it meets the criteria for SISs provided by
international standards IEC 61511-1 (Macdonald, 2004).

In the book Out of Control, the UK Health and Safety Executive uses the following
definition of a SIS (Macdonald, 2004, p. 66)
“Safety instrumented systems are designed to respond to
conditions of a plant that may be in themselves, or if no action
were taken could eventually give rise to a hazard. They must
generate the correct outputs to prevent the hazard or mitigate the
consequences.”

Eryurek et al. (2006) define abnormal situations as “nonroutine incidents that the normal
plant control system does not handle”; they impact profitability by a decrease in
production cost, product quality, product throughput, equipment damage, environmental
emissions and/or personal injury. They further comment that:
“safety… [integrated] systems may intervene to bring the plant to a safe
state but by that time some economic losses have already been
experienced. Further, abnormal situations require an operations and/or
maintenance response involving both correct detection and diagnosis of
the problem(s) and correct action(s) to compensate” (Eryurek et al., 2010,
p.10)

The SIS includes automated control systems and devices whose function is strictly safety
related, i.e. they “protect persons, plant equipment or the environment against harm that
may arise from specified hazardous conditions” (Macdonald, 2004, p. 67). These include
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emergency shutdown sequences, safety trips (or interlocks), and critical safety shutdown
alarms. Alarms that rely on correct operator action to prevent a hazard or mitigate its
consequence are not included in an SIS. A SIS is “bounded by” sensors, logic solvers and
actuators that provide critical safety function. These only interface with the basic process
control system (BPCS) and the operator via a user interface (prior to a user interface, SIS
components are separate from the BPCS) (Macdonald, 2004).

The basic process control system (BPCS) is the instrumentation and control system used
to provide process control of the plant. BPCS is the term and abbreviation used in the
standard IEC 61511-1 (Macdonald, 2004).

“All standards” (Macdonald, 2004), recommend that the BPCS should be separated from
the SIS so that the intended degree of risk reduction is achieved. Generally, the BPCS is
used to control a process to obtain optimal performance from it within safe limits, and is
not built with safety as the dedicated task. A failure in process control, if adequately
separated from safety control, should not result in potential for catastrophic
consequences. Also, the BPCS should be flexible (within safe limits) such that operators
may make changes to it or (modify, disable or bypass parts, etc.). Conversely, operators
should not be able to change a SIS, as it follows fixed set of “rules”, must be highly
reliable in all situations (Macdonald, 2004).

High reliability of the SIS can also be achieved in an “integrated” system, where control
and safety functions are integrated. In this case the “internal architectures” of the SIS
ensure a high integrity of safety functions and that the process control functions are well
defined (Macdonald, 2004). Details and specification on “internal architectures” of an
integrated system were not found in the literature reviewed.
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4.7.3

Testing the SIS

Proof testing is used to verify correct operation of the SIS.

“Effective SIS proof testing should confirm the correct
operation of the sensing element(s) and actuating devices, also
known as final elements… The most satisfactory test of a
system will manipulate the process variable in order to achieve a
full end to end test. However, practicability is very much
dependant on the nature of the process, the process materials and
associated risk, and on the tolerable upsets to the process and to
production.” (UK Health and Safety Executive, 2002, p. 5)

There are numerous methods different chemical industry representatives have applied to
conduct SIS proof testing. In the report Principles for proof testing of safety
instrumented systems in the chemical industry (2002), the UK Health and Safety
Executive developed guiding principles for SIS proof testing through research of industry
practices. The guiding principles cover the content, format, planning, scheduling, and
record keeping of proof testing.

This report also addressed the competence of personnel conducting proof tests, awareness
of hazards and risks and SIS change management. It stresses the importance of
acknowledging that the action alone of proof testing has the potential to create hazards
and expose the equipment and tester to risk, and that changes made to an SIS may in turn
prompt need for changes to proof testing procedures, schedule, content, etc. (UK Health
and Safety Executive, 2002).

The authors also noted that standards ANSI/ISA-S84.01-1996 (ANSI, 1996) and EEMUA
Alarm Guide (EEMUA, 1999) provide guidance on the content of proof testing and
concluded that, while their extensive literature search did not return results specific to
hazards directly linked to proof testing, results generally supported the guiding principles
developed through their research (UK Health and Safety Executive, 2002).
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4.7.4

Alarms

A section of the literature review is dedicated to alarms because identifying an
appropriate alarm philosophy and specifying alarms was an important task in the Thesis
work. The reader should gain a sufficient understanding of basic alarm design
considerations to be able to critically read the alarm related results in section 6.8.

In general, alarms are used to bring the operator’s attention to a specific state or condition
of the process or equipment, thereby allowing the operator to maintain the desired
process states, conditions and performance. Some alarms are associated with states and
conditions that may indicate possible hazards (Macdonald, 2004).

Alarms are an important part of the human interface of a process or system. Display
typically consists of an alarm annunciation window, colour coded lights, and/or a
message window and is often supported by audible sirens or tones. Display of alarms
should be associated with alarm priority, which is defined by the alarm system designers
and users in an alarm philosophy (Macdonald, 2004).

Priority of alarms is determined by the severity of the consequence of the alarmed
condition, and the response time available compared to the time required to correct the
condition. The EMUA guide recommends 5% or less of total alarms associated to a
system or plant as “high” priority safety alarms, 15% as “medium” priority and 85% as
“low” (Macdonald, 2004).

The alarm systems can be integrated with the basic control system, which facilitates
relating alarms to the process conditions and controls. This arrangement is generally
achieved using specific software tools (such as in SCADA or DCS packages) and allows
for grouping or configuring alarm display by alarm prioritization or other. An alternative
arrangement is using discrete sensing and switching devices for specific conditions
throughout the process, and providing interface on an annunciation panel, where lights
displayed and audible tones are activated (Macdonald, 2004).
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Recently, the issue of excessively alarming plants and processes has become an issue. A
system is excessively alarmed when there is a backlog of alarms or frequent minor alarms
sounding during steady operation. During an upset event a high number of major alarms
sound without an indication of priority, overwhelming operators with noncritical
information. In these scenarios, operators may become desensitized to alarms and alarms
may be ignored, turned off or otherwise mismanaged. Alarm management software can
be used to organize, rationalize and prioritize alarms in order to allow more effective
response to alarms. During safety or hazard reviews, alarms should also be reviewed, and
the study team should understand the benefits of well-management alarm system and
apply an alarm management strategy as defined by process designers and end users
(Macdonald, 2004).

There are several different functions alarms can play; only some qualify as safeguards
(Macdonald, 2004):
•

Process alarms indicate deviations in process conditions that may lead to lower
efficiency or productivity. These alarms are often associated with the sensors used
for process control

•

Machinery or equipment alarms indicate issues with the machinery thereby
indirectly indicating potential process issues or hazards

•

Safety-related alarms alert the operator to potentially unsafe process conditions
and prompt a specific operator action and/or are associated with an automatic
safety trip (interlock).

•

Emergency shut-down (ESD) alarms alert the operator that an automated
shutdown has been initiated by the SIS

•

Fire and gas alarms are safety related alarms, but are generally on a separate
system from all other alarm, as control and process equipment may be damaged or
shutdown in the event of a fire or gas leak.
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In general, design considerations of the critical safety alarm system are:
• “It should be designed, operated and maintained in
accordance with the requirements set out in the standard
(IEC 61508)
• It should be independent and separate from process control
system (unless the control system itself has been designated
as a safety system).” (Macdonald, 2004, p. 85)

Therefore, critical safety alarms must not share the same failure mode as process alarms
or alarms of less critical thresholds. In the same manner, critical safety alarms should be
associated with a unique sensor from process alarms, such that if the process sensor fails,
then critical safety alarm does not (Macdonald, 2004).

In summary, design considerations of alarms are:
•

Clear presentation and annunciation

•

Avoid excessive alarms – present only relevant and useful alarms

•

Alarms should have a defined specific actions (operator and/or automated)

•

Designing and setting alarms to allow for reasonable response time

•

Presentation structure to show prioritization

•

Alarm management methods for automatic suppression of alarms, reduction of
quantity of alarms and rationalizing installed alarms,

•
4.8

Critical safety alarms should be separated from all other alarms
Human Factors in Safety

A section of the literature review is dedicated to human factors because, as previously
discussed, human factors play an important role in a HAZOP analysis. This section gives
an overview of human factors in safety, and how they can be incorporated into a HAZOP
analysis. A reflection on how well the design process and design review covered human
factors is discussed in more detail in subsections 7.2.1 and 7.2.2.
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4.8.1

Human Factors

“Human factors” refers to:
“human beings and their interactions with products, equipment,
procedures, environments and facilities used in work and everyday
living. Human factors seek to improve the things people use and the
environment in which they use these things to better match the
capabilities, limitations and the people’s needs. Human factor has to be
included in engineering and the design of a workplace or a working
environment because it influences the work performance.” (Vignes &
Liyanage, 2011)

Human errors are not often predictable, and maybe caused by factors outside the control
of the individual, such as space design, operating instruction, competence, planning and
implementation, follow-up of safety notices, deficient management and breach of
procedure. Human experiences must be taken into account when designing; systems
must be able to handle errors. Influencers of human factors, as noted above, must be
controlled (Vignes & Liyanage, 2011).

Performance influencing factors (PIFs) are often the reason for human errors. Having
knowledge about PIFs is valuable in that, by controlling PIFs, negative effects on human
performance can be reduced. Many PIFs are shaped by organizational policies and
practices. Early adoption of policies and practices to manage relevant PIFs is required to
build a well functioning organization and avoid critical situations; mere follow-up after
audits, investigations and incidents may lead to ad-hoc policies that may not garner
adequate buy-in from all personnel and management levels. It should be noted that not all
PIFs apply to an organization or division of an organization; there may be one or two
which are relevant (Vignes & Liyanage, 2011).

PIFs are grouped into two sets of “actors”, work related and human related. Work related
actors can be well managed by appropriate organizational policies and practices. These
include (Vignes & Liyanage, 2011):
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•

Environment – implications for health and level of performance; humidity,
illumination, noise, etc.)

•

Displays and controls – readable, easy to operate, planned and representative of the
system)

•

Task demands (physical and psychological) – workload, frequency, memory demand,
vigilance, critical tasks, etc.)

•

Instructions and procedures – readable, meaningful, easily accessible, user friendly),
and

•

Socio-technical – team structure, roles and responsibility, attitude to safety,
communication, availability of resources, work hours and breaks

Human-related actors can never be totally eliminated, but appropriate measures and
practices can help operators to have better control of psychological status. These include
(Vignes & Liyanage, 2011):
•

Individual factors – factors that lead to lack of concentration or motivation. These
include physiological and physical health, wellbeing, capability; emotional health;
risk perception; personalities; training; experience; attitude, etc.

•

Stress – lack of experience, time pressure, distractions, monotony, high-risk
environment, fatigue, isolation, etc.

Changes in one area will affect others. For example, employing new piece of equipment
may necessitate the updating of procedures, more personnel training, changes in task time
allocation (may take longer due to inexperience), etc. (Vignes & Liyanage, 2011).
4.8.2

Including Human factors in a HAZOP

Baybutt (2002), as cited by Dunjo et al. (2010), makes an excellent statement
demonstrating the value of work dedicated to developing methodologies that include
human factors in hazard assessment: “The importance of this work is reflected in the fact
that between 50 and 90% of operational risk is attributable to human error” (Dunjo et al.,
2010, p. 23).
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Several approaches have been developed to include human factors into HAZOPs. These
are summarized from Dunjo et al. (2010):
1) Schurman and Fleger (1994) created the HAZOP parameters (equivalent to flow line
properties) “person”, “information”, “action”; and applied deviation guidewords
“missing” and “mistimed”, therefore verifying adequacy of “procedure” and
“training” as safeguards
2) Baybutt (2002) suggests identifying types of human failure by creating different
combinations of the persons involved in the facility, the facility aspect the person is
involved with and types of failures that may be associated with the each person
involved in each facility aspect, and analyzing each combination using HAZOP
methodology
3) Aspinall (2006) detailed basic known HAZOP principles to show how the existing
method could be applied to human factors. The importance of very clear design
intention was reiterated when applying deviation guidewords to human factors
4) Kennedy and Kirwaren (1998) suggested that a modified HAZOP be developed for
the identification of organization/management vulnerabilities with respect to safety.
They defined study procedures, group selection and required deviation guidewords
for their method based on decision-action diagrams and functional task descriptions
4.9

Operating Instructions and Procedures

An Operating Manual for the System is included in the results of this Thesis, in
section 6.7. This work is considered a valuable design element for reduction of the risk
associated with System operation. Though in general, recommendations from the
literature regarding the composition of operating instructions were basic in nature, similar
themes emerged from the sources. These are summarized in this section. An effort was
made to apply the recommendations to the Operating Manual.

To reduce the risk of failure of pressure equipment, there must be a set of operating
instructions for all equipment. Instruction must also include procedures for control and
emergency situations. Proper access to these instructions and adequate training in
equipment operation is necessary to derive value from operating instructions (UK Health
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and Safety Executive, 2001). Procedures may specify a hazard identification methods and
hazard correcting procedures. Changes in operating instructions must be completed by
the appropriate level of authority, and must be followed-up with personnel training
(Lutchman, 2011).

Vignes and Liyanage (2011) make the following suggestions for operating instructions:
•

Readable, meaningful, easily accessible, user friendly format

•

Clear intention, clear instructions

•

Always define the selection and location of an instruction when cross-referencing

•

Document should be frequently updated, applicable revisions should always be
clearly identified and easily accessed

•

If a set of procedures is often breached, it must be reviewed, modified, and
followed-up on

Lutchman (2011) gives guidelines on information to include in standard operating
procedures (SOPs), and shows examples of well-written SOPs. SOPs guide operators to
perform work safely, and often pertain to specific tasks or pieces of equipment. They
should be detailed and clear enough that even an inexperienced worker can execute task
safely. They generally include:
•

A reference number and title to facilitate selecting, locating, and referencing the
procedure

•

The date the procedure was written

•

The author

•

Persons who reviewed the procedure, date of the revision

•

Revision number

•

Page numbers (in the format Page x of y Pages)

•

Steps involved in start up, shutdown and operating equipment

•

Identification of hazards associated with the above steps

•

Personal protective equipment (PPE) and other precautionary measures
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4.10 Building Process Safety: a “Protection Layers” Perspective
The concept of protection layers has been applied in the design of the System.
“Protection layers” refers to the use of independent, diverse safety measures that prevent
a hazardous event or mitigate the consequences of that event. The safety measures in
layers “further” from the process provide back-up to safety measures of layer “nearer” to
the core process. Using multiple independent protect measures against a common hazard
is considered the most successful approach to reducing risk (Macdonald, 2004). The
following diagram is adapted from Macdonald (2004) and shows a simple representation
of safety layers.

Community emergency response*
Containment
Relief
Automatic SIS
Alarms
Basic Process Control System

Process

*External protection

Figure 5 - "Protection Layers" (adapted from Marlin (2010)

Protection layers must be independent of one another. Thus, the failure mode of one
safety measure (belonging to one protection layer) may not cause failure of another
measure. In this way, independence of protection layers greatly reduces common cause
failures of multiple layers.

Protection layers may have one of two distinct functions: prevention or mitigation.
Prevention layers are intended to prevent the hazard from occurring. These include
process and plant design, alarm systems, mechanical safety devices (such as relief
devices flow switches, etc.), safety interlocks and shutdown systems. Mitigation layers
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are intended to mitigate the consequences (or severity of harm) once a hazardous event
has occurred. These include emergency response plans, fire protection (sprinkler
systems), evacuation procedures, containment systems, etc.

An effort was made to apply the concept of “protection layers” to the design of the
System. The design results are discussed with respect to protection layers in section
7.1.14.
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CHAPTER 5: DESIGN PROCESS
This chapter details the design process. An iterative approach to the design was used.
The design process, progression of results, and contributions made by others are
described in this section.

Each iteration builds on the results of the previous. The design develops from a very
basic “concept” into the detailed, final design presented in Chapter Chapter 6:. The
increasing detail achieved in the results of each iteration parallels the iteration’s stage in
the design process. The final design results are presented in Chapter Chapter 6:.

The design process is shown in Figure 6. It is very similar to the typical design process
described in Andrews, Aplevich, Fraser, and Ratz (2002), where there are many iterations
of the design loop (labelled ‘Results’ in Figure 6). While the majority of the design work
was led and completed by the author of this Thesis during the “Results” stage,
collaboration with the design team, M-I SWACO and others was extremely valuable in
the development of the design, as will be explained.

A reflection of the design process is provided in Chapter 0.
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Figure 6 - The Design Process
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Initial Design Concept
The initial design ‘concept’ was based on the designs by Fortin (2003) and Forsyth
(2006), which, as explained in section 4.2, is a bench-scale continuous SFE system used
for the treatment of soil slurries. The design concept included P&ID, basic control
strategy, and approximate operating conditions.

This design concept reflects the level of detail in the design before the work for this
Thesis commenced. It was assembled from the following materials:
•

The process concept drawings and calculations, completed by Dr. Stiver and
Dr. Guigard

•

Discussions with the design team regarding the desired performance and operation
needs

•

Discussions with the design team regarding their in-lab experience with SFE

•

A process flow diagram (PFD), drafted by Ms. Street.

The extraction column, EC-1101, and the separation column, SC-4101 had been
manufactured, and both the CO2 and slurry pumps, P-2201 and P-3201 respectively, had
been purchased before the Thesis work commenced. The specifications of these pieces of
equipment established some operation limits of the System, though operating conditions
were not yet determined.

While the design concept was being assembled, research into design process,
supercritical fluid extraction and HAZOP literature was being conducted.

HAZOP-Inspired Design Assessment 1 and Research
The completion of the initial design concept in May, 2010 led to an attempt at a
HAZOP-inspired assessment by Angelique Rosenthal and Dr. Stiver. This discussion did
not produce HAZOP results. Alternatively, it resulted in a list of design elements
requiring better definition and development. The discussion roughly followed HAZOP
methodology, in that flow lines and elements were identified, and some deviations were
assigned. The exercise of identifying flow lines and assigning deviations spurred
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discussion regarding design aspects needing further development. This assessment is
further discussed in section 7.2.1.

Thus, more research was conducted. Specific topics researched include:
•

Feed material characteristics

•

Valve and pump types and functions

•

CO2 phase behaviour

•

HC extraction from soil slurries by SC CO2

•

Safety integrated systems

•

Applicable guidelines

•

Pilot scale SFE systems

Also, Angelique Rosenthal and Ms. Street attended the 12th Meeting on Supercritical
Fluids in Graz, Austria, in May of 2010, and visited several industry representatives to
view SFE systems of various types, and gain insight into the operation of pilot scale SFE
systems. Angelique Rosenthal also initiated important discussions about control strategy
with faculty members at the University of Guelph as part of her research and ‘results’
synthesis.

HAZOP-Inspired Design Assessment 2
Following further development of the P&ID, process control strategy and safety features
(which includes pressure relief valves, interlocks and alarms), another HAZOP-inspired
assessment of the design was initiated. This assessment involved the design team and
took place in a series of meetings in September 2010. A meeting package was prepared
and distributed to team members. It included the P&ID, a lab layout diagram, and a
description of the HAZOP process. Control logic information, feed material MSDSs and
a PFD were also brought to the meetings. Again, the meetings were structured as a
HAZOP, but discussion did not strictly follow HAZOP process. This assessment is
further discussed in section 7.2.1.
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Flow lines and elements were identified, and some deviations were assigned. The team
assessed two flow lines:
•

EC-1101 (with simultaneous CO2 and slurry flow) and

•

EC-1101 exit to SC-1101 entrance (CO2 and dissolved oil flow only)

Analysis of specific deviations was allowed to expand into safety-oriented discussion
focussing on some design aspect related to the deviation. Often, double or multiple
failure modes were considered. The design team also discussed the “most” severe events
(discussion of this assumption is provided in section 7.1.1), how to avoid such events,
and how to mitigate the consequences. These discussions proved to be extremely
valuable.

After compiling all the recommendations made, results were implemented:
•

The P&ID and control system were improved

•

Emergency shutdown procedures were created

•

The first iteration of a control philosophy was drafted (though it was not called
control philosophy at the time), and

•

Rough process start-up and shutdown sequences were determined.

Design Review (U of A and U of G)
The results (synthesized and developed by Angelique Rosenthal) from the previous
iteration were reviewed by the design team in a series of meetings October of 2010, in
preparation for the November 2010 Design Review and HAZOP with M-I SWACO in
Houston. The team evaluated the P&ID, safety features, lab layout, control strategy,
emergency shutdown procedures and operating conditions. Preparatory material for the
November 2010 Design Review and HAZOP, as described in section 6.9, were also
prepared and reviewed at these meetings.
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Validation of Design - November 2010 Design Review and HAZOP with M-I
SWACO in Houston, TX
The process and results of the November 2010 Design Review and HAZOP with M-I
SWACO in Houston are described in section 6.9.

Ms. Street and Angelique Rosenthal travelled to Houston, Texas to participate in a formal
design review and HAZOP of the System. The purpose of the meeting was to
qualitatively assess, using a professional HAZOP analysis, whether further risk reduction
or an improvement in operability was required before initiating System construction and
operation. As seen in section 6.9, there were minor adjustments made to the design, but
no major issues were identified. A reflection of the November 2010 HAZOP is included
in section 7.2.

Final Evaluation of the Design - Review of the November 2010 HAZOP Results
The final evaluation of the design took place in a series of meetings during December
2010 and January 2011. All members of the design team participated in this review. The
goal of this meeting was to discuss the outcome of November 2010 HAZOP, the
completion of the recommendations made there, and the future activity in design
implementation.

Documentation of the results of this review involves the modification of the original
November 2010 HAZOP results (as described in section 6.10), the P&ID, Control
Philosophy and Operation Manual. Thus, the results presented in Chapter 6 present the
design after this ‘final’ iteration of the design work.

Final Design
The final design is described in Chapter Chapter 6:.
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CHAPTER 6: DESIGN DESCRIPTION (RESULTS)
The aim of this chapter is to describe the design of the System, how it is intended to
behave and be operated. The majority of the work completed for this Thesis is System
design. Included in this chapter is the piping and instrumentation diagram (P&ID) and
mechanical design description, an explanation of the flow through the System, an
explanation of the ground-rules for control (the Control Philosophy, section 6.8),
operating principles (the Operation Manual, section 6.7), and the HAZOP results.

The Control Philosophy and the Operation Manual are meant to be read, used and
maintained by design team members as separate entities from the rest of the Thesis, as the
System is built, commissioned and operated. Therefore, there is some redundancy in
material between sections in this chapter and the rest of the Thesis. Where appropriate,
references have been made to other sections of this Thesis.

At the time this Thesis was written, team members are implementing the design at the
University of Alberta. They are in the process of purchasing components, assembling
flow lines, and building the control system as recommended in this chapter.

As previously explained, the results are a product of the design process and the
November 2010 HAZOP. Team members implementing the design are taking appropriate
measures to ensure elements of the design are achieved. Known or apparent limitations
of the components and control have been accounted for. However, challenges in meeting
design requirements, and additional limitations of the design may be discovered as the
System is built, implemented and tested. It is the responsibility of the design team to
review and defend adjustments to the design if a prescribed element cannot be achieved.
It will also be their responsibility to maintain the P&ID Operation Manual and Control
Philosophy as design changes occur.
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6.1

Process overview

This section is intended to give the reader an understanding of the process, and how it
differs from previous continuous SFE systems.

The design of the System is based on Fortin’s (2003) and Forsyth’s (2006) design, which
was presented in section 4.2. Therefore, the core process and flow through the System
are similar to those of Fortin and Forsyth.

The major difference between the System and Fortin’s and Forsyth’s bench continuous
SFE system is the scale. The System operates at a larger scale to better explore the
feasibility of a full scale industrial system, as described the Thesis context (section 2.2).
As previously stated, at the time this Thesis was started, the extraction column, EC-1101,
and the separation column, SC-4101 had been manufactured, and both the CO2 and slurry
pumps, P-2201 and P-3201 respectively, had been purchased. The specification of this
equipment established some of the operating limits, as well as the scale of operation.

As an example of the difference in scale between the System described in this Thesis, and
the bench continuous SFE system used in Fortin’s and Forsyth’s work, the extraction
column in the System has an empty bed volume of approximately 13 L, while the empty
bed volume of extraction column in Fortin’s and Forsyth’s work was only almost 0.7 L.
Also, while Fortin and Forsyth used cooled U-tubes to capture the extracted oil, the
System employs a separation column, or “separator”, of approximately 5 L to collect
extracted oil.

The following subsections will address the design of the System in more detail.
6.2

Operating conditions

This section indicates approximate operating operation ranges of the System. Specific
operating conditions for experimental trials are to be defined by the experimental plan,
which is not included in the scope of work for this Thesis.
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Because the use of SC-CO2 for hydrocarbon extraction will be explored, the pressure and
temperature of the process must be greater than 7.4 MPa and 31.1 oC, the critical pressure
and temperature of CO2. The maximum allowable working pressure (MAWP) of the
extraction vessel (EC-1101) and the separation vessel (SC-4101) are 40 MPa and 35 MPa
respectively. The maximum operating limit for the CO2 (P-2201) and slurry (P-3201)
pumps are approximately 35 MPa. These equipment specifications set the maximum
possible operating limits for process pressure; however the practical upper limits of
process pressure and temperature are set with the safety shutdown interlock set points, 27
MPa and 85 oC, as defined in the Control Philosophy, section 6.8.

Previous research by Jones (2010) using a bench-scale batch SFE system on the solubility
of drilling fluid Distillate 822 from drill cuttings to SC-CO2 showed that extraction
conditions of 14.5 MPa and 40oC should be further investigated. The CO2 density at these
conditions was 0.77g/mL. Solubility did not increase when the CO2 density was
increased above 0.77 g/mL (Jones, 2010).

Jones also identified the 1:1 water to cuttings ratio for further investigation because of
high extraction efficiency. He found this to be the minimum water to cuttings ratio
ensure “pumpable” slurry both before and after extraction. He also noted that the
addition of water to drill cuttings at this composition causes a barrier to mass transfer.

Feed material flow rates will also be defined by the experimental plan, which is not
included in the scope of work for this Thesis. Flow rates are partially limited by the
operating parameters of the pumps. The maximum output the slurry pump is capable of is
41 L/min, and the maximum output the CO2 pump is capable of is 17 L/min. Therefore,
the choice of flow rates will have to be within these pump operating limits.
6.3

Mechanical Design

The following sections describe the mechanical design of the System. Temperature
control is not included in the mechanical design, as temperature needs have not yet been
determined.
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6.3.1

Piping and Instrumentation Diagram (P&ID)

The P&ID is included in P&ID section, Chapter Error! Reference source not found..
6.3.2

Equipment nomenclature

Equipment is identified according to an alphabetic and numeric identification (ID) code.
This code helps identify equipment according to type, equipment location with respect to
EC-1101 and by unit. Some equipment numbering recommendations from Towler and
Sinnot (2008) are applied to the code. ID numbers appears as:

XX - ####,

where the ‘X’(s) prior to the dash ‘-‘ represent the alphabetic character(s) (there maybe
1-3 letters), and the ‘#’s represent numeric characters. The nomenclature code is shown
in Table 7. Each character is described as:

•

Alphabetic characters preceding the dash ‘-‘ indicate type of equipment (i.e. valve,
tanks, instrumentation, etc.)

•

The first numeric character after the dash ‘-‘ designates the location of the equipment
with respect to the extraction column (EC-1101)

•

The second numeric character also designates the equipment type (i.e. valve, tanks,
instrumentation, etc.)

•

The third and fourth numbers are unique to each piece of equipment of its type in its
location.
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Table 7 - Equipment ID code nomenclature

XXX

-

Type (if needed)

-

#

#

Equipment location
w.r.t. EC-1101
Extraction

Equipment type

Extraction Column

EC

Separation Column

SC

Flow Switch

FS

Slurry feed stream 3000

Pumps

200

Feed Tank

FT

CO2 exit stream 4000

Valves

300

Flow line

LN

Pump

Column Materials

1000

##

Lines

Unit
number

000

CO2 feed stream 2000 Pressure Columns 100

Slurry exit stream 5000 Instrumentation

400

P

Control

500

Ball Valve

BV

Tanks

600

Check Valve

CV

Other

700

Metering Valve

MV

Flow Instrument

FI

Level Instrument

LI

Pressure Instrument

PI

01, 02,
03, …

Temperature Instrument TI
Mixer

MX

Variable frequency
drive

VFD

For example, the pressure transducer on the extraction column (EC-1101) top flange,
which measures the pressure within EC-1101, was the second unit specified on EC-1101
during the design process. Therefore, it is identified as PI-1402.
6.3.3

Equipment Description

Major Equipment (Pressure Vessels and Pumps)
Major pieces of equipment are described in the following paragraphs. The ‘major’
equipment has a fundamental role in the operation of the process, and was purchased
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before the design work of this Thesis began. Therefore, the System was partially
designed ‘around’ these units; as previously described in section 6.2, their operating
specifications help determine the operating range of the process.

Basic specifications are given below in the equipment descriptions. The information was
originally assembled by Ms. Street from equipment manufacturer documentation, for the
Supercritical Process Overview (Street and Stiver, November 2010 HAZOP resources),
which was included in the preparatory material provided to M-I SWACO for the
November 10, 2010 HAZOP. Comprehensive information and specifications of each
piece of equipment will be assembled in the in-lab copy of the Operation Manual, as
described in section 6.7. Equipment ID numbers correspond to those on the P&ID
(Chapter 9).

Extraction Vessel, EC-1101

Figure 7 - Photo of the Extraction Vessel, EC-1101
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Table 8 - Extraction Vessel Specifications (adapted from Street and Stiver, Supercritical Process Overview,
November 2010 HAZOP resources)

EC-1101 Specifications
Column Material
316 Stainless Steel
Internal Diameter, ID (m)
0.08
Outer Diameter, OD (m)
0.13
Length (m)
2.5
3
Volume (empty bed, m )
0.013
3
Volume SS (m )
0.021
Mass (kg)
581
End Caps
Double ended, bolted, full open
Fittings Top
5 x NPT threaded
Fittings Bottom
5 x NPT threaded
Pressure Rating (MPa)
40
o
Temperature Rating ( C)
200
Number of Baffles
60-65
Baffle Material
316 Stainless Steel
Baffle Angle (degrees from
60
vertical)
Baffle Length (m)
0.12
Exit Funnel Material
316 Stainless Steel
Exit Funnel Height (m)
0.1
The principal process unit of the System is the extraction vessel, as this is where the
supercritical extraction of drilling waste from the slurry into the SC-CO2 occurs. The
intents of the vessel and baffle designs are to:
•

Provide a continuous phase SC-CO2 throughout the length of the vessel

•

Create discontinuous phase of slurry, ‘broken’ apart and forming a thin sheet of
material as it cascades down the baffles

•

Allow slurry ‘plug’ at the bottom of the vessel, which prevents SC-CO2 from exiting
the bottom of the extraction vessel

•

Continuous flow of SC-CO2 and slurry in and out
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The design intents above are meant to improve contact area between the SC-CO2 and
slurry, enhancing mass transfer of the hydrocarbon to the SC-CO2.
The effluent exiting the top outlet of the extraction vessel consists of SC-CO2,
dissolved hydrocarbons and dissolved water. A glass wool filter inserted into the outlet
prevents entrained liquids or solids from exiting with this effluent stream. The effluent
exiting the bottom outlet consists of treated slurry, residual hydrocarbons and some
dissolved CO2.
Separation Vessel, SC-1401

Figure 8 - Photo of the Separation Vessel, SC-4101
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Table 9 - Separation Vessel Specifications (adapted from Street and Stiver, Supercritical Process
Overview, November 2010 HAZOP resources)

SC-4101 Specifications
Material
316 Stainless Steel
Internal Diameter, ID (m)
0.12
Outer Diameter, OD (m)
0.15
Length (m)
1.52
3
Volume (empty bed, m )
0.005
Mass (Kg)
243
End Caps
Single ended, full open flange
Fittings Top
5
Pressure Rating (MPa)
30
o
Temperature Rating ( C)
200
The separation vessel is intended to capture the extracted hydrocarbons, after they are
separated from the CO2 effluent of the supercritical extraction process. It is located as
close as possible downstream of the needle valve, which depressurizes the SC-CO2
effluent and causes separation of the hydrocarbon and water phases from the CO2. The
intent of the separation vessel design is to:
•

Allow continuous flow of gaseous CO2 in and out

•

Provide a chamber of sufficient volume to collect condensed oil and allow it to settle

•

Allow addition of an oil withdrawal system for batch or continuous removal of the
extracted oil

•

Allow future use as a pressure vessel that can handle partial depressurized CO2,
facilitating CO2 recirculation
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Carbon Dioxide Pump, P-2201

Figure 9 - Photo of the CO2 pump, P-2201
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Table 10 - CO2 Pump Specifications (adapted from Street and Stiver, Supercritical Process Overview,
November 2010 HAZOP resources)

P-2201 Specifications
Pump
Manufacturer
CAT Pumps
Model
781 K Triplex, Ceramic plunger
Mass (kg)
22
Dimensions
13.15 x 9.25 x 6.06”
Bore, stroke
0.551”, 0.945”
Max. flow rate (L/min)
17
Max. RPM
1700
Max. inlet pressure (MPa)
2.8
Max. output pressure (MPa)
34.5
Max. operating temperature (degrees C)
71
Motor
Manufacturer
Brook Compton
Model
CC4N003-2, 3 HP, belt drive
Power supply
208V, 3Ph, 8.4A
RPM
1740
Service factor
1.15
VFD
Manufacturer
TECO Westinghouse
Model
MA7200-2003-N1
Mass (Kg)
4
Dimensions
11 x 5.51 x 6.95”
Power supply
208V, 3Ph
Output characteristics
208V, 3Ph, 0 – 400 Hz (0.01 Hz res.)
P-2201 is a positive displacement pump that draws liquid CO2 from the CO2 supply
system and pumps it into the extraction vessel via a bottom inlet of the extraction vessel.
It can provide CO2 up to a pressure of 34.5 MPa. It will be operated by a VFD which
controls motor speed as a function of extraction vessel pressure, as explained in the
Control Philosophy (section 6.8). The VFD provides variable speed operation to maintain
constant pressure output. Important features of P-2201 are:
•

Power source is equipped with a shut-off switch that includes a lock-out/tag-out
option
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•

Cooled by a flushed inlet system that includes a 110 V submersible pump for a 19 L
50/50 glycol-water solution

•

Outlet pressure relief valve and pressure gauge included

Slurry Pump, P-3201

Figure 10 - Photo of the Slurry Pump, P-3201
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Table 11 - Slurry Pump Specifications (adapted from Street and Stiver, Supercritical Process Overview,
November 2010 HAZOP resources)

P-3201 Specifications
Pump
Manufacturer
Model
Mass (Kg)
Dimensions
Bore, stroke
Max. flow rate (L)
Max. RPM / Min. RPM
Max. output pressure (MPa)

Myers Aplex
SC-30H Triplex
125
26.13 x 16.56 x 10.75”
1”, 1.75”
41 (100% vol. eff.)
650 RPM / 100 RPM
34.5
Motor

Manufacturer
Model
Power supply
RPM
Service factor

WEG
CC029A severe duty, 15 HP
208V, 3HP, 38A
1180
1.25
VFD

Manufacturer
Model
Mass (Kg)
Dimensions
Power supply
Output characteristics

TECO Westinghouse
MA7200-2015-N1
12 lb
14.17 x 10.43 x 8.86”
208V, 3Ph
208V, 3Ph, 0 – 400 Hz (0.01 Hz res.)

P-3201 is a positive displacement pump that draws slurry from the slurry tanks and
pumps it into the extraction vessel via a top flange inlet of the extraction vessel. It can
provide slurry up to a pressure of 34.5 MPa. It will be operated by a VFD which controls
motor speed as a function of extraction vessel slurry level, as explained in the Control
Philosophy (section 6.8). The VFD provides variable speed operation to maintain
constant pressure output. It is also equipped with a shut-off switch that includes a lockout/tag-out option.
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Valves
Table 45 in the Results Tables (Chapter 0) shows a list of the valves identified on the
P&ID (section 6.3.1). It includes some specification requirements for the valves.
Comprehensive information and specifications of each piece of equipment will be
assembled in the in-lab copy of the Operation Manual, as described in section 6.7. More
information on the control of the valves is found Control Philosophy (section 6.8).

The following information is given in Table 45 (in Chapter 0):
•

Valve ID

•

Type

•

Function

•

Service

•

Failsafe Position

•

Size

•

Pressure rating

•

Solids

•

Temperature Rating

•

Relief vent area

•

Comments

Instrumentation
Table 46 in the Results Tables (Chapter 0) shows a list of the instruments identified on
the P&ID (section 6.3.1). It includes some design requirements for the instruments.
Comprehensive information and specifications of each piece of equipment will be
assembled in the in-lab copy of the Operation Manual, as described in section 6.7. More
information on the control of the process is found Control Philosophy (section 6.8).

The following information is given in Table 46 (in Chapter 0):
•

Instrument ID

•

Function

•

Service
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•

Operator interface

•

Measurement range

•

Pressure rating

•

Solids

•

Temperature Range

•

Comments

Pipes and Fittings
Table 47 in the Results Tables (Chapter 0) shows a list of the design requirements for
each flow line identified on the P&ID (section 6.3.1). This is not a detailed list of each
pipe and fitting, as these have not yet been purchased. Rather, pipes fittings of each flow
line will have the similar design requirements as the flow line, therefore this information
is presented by flow line. Comprehensive information and specifications of each pipe
and fitting will be assembled in the in-lab copy of the Operation Manual, as described in
section 6.7.

The following information is given in Table 47 (in Chapter 0):
•

Flow Line ID

•

Service

•

Size

•

Material

•

Minimum pressure rating

•

Solids

•

Temperature Range

Also, all connections between equipment must be appropriate for the required pressure
rating, service and function.
6.3.4

Pressure Relief Specifications

Sizing of the System’s pressure relief devices (identified on the P&ID, Chapter 10) was
completed as part of the mechanical design work. Sizes were calculated according to

75

ASME/API methodology (Malek, 2006) for the liquid-only and gas-only valves (BV3304 and BV-4404 respectively), and by DIERS (Huff, 1992) or supercritical (Ouderkirk,
2002) methodology for the 2-phase flow valves (BV 1301 and BV-2303). An
explanation of the methods and calculations is included in Appendix 1.

Table 48 in the Results Tables (Chapter 0) shows the minimum vent area (size) of each
relief valve. The valve sizing calculations did not include assumption of a fire scenario.
This and other assumptions made for relief valve size calculations are discussed in
Appendix 1.

ASME certified valves are recommended for pressure vessels (Province of Alberta,
2006b). Though the System is exempt from the code (Province of Alberta, 2006a),
ASME certified valves should still be purchased for BVs 1301, 2303, 3304, and 4404. An
appropriate Swagelok valve was sourced for BV-2307. Valves potentially exposed to
solids, low temperatures and high temperatures should be specified appropriately for
those conditions. Other general specifications for valves are shown on Table 48
(Chapter 11).
6.4

Layout

The following paragraphs give a description of the lab layout. The Lab Layout Drawing
and the Lab Equipment Drawing drawings attached in the Drawings section, Chapter
Error! Reference source not found., show the layout of the System within the lab.

Some information in this section has been referenced from the Lab Use Overview
document, written by Christianne Street, which was part of the preparatory material
provided to M-I SWACO for the November 10, 2010 HAZOP.

The lab is a shared space. The System occupies the entire east half of the lab, and a smallscale membrane treatment experiment occupies the west half. Details of this small-scale
membrane treatment experiment are:
• “Principal investigator: Dr. Mohamed Gamal El-Din
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• Equipment: small mixer, analytical balance, membrane
pressure cell
• Chemicals in use: dilute sodium chloride solution, water
sample containing trace hydrocarbons” (C. Street, Lab Use
Overview, November 2010 HAZOP resources)
The lab space has been organized such that equipment can be accessed from corridors,
which are minimum 0.9 meters wide. The equipment and piping is placed to:
•

Reduce, as much as possible in the given space, obstructions from corridors and other
tripping hazards

•

Minimize the amount of piping needed between major process equipment, except
where large lengths of piping is required to achieve adequate pressure drop (for
example, LN-5001)

•

Ensure piping can be secured, either to the wall or a support structure, at 0.3-1.0
meter intervals, depending on the service

•

Ensure equipment can be secured to the floor, wall or support structure where needed

•

Facilitate access to manual equipment

•

Group process types in one area (e.g. all slurry tanks are grouped together in close
proximity to the slurry pump, P-3201 and the location of the future ‘grinding’ pump,
P-9999

Mounting and securing instruments, valves and piping to walls and the support frames
has facilitated lab organization. Also, more importantly, this reduces the risk of a pipe
“whipping” if a connection fails.

To access equipment and instrumentation at height, a stair-ladder is used. The standard
operating procedure for working at heights is detailed in section 6.7.15. There is an area
near the center of the lab designated for extraction vessel take-down (for maintenance).
This area is marked with visible floor tape and is to remain clear at all times except
during vessel take-down (C. Street, Lab Use Overview, November 2010 HAZOP
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resources). The standard operating procedure for vessel maintenance and take-down is
detailed in section 6.7.15.
6.5

Flow Through the System

This section describes flow of CO2, slurry and rinse water through the System for a
typical experiment.
6.5.1

CO2

Liquid CO2 is supplied to the System by a MVE Carbo-Max 750 System. It is supplied
via a 1 inch diameter stainless steel pipe (LN-2201) at a pressure of approximately
1.6 MPa and a temperature of less than -10 oC. The liquid CO2 passes through a
0.5 micron inline filter and a flow meter (FI-2402) before reaching the CO2 pump
(P-2201). The CO2 is pumped to the extraction vessel (EC-1101) at the (supercritical)
operating pressure within the extraction vessel. The SC CO2 is introduced into EC-1101
just below the lowest baffle via a 1/8 inch diameter pipe (LN-2202), that is connected to
EC-1101 through the 1/4 inch diameter inlet in the bottom flange of EC-1101. The SC
CO2 is introduced just under the first baffle so that it impacts the baffle before flowing
upward. This causes better distribution of CO2 flow up through EC-1101, and prevents
CO2 flow through the slurry plug at the bottom of EC-1101.
Thus the SC CO2 is forced upward through EC-1101. The CO2 is the ‘continuous’
medium in EC-1101. As it flows through EC-1101, it contacts the slurry (which is
cascading from baffle to baffle downward through EC-1101) and dissolves the
hydrocarbons (HC) from the slurry. The SC CO2 (and HC dissolved therein) exits
EC-1101 via the 1/4 inch diameter outlet in the top flange. The outlet is filled with glass
wool which acts as an inline strainer to capture and solids that may be entrained in the
SC-CO2 at the exit. The SC-CO2 flows through a 1/4 inch diameter stainless steel line to
the CO2 metering valve (BV-4303) where it is depressurized. The now multi-phase
stream then flows through a very short 1/2 inch diameter stainless steel pipe (LN-4003)
into the separation column (SC-4101) where the liquid HC can be collected.
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The 1/4 inch diameter stainless steel pipe (LN-4003), which introduces the gaseous CO2
and liquid HC into SC-4101, extends toward to the wall of SC-4101 to promote
deposition of HC onto the wall and to minimize the entrainment of HC into the exiting
CO2 stream. The CO2 exits SC-4101 via a 1/4 inch diameter outlet in the top flange. It
flows through a 1/2 inch diameter stainless steel pipe (LN-4005), through a 1/2 inch
diameter flow metre (FI-4404) and is directed toward the intake vent in the fume hood
where it exits the System and the lab. The fume hood vents directly to the roof of the
building. The collected HC is pumped from SC-4101 after the experiment or when
SC-4101 reaches 75% capacity. Subsequent analysis of the HC is not included in the
scope of this Thesis.
6.5.2

Slurry (2 tanks)

Slurry preparation is not described as it is not included in the scope of the Thesis. Slurry
pre-treatment occurs in the slurry pre-treatment loop, which includes all equipment with
‘9000’ numbers. It is described in section 6.6. Thus, the following description of slurry
flow through the System assumes that the slurry has been properly prepared and
pretreated and is ready for use in an experiment.

Slurry feed material (containing HC from the drill cutting component) is stored in the
slurry feed tank, FT-3601 or FT-3602. There may only be one feed tank volume of slurry
in the System prior to commencing and experiment. The following description of slurry
flow assumes that FT-3601 is being used as the slurry feed tank, and FT-3602 is being
used as the treated slurry receiving tank. However the roles may be reversed for a given
experiment or during one experiment (where the slurry is passed through the system
multiple times during one experiment).

Slurry flows through the 2 ½ inch diameter stainless steel LN-3001through check valve
CV-3305 and flow meter FI-3407 to the slurry pump, P-3201. The slurry delivered to the
P-3201 is a room temperature. The slurry is pumped by P-3201 to EC-1101 at the
operating pressure within EC-1101. It is introduced into EC-1101 just above the highest
baffle by a 1/4 inch diameter stainless steel pipe via the 1/4 inch diameter inlet in the top
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flange of EC-1101. The slurry is introduced at this location so that the stream is broken
up into a thin film by impacting the baffle. The slurry cascades down the baffles,
continuously impacting them such that a high surface area of slurry exposed to SC CO2 is
maintained throughout EC-1101, promoting mass transfer of HC from the slurry to the
SC CO2.
After the slurry (with some HC extracted from it) impacts the last baffle, it flows to the
bottom of EC-1101. A slurry plug (6-15 cm deep) is created at the bottom of EC-1101 to
inhibit SC CO2 from bypassing EC-1101 and exiting the System via the slurry outlet.
Control of slurry level is described in 6.8.5. The pressure within EC-1101 forces the
slurry to exit through the 1/4 inch diameter outlet in the bottom flange of EC-1101.

From the outlet of EC-1101, the slurry flows through LN-5001, a long, small diameter
stainless steel pipe (size to be determined, as described in section 6.11). The function of
LN-5001 is to provide resistance in the slurry exit flow and cause a significant pressure
drop before the slurry exits the System. Slurry then flows through a 3/4 inch diameter
stainless steel pipe (LN-5002) and a 3/4 inch diameter flow metre (FI-5401), and is then
directed to the slurry receiving tank, FT-3602.
6.5.3

Rinse Water

Rinse water is used to flush out the System. It follows basically the same flow path as
slurry does, except it is stored and fed from FT-3603 and is returned an alternate
receiving vessel. .
6.6

Slurry Pre-treatment (the “Grinding Loop”)

The grinding loop was added to the P&ID during the design review on November 10,
2010. It includes all equipment with ‘9000’ numbers. While the grinding loop was
designed during the design review, its recommended operating principles is a result of the
HAZOP (section 6.9.2) and the following review of the HAZOP by the design team
(section 6.10).
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The function of the slurry pretreatment is to grind the solids in the slurry to achieve an
appropriate particle size distribution (PSD) by passing the slurry through a slurry
“grinding” pump. The recommendation for slurry pretreatment was a result of concerns
that the slurry would not be able to pass through the System without causing frequent
blockages and/or settling of solids due to the very wide range of (and often large)
particle sizes in drill cuttings.

The recommended operating principles of the grinding loop are:
•

The grinding loop is meant to operate as part of the material preparation tasks, prior
to running the experiment

•

The grinding loop is not meant to operate during an experiment or while the slurry
pump P-3201 is running

•

The solids will circulate through the grinding loop until the desired particle size
distribution is reached

•

Adequate particle size distribution should be determined during initial System testing
(see section 6.11)

•

The slurry will be sampled from the outlet line of the grinding loop where the slurry
is introduces to the feed tank

•

The mixers will be operating during slurry preparation and during the experiment to
keep the solids in suspension and the slurry homogenous within the feed tank

Though the equipment in the grinding loop has not yet been specified, it should be
specified for:
•

Pressure rating: 1 MPa, or the future slurry grinding pump max outlet pressure,
multiply by a safety factor >1

•

Heavy solids load

•

Other corrosive agents potentially contained in the drilling fluid D822

•

Temperature of 0 to 100 oC
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Other recommendations made by the reviewers regarding the grinding loop are:
•

Large line size (though a specific size was not indicated as it may depend on the
specification of P-9000 and the desired flow rates)

•

P-9000 should deliver around 0.4 MPa (60 psi)

•

P-9000 may be a single speed pump

6.7

Operation Manual

The Operating Manual is included in this section. It outlines the basic principles for
System operation. This section is formatted to better reflect the structure of the in-lab
copy of the Operation Manual. For example, each section starts on a new page. The title
page, table of contents, etc. have not been included in this Thesis version, although they
exist in the in-lab copy.

The Operation Manual is intended to be read in isolation of the rest of the Thesis, and as
an in-lab reference document. Therefore, there is some redundancy of the content in the
Operation Manual and other sections of the Thesis. Where appropriate, references to
other sections of the Thesis have been made. Also, the material appended to the
Operation Manual (such as tables, drawings, etc.) are appended to the end of this Thesis.
References to the appropriate sections have been made in these cases as well. Equipment
numbers refer to those on the P&ID in the Drawings, Chapter 10.
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6.7.1

Operation Manual Scope, Intent and Structure

Table 12 - Revision Record for Operating Manual Section 6.7.1

Date (DD/MM/YY):

Approved By:

The scope of this Operation Manual includes the pilot scale continuous supercritical fluid
extraction process and its control system (herein referred to as the “System”) located in
Markin/CNRL NREF 1-1041 at the University of Alberta (the laboratory or lab).
Described are System components, materials, layout, control modes, experiment related
operation procedures, troubleshooting and (most importantly) safety procedures. Slurry
preparation and pre-experiment trials (testing equipment, running slurry and CO2 streams
in isolation of each other, etc.), are not covered by this document, although experiment
related operation and safety principles may also apply to those tasks. Information has not
been included about the future “grinding loop”. Grinding loop information should be
added to this document prior to commissioning the loop. Safety training required by the
University of Alberta for lab users is also not covered in this document.
The function of this Operation Manual is to provide operating principles and standards to
the operators so that the operators may safely use the System for supercritical extraction
(SFE) of drilling fluid from a drill cutting and water slurry, using supercritical (SC) CO2.
It serves as a detailed guide for the operation of the System, and is intended to be read by
the operators before operating the System and as a reference during operation.
The audience of this document includes all design team members who wish to learn how
to operate the System, or anyone interested in System operation from a “safety”
perspective. It is assumed that the audience has background knowledge of the project,
supercritical fluids and the System’s general operation (which can be referenced in this
Thesis.
Reading the Operation Manual is not the only step in becoming an operator of the
System. Proper training with other operators and/or (especially in the case of the first
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operator) progressing up to running a slurry and CO2 countercurrent flow experiment at
supercritical conditions must also be completed, in addition to other required safety
training required by the University of Alberta.
The first version of the Operation Manual will be made official prior to the
commissioning of the System. It is written from a safety perspective, from the knowledge
acquired during the design process and HAZOP. Known or apparent limitations of the
System and its components have been accounted for. However, additional limitations
may be discovered during commissioning. It will be the responsibility of the design team
members involved with implementation to make and defend their adjustments to this
document in the event that a prescribed procedure cannot be achieved.
Also, as the operators conduct the pre-experiment trials and later the experiments with the
System, they will be learning the nuances in its operation and behaviour. Especially since
we are in a research setting, the System and its operation will inevitably evolve. Thus, as
a result of gaining experience with the System and the potential evolution of the System,
operators will find areas of this document that need updating, adding to or adjustment.
The operators may make these changes in accordance with the revision procedures
described in section 6.7.2. Thus, the Operation Manual is also to be considered a living
document as it will evolve in parallel with System.
The Operation Manual will exist in two formats:
•

In-lab hard copy

•

Virtually as a MindMap

Both of these versions must stay current as either may be referred to at any time. They
will have all items attached or imbedded (however for the sake of presentation in this
Thesis, references have been made to other Thesis section where appropriate.
Because the Operation Manual is meant to describe the System and how to safely operate
it, the Operation Manual is structured to reflect this intent. The structure is meant to
encourage the reader or operator to fully understand the System design, lab environment,
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safety provisions and most importantly emergency procedures before operating the
System.
Sections 6.7.3, 6.7.4 and 6.7.5 describe the System design. Sections 6.7.6, 6.7.7 and
6.7.8, give Emergency response, shutdown and reporting procedures. The environment in
which the System is used is described in sections 6.7.9, 6.7.10 and 6.7.11. Finally,
System operation is described in section 6.7.12 through 6.7.15.

Attached items such as

drawings, diagrams, tables and checklist are included in the back of the document.

85

6.7.2

Revision Procedures

Table 13 - Revision Record for Operating Manual Section 6.7.2

Date (DD/MM/YY):

Approved By:

Revisions to the Operation Manual may be proposed by operators and/or other
appropriate design team members. Revisions become official when the principal or
associate researcher and primary operator have approved the revisions. Upon approval,
the revised document becomes the “official” version and is to supersede the previous.

As revisions may be made to this document on a section-wise basis, only the revised
section must be replaced. The revisions must only receive approval if design team
members are prepared to physically replace the revised sections in-lab hard-copy and
virtually replace the virtual version immediately after the newest version is approved.
The revisions must be documented by date and approval (with the two initials of the
reviewers) in the “Revision Record” tables provided at the beginning of each section.
Previous versions are to be kept (at least in electronic format) for history.
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6.7.3

Piping and Instrumentation Diagram (P&ID)

Table 14 - Revision Record for Operating Manual Section 6.7.3

Date (DD/MM/YY):

Approved By:

Attached in the Drawings section, Chapter Error! Reference source not found..
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6.7.4

Process Flow Diagram (PFD)

Table 15 - Revision Record for Operating Manual Section 6.7.4

Date (DD/MM/YY):

Approved By:

To be inserted or attached to the in-lab copy by Christianne Street.
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6.7.5

Equipment and Materials

Table 16 - Revision Record for Operating Manual Section 6.7.5

Date (DD/MM/YY):

Approved By:

6.7.5.1 Parts
The ‘master’ parts list, including some specifications, is included in Appendix A.1 in the
official in-lab version of this document as the first page of that section. The list should be
updated as parts are added, removed or changed etc.

Following the ‘master’ list, is, in the order shown on the ‘master’ list, is specification
material (‘spec sheet’, brochure, etc) of all equipment, if available from the supplier or
manufacturer. If no specification material is included then a reference to a resource
containing specifications should be included. The design team should add specification
material as new parts are acquired.
6.7.5.2 Feed Materials
Feed materials include:
•

Liquid carbon dioxide (CO2)

•

Slurry , a mixture made of water and drill cuttings (provided by M-I SWACO) in
different proportions as per the experimental plan

•

Clean tap water

An MSDS for the Liquid CO2 and the drilling fluid component of the drill cuttings,
Distillate 822, is included in Appendix A.2 in the official in-lab version of this document.
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6.7.6

Emergency Response

Table 17 - Revision Record for Operating Manual Section 6.7.6

Date (DD/MM/YY):

Approved By:

6.7.6.1 Emergency Response Procedures
Emergency response contacts are shown in the following section. In the case of an
emergency where imminent danger exists and that requires immediate action (including
medical emergency, fire, or safety emergency), contact emergency response immediately
by dialing 9-1-1.

University of Alberta Protective Services (formally Campus Security) or University of
Alberta Campus Control Centre can also be used in non-emergency situations. The lab
occupant, process operator or the owner of the process must determine whether to call
emergency response (911) or a campus resource (C. Street, Lab Use Overview,
November 2010 HAZOP resources).

Both campus resources can contact University of Alberta Environmental Health and
Safety (EHS) via on-call phone (C. Street, Lab Use Overview, November 2010 HAZOP
resources). The fax number for EHS is included in this list as it is used for reporting
purposes, described in section 6.7.8.

Dr. Selma Guigard., P.Eng., principal researcher and process owner must be notified of
the emergency at the earliest convenience, AFTER the appropriate emergency response
has been initiated and all lab/building occupants are safe. Dr. Selma Guigard’s contact
information is listed in Appendix A.4.

Sections 6.7.6.2, 6.7.7, and 6.7.8, respectively detail emergency contacts, process
emergency shutdown procedures, and emergency reporting procedures.
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6.7.6.2 Emergency Contacts
Fire/Police/Ambulance (911): 9-1-1
•

Emergency response

Edmonton Police Service: (780) 423-4567

University of Alberta Protective Services: (780) 492-5050
•

Accident response

•

Lost & found services

•

General patrol

•

Alarm response

•

Special duty services

•

Information and advice on safety, security, and crime prevention

•

Traffic safety enforcement

•

Public education services

University of Alberta Control Centre: (780) 492-5555
•

Building Emergency (flood, power outage)

•

Environmental release

University of Alberta Environmental Health and Safety (EHS): fax (780) 492-7790
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6.7.7

Emergency Shutdown

Table 18 - Revision Record for Operating Manual Section 6.7.7

Date (DD/MM/YY):

Approved By:

6.7.7.1 Imminent Danger
In the case of a fire, medical, security emergency or any other emergency where
imminent danger exists and emergency response (911) is contacted, the System must be
shut down using the Kill Switch.

If lab occupants must evacuate the lab, such as in the event of a fire or environmental
monitoring alarm, the operator should use the auxiliary laptop (stored in an easily
accessible location within the lab in close proximity to the exit and Kill Switch) to
maintain surveillance of the System remotely as monitoring will continue in Emergency
mode. In Emergency mode, the control system remains on in order to monitor the
System, but operation capabilities are lost as the pumps are shut down and made “not
available”. No process interlocks are active in Emergency mode.

The Kill Switch is a large red power shut-off switch mounted inside the lab on the wall
near the exit of the lab (C. Street, Lab Use Overview, November 2010 HAZOP
resources). All pumps and valves with an identified fail-safe position will be connected to
this switch, in order to cut power from these during an emergency shutdown to put them
into a safe position.
6.7.7.2 Process Emergencies
The Process Emergency Shutdown Procedures detailed in this section apply to process
“emergencies” (different from the “imminent danger” emergencies described above in
sections 6.7.6 and 6.7.7.1). Process “emergencies” are largely caused by abnormal
behaviour in the System, which were not or could not be corrected by operator action.
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These require immediate action by the operator(s) as indicated in diagrams attached in
the Process Emergency Shutdown Procedure Diagrams section (6.7.18).

The Process Emergency Shutdown Procedure Diagrams (section 6.7.18) are:
•

Diagram 1: High Level Emergency

•

Diagram 2: Leak Response

•

Diagram 3: Abnormal Pressure Response

•

Diagram 4: Other Abnormal Situations

The operator may encounter abnormal system behaviour that is not identified in the
Process Emergency Shutdown Procedures. If the operator feels any abnormal behaviour
warrants System shutdown, immediate emergency shutdown can be initiated by using the
emergency shutdown VI on the operator interface or the Kill Switch. Also, when unsure
of the appropriate response to abnormal system behaviour, the operator should shut the
System down as quickly as possible, using the emergency shutdown VI on the operator
interface or the Kill Switch.

There are three “levels” of process “emergencies” identified in the flow charts. The
levels are (in order from most critical to least):
•

High Level (Red): The System is unstable and may pose a risk to lab occupants. The
Kill Switch is used to shut down the System

•

Medium Level (Orange): Strong evidence of a failure in the System. System not yet
unstable but abnormal behaviour is escalating. System is not responding to corrective
actions made by the operator. The System is shut down as indicated on the flow
charts

•

Low Level (Yellow): Not an emergency. System not unstable but behaviour is
abnormal. Abnormal behaviour is not escalating. The System may be shut down as
indicated is shut down as indicated on the flow charts, or the operator may continue to
operate while monitoring behaviour closely.
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6.7.7.3 After the Emergency Shutdown
A diagram showing the control modes and post-emergency shutdown procedures is
shown the Control Mode Flow Chart in the Chapter 12 (Operation Manual Attachments).

All emergency shutdowns and non-process interlocks (described in section 6.7.13) put
the System into Emergency mode. In Emergency mode, the control system remains on in
order to monitor the System, but operation capabilities are eliminated as the pumps are
stopped. No process interlocks are active in Emergency mode.

When shutdown is initiated by Priority 2 alarm associated interlocks or the emergency
shutdown VI on the operator interface, Emergency mode can be exited and the System
returned to Monitoring mode after the operator confirms completion of the Emergency
Shutdown Checklist, included in the Appendix A.6 (Thesis Chapter 12).

Using the Kill Switch, or when Priority 1 alarm associated interlocks shut down the
System, the System is first put into Emergency mode. The System may not be restarted
until the designated Emergency Supervisor authorizes that it is safe to restart and the
Safety Checklist has been completed. Permission, which is acknowledged via the control
System when, allows limited equipment function for troubleshooting in Safety mode.
The Safety Checklist is included in the Appendix A.6 (Thesis Chapter 12).

When troubleshooting in Safety mode is complete, the operator must complete the
Emergency Shutdown Checklist to exit Safety mode and return to Monitoring mode. The
designated Emergency Supervisor is to be determined by the Design team.

The System should not be used for further experiments until the cause of the abnormal
behaviour leading to emergency shutdown is found and corrected. Use of the System and
its components before correcting the cause is strictly limited to inspection, replacement
and maintenance purposes by trained professionals, or by the operator (if appropriate)
under the supervision of the designated Emergency Supervisor and/or the primary or
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associate researcher. Equipment that has failed and/or may be a hazard should not be
used again.
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6.7.8

Emergency Reporting

Table 19 - Revision Record for Operating Manual Section 6.7.8

Date (DD/MM/YY):

Approved By:

The reporting procedures in the following subsections have been copied from the
University of Alberta Department of Environmental Health and Safety’s (EHS) Report an
Injury, Incident or Concern website (EHS, University of Alberta, 2002-2012).
More information on reporting health and safety violations is also found on the EHS
website. The EHS department is one of six operational units of University of Alberta
Risk Management Services. More information of Risk Management Services can be
found at http://www.rms.ualberta.ca/.

All referenced forms and reports (underlined in the citations) are contained in this
document in Appendix A.3. They can also be found at on the EHS Report an Injury,
Incident or Concern website (EHS, University of Alberta, 2002-2012) under the
appropriate link.
6.7.8.1 Personal Injury
The EHS website states that personal injury includes
“any physical harm or potential exposure to hazardous materials,
such as harmful chemicals or pathogenic microbes. This
category includes, but is not limited to, needlesticks, exposure to
human blood or body fluids, and animal bites.” (EHS,
University of Alberta, 2002-2012, Personal Injury)
For all injury incidents, the following reporting procedures must be followed.
•

“Report all injury incidents to your supervisor.
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•

With your supervisor, complete the Faculty/Department
Incident & Investigation Report for all injury/incidents/nearmiss/potential exposures. The completed report must be
submitted to EHS via fax (780-492-7790) within 48 hours of
the incident.

•

If only first aid was required, complete a First Aid Report.
The report is to be kept by your supervisor in a confidential
manner.

•

If the injury required professional medical attention, and you
are an employee of the University of Alberta, complete a
WCB Worker’s Report. Your supervisor must also complete
a WCB Employer’s Report. Both reports must be submitted
to the U of A's Health Promotion and WorkLife Services
within 72 hours of the incident (submission instructions are
provided on the forms).” (EHS, University of Alberta, 20022012, Personal Injury)

If you are a student operating the System, see Dr. Selma Guigard to determine if you
are considered an employee of the University of Alberta and therefore whether you
must follow WCB reporting procedures.
6.7.8.2 Spill or Environmental Release
The EHS website defines a hazardous spill as:
“the uncontrolled discharge of radioactive, biological or
chemical material. An environmental release refers to a
hazardous spill that is discharged from a controlled setting into
the broader environment.” (EHS, University of Alberta, 20022012, Spill or Environmental Release)
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In the event of a hazardous spill has occurred the following reporting procedures must be
followed.
1. “Stay clear and warn others in the immediate area of the spill.
Isolate the area around the spill.
2. Assist injured or contaminated persons if you are trained to
do so, but do not place yourself at risk of injury or
contamination in the process.
3. Determine if the spill is an emergency or requires assistance
to clean up. If so, notify the following parties:
1. Your supervisor, and
2. The Departmental Spill Designate for the area affected.
3. In addition, if the spill resulted in an environmental release
or involved radioactive material, contact the University
Control Centre immediately via 780-492-5555.
4. All spills must be reported in writing to EHS. Complete and
submit a Faculty/Department Incident & Investigation Report
to EHS via fax (780-492-7790) within 48 hours of the spill.
Submit a copy of the form to your Departmental Spill
Designate.
5. Following spill clean-up, immediately make arrangements to
replenish items used from the appropriate spill kit.
6. Contact Environmental Services to pick-up waste clean-up
materials via:
o

Email waste.disposal@ehs.ualberta.ca, or

o

Use the Chematix system.” (EHS, University of Alberta,
2002-2012, Spill or Environmental Release)

Chematix is found at https://www.hazchem.ualberta.ca/Chematix/.
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6.7.8.3 Near Miss Event
EHS defines a near miss as:
“where no actual harm was done but where there was the
potential for serious injury, hazardous spill, or property
damage.” (EHS, 2011, Near Miss Event)
EHS gives the following procedures to report a near miss event.

“Where a significant near-miss event has occurred, it is an
individual's due diligence to report the event to prevent similar
incidents in the future. Examples of near-miss events include
the failure of research or safety equipment to perform as
expected, unplanned for chemical reactions, or poorly planned
experimental procedures or set-up compromising personal
safety.
1. For all near-miss events, please review the event with your
supervisor to determine if reporting is required.
2. Where a near-miss event is deemed reportable by you and
your supervisor, complete a Faculty/Department Incident &
Investigation Report and submit to EHS via fax (780-4927790) or campus mail.” (EHS, University of Alberta, 20022012, Spill or Environmental Release)
6.7.8.4 Health and Safety Concern
When an individual has a health and safety concern, EHS website requests that individual
report concerns and/or issues to their immediate supervisors. However, EHS Department
may be contacted directly in the event that an individual is not comfortable discussing
their concerns with their immediate supervisor (EHS, University of Alberta, 2002-2012).

The EHS Website gives the following procedures for reporting Health and Safety
concerns:
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“By completely filling out the form [at the link] below, your
health or safety issue/concern will be sent to the appropriate
member of Environmental Health & Safety” (EHS,
University of Alberta, 2002-2012, Health and Safety
Concern)
The form is found at
http://www.ehs.ualberta.ca/ReportanInjuryIncidentorConcern/HealthandSafetyConcern.a
spx .
•

“Report the concern to your immediate supervisor or

person-in-charge. Concerns related to air circulation, temperature
fluctuations etc. should be referred to the Facility Liaison Officer.
Some resolution and remedial actions may need to involve the
departmental safety committee or the senior departmental
administrators.
•

When the problem requires specialized expertise the

department should refer the issue to EHS for further action and
policy considerations.
•

The worker may call EHS directly if their concern is not

being addressed to their satisfaction.
•

Reports will be kept confidential if so requested.” (EHS,

University of Alberta, 2002-2012, Health and Safety Concern)
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6.7.9

Important Contacts (non Emergency)

Table 20 - Revision Record for Operating Manual Section 6.7.9

Date (DD/MM/YY):

Approved By:

The following contacts are not to be used as first response in the case of an emergency.
See section 6.7.6.2 for a list of emergency contacts.

To be inserted into in-lab version.
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6.7.10 Laboratory Use and Layout
Table 21 - Revision Record for Operating Manual Section 6.7.10

Date (DD/MM/YY):

Approved By:

6.7.10.1 Laboratory Layout
The following paragraphs give a description of the lab. The Lab Layout Drawing shows
the approximate position of the equipment within the lab. The Lab Equipment Drawing
shows the approximate dimensions and placement of the equipment within the lab. These
drawings are attached in the Drawings section.

Some information in this section has been referenced from the Lab Use Overview
document, written by Christianne Street (2010), which was part of the preparatory
material provided to M-I SWACO for the November 10, 2010 HAZOP.

The lab is a shared space. The System occupies the entire east half of the lab, and a smallscale membrane treatment experiment occupies the west half. Details of this small-scale
membrane treatment experiment are:
•

“Principal investigator: Dr. Mohamed Gamal El-Din

•

Equipment: small mixer, analytical balance, membrane pressure cell

•

Chemicals in use: dilute sodium chloride solution, water sample
containing trace hydrocarbons” (C. Street, Lab Use Overview,
November 2010 HAZOP resources, para. 2)

The lab space has been organized such that equipment can be accessed from corridors
which are minimum 0.9 m wide. The equipment and piping is placed to reduce, as much
as possible in the given space, obstructions from corridors and other tripping hazards.
Mounting instruments, valves on piping on the extraction vessel support frames and other
support structures has facilitated this. To access equipment and instrumentation at height,
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a stair-ladder is used. The standard operating procedure for working at heights is detailed
in section 6.7.15.

There is an area near the centre of the lab designated for Extraction vessel take-down (for
maintenance). This area is marked with visible floor tape and is to remain clear at all
times except during extraction vessel take-down (C. Street, Lab Use Overview,
November 2010 HAZOP resources). The standard operating procedure for extraction
vessel maintenance and take-down is detailed in section 6.7.15.
6.7.10.2 Power Supply
Electricity to the lab is supplied from the main electrical panel in the lab, which is located
east of the entrance. Both 110 Volt and 220 Volt supply is available. The equipment is
connected to this panel via a control panel. Both the CO2 (P-2201) and slurry (P-3201)
pumps require 208 V 3 Ph power supply. All other equipment, including the control
computer and environmental monitoring instruments, are connected to the main electrical
panel as well (C. Street, Lab Use Overview, November 2010 HAZOP resources).

The Kill Switch, described in section 6.7.7.1, cuts power to both CO2 (P-2201) and slurry
(P-3201) pumps and valves that have air-actuated failsafe mechanisms. It is mounted in
the wall near the entrance of the lab, in the NE quadrant.

Backup power is supplied to the control computer, and second CO2 monitor, CO2-2, and
O2 monitor, O2-1, so that environmental monitoring may continue in the event of a power
outage in the lab.
6.7.10.3 Drainage
Seven (7) 100 mm ID floor drains provide floor drainage to the lab. The floor drains are
connected to three vertical pipes (located in the NW corner of the lab, the equipment
storage room west of the lab, and the washroom east of the lab) which drain directly to
the City of Edmonton’s sanitary sewer by a common tie-in. Substances that enter the
floor drains cannot be prevented from entering the sanitary sewer. Spill or environmental
release reporting procedures must be followed in the event that a hazardous substance
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enters the floor drain (C. Street, Lab Use Overview, November 2010 HAZOP resources).
These procedures are found in section 6.7.8.2.
6.7.10.4 Ventilation
Ventilation to the lab is supplied by six supply ducts, two air intake vents and one
exhaust fume hood. The fume hood directs ventilation directly to the roof of the building
without passing through other labs, or rooms in the building. The lab operates at negative
pressure and is monitored by the University of Alberta Control Centre (C. Street, Lab Use
Overview, November 2010 HAZOP resources).
6.7.10.5 Lab Layout Drawing
Included in the Drawings Chapter Error! Reference source not found..
6.7.10.6 Lab Equipment Drawing
Included in the Drawings Chapter Error! Reference source not found..
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6.7.11 Lab Safety Provisions
Table 22 - Revision Record for Operating Manual Section 6.7.11

Date (DD/MM/YY):

Approved By:

6.7.11.1 Safety Facilities
The lab is equipped with the following safety and first aid equipment (C. Street, Lab Use
Overview, November 2010 HAZOP resources):

Table 23 - Safety and First-Aid Equipment

Equipment

Location

Sprinkler System

In lab

Fire extinguisher (ABC type)

In lab

First Aid kit

In lab

Eye Wash Station

In hallway directly outside of
lab, approximately 3 meters
west of the lab entrance

6.7.11.2 Personal protective equipment (PPE)
Lab occupants must wear the personal protective equipment (PPE) listed below at all
times when in the lab.
•

Safety glasses

•

Hearing protection, if required (to be determined during initial System testing)

•

Hard hat

•

Steel toed footwear

Prior to turning on the System, lab occupants must ensure they have been informed of
main hazards associated with running the System, and briefed in the emergency response
to these hazards (i.e. High Level Process Emergencies, CO2 release, slurry release, line
blockage, etc.).
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6.7.11.3 Environmental Monitoring
Environmental monitoring of the lab is provided by two CO2 sensors (CO2-1, and CO2-2)
and one O2 sensor (O2-1). CO2-1 is connected to the University of Alberta Control
Centre to fulfill their mandate in monitoring and maintaining building safety. In the
event that CO2-1 alarm high CO2 concentration threshold is reached, instantaneous shut
down of the building ventilation system is initiated and the building occupants are
evacuated. Fume hoods remain functional to evacuate the CO2 from the lab. CO2-2
provides backup to CO2-1 and is connected to the process control system. It triggers an
in-lab alarm and the process control system will initiate emergency shutdown of the
system (C. Street, Lab Use Overview, November 2010 HAZOP resources).

O2-1 signals to the process control system to trigger in-lab alarms and initiate emergency
shutdown of the System. This sensor is also fitted with a read-out outside the entrance of
the lab such that lab users may see O2 levels before entering.
Similarly, in the event of a fire alarm (triggered by fire, a fire drill, or a reported
hazardous spill/leak) building ventilation is instantaneously shutdown and the building
occupants are evacuated. The system is to be shut down using the Kill Switch, and the
operator must use the auxiliary laptop to maintain surveillance of the System remotely.
Fume hoods remain functional to evacuate the air from the lab (C. Street, Lab Use
Overview, November 2010 HAZOP resources).
6.7.11.4 Other signage
Other signage includes (C. Street, Lab Use Overview, November 2010 HAZOP
resources):
•

Hazard signage for high pressure

•

Hazard signage for CO2 use

•

Operation indication light (on when System is in operation)
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6.7.12 Operating the System
Table 24 - Revision Record for Operating Manual Section 6.7.12

Date (DD/MM/YY):

Approved By:

6.7.12.1 Control
Control modes must be understood by the operator prior to running the System. The
Control Mode Flow Chart (Thesis Chapter 12) shows the control modes and how the
System transitions between them. Discussion of the control modes can be read in the
Control Philosophy (section 6.8).

In this section, some information pertains specifically to Run and Monitoring modes.
Emergency and Safety modes are discussed in section 6.7.7.2 as they pertain to process
emergency shutdown.

The control program should be used at all times possible when running, testing or
otherwise using the system or system components.
6.7.12.2 Record keeping
A System Operation Log should be filled out whenever the System or its components are
used (including for experiments, testing/maintenance, or other). This information to be
included in this form is attached in Appendix A.6. If additional notes are taken the
operator must reference the location the notes are saved. Completed Operation Logs must
be filed where they can easily be accessed by all operators prior to next System use.
6.7.12.3 General Operation and Checklist
The Operation Checklist is included in Appendix A.6.
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6.7.12.4 Turning the System-On
The System start-up sequence is to be applied when starting the System for experiments.
Only System operators may turn the System on. The control program is password
protected to ensure only operators run the system. System starts from Monitoring mode
only. The start-up sequence is detailed in Table 38, attached in Chapter 12.
6.7.12.5 Turning Off the System (Controlled Shutdown)
For Emergency Shutdown procedures, see Chapter 0.

The controlled shutdown sequence is used for a controlled shutdown. Controlled
shutdown is used to end an experimental run when no Priority 1 or 2 alarms (described in
section 6.7.13), evidence of System instability, or other hazards occur.

The System may shut down from Monitoring or Run modes (including during start-up).
This System is subject to Monitoring mode alarms, interlocks and control conditions
during controlled shutdown. The controlled Shutdown sequence may be completed using
manual controls, or automated by a VI in the control program, appearing as a “button” on
the operator interface. The shutdown sequence is detailed in Table 39, attached in section
6.7.20.
6.7.12.6 Setting and Controlling Conditions for Normal Operation
The following section describes how the operator can set and adjust extraction conditions
during normal operation. A more detailed description of control can be found is the
Control Philosophy (section 6.8). The process conditions which the operator can adjust
are:
•

Extraction vessel (EC-1101) pressure

•

Slurry flow rate, and

•

CO2 flow rate

A condition which the operator cannot adjust during an experimental run is the separation
pressure. However, this is included in this section because it is important for the operator
to understand how a change in the conditions above will affect its behaviour. Also a
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section heading is included for the slurry pre-treatment loop, the “Grinding Loop”. As
the operation of this subsystem is determined, operation notes should be added to the
Operation Manual.

Because temperature control needs have not been determined, temperature control is not
addressed in this document. Temperature control may be added to the System pending
results of initial system testing, as described in section 6.11. This section should be
revised to reflect changes made to the System, as described in section 6.7.2.

Equipment numbers can be referenced from the P&ID (Chapter Error! Reference
source not found.). Alarm information is provided in the attached Alarms Table.

Extraction Vessel Pressure (EC-1101)
“Extraction pressure” refers specifically to the pressure within the extraction vessel
(EC-1101) as this is where extraction takes place. The extraction pressure is monitored by
sensors PI-1402 and PI-1404. PI-1402 provides data to the control program. PI-1404 is a
pressure gauge which the operator uses to verify PI-1402. Though PI-1402 indicates on
the operator interface and is recorded by the control program, the operator should still
check the data against the PI-1404 gauge. A discrepancy in the readings may indicate a
failure in the equipment, or an issue in the process (caking, blockage, etc.). Verification
of PI-1402 using PI-1404 is included in the Operation Checklist (6.7.15.1), which is
performed during System operation.

The operator enters the desired extraction pressure set point for the experiment into the
operator interface of the control system during start-up. During an experiment (when the
System is in Run mode), a process interlock (actuated through the control system)
automates extraction vessel pressure control. The control system actuates adjustments in
CO2 pump (P-2201) speed (thus CO2 flow rate) to maintain the extraction pressure set
point.
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Although the control system should automatically maintain the extraction pressure set
point, it will alert the operator of abnormal extraction pressure and eventually shut the
System down if extraction pressure reaches unsafe levels. The operator should continue
to watch the extraction pressure, CO2 flow rates and other System conditions to ensure
the process is behaving properly and safely. Alarms or abnormal conditions should be
treated as described in sections 6.7.13 and 6.7.14. The operator should be especially
aware of evidence of control system failure, equipment failure and leaks and blockages
(described in section 6.7.14).

If the operator wishes to change the extraction pressure during an experiment, the
operator must enter a different pressure set-point into control program via the operator
interface.

When in Monitoring mode (which may be used for testing or maintenance purposes, etc.),
the operator manually controls extraction pressure by adjusting the CO2 delivery flow to
the extraction vessel. If a higher extraction vessel pressure is desired, CO2 delivery flow
must be increased. If a lower extraction vessel pressure in desired, CO2 delivery flow
must be decreased. When in Monitoring mode, extraction vessel pressure and slurry level
must be observed at all times and the CO2 flow rate adjusted accordingly in order to
maintain the desired extraction pressure and to ensure the extraction vessel does not
become too full or empty of slurry.

Despite some noise (due to the type of control logic implemented for extraction vessel
slurry level and pressure control), the extraction vessel pressure should generally stay
near the set-point in a healthy System. Fluctuations in the order of 1 MPa should alert the
operator to monitor system conditions closely.

As experience is gained with operating the System, the operator will have a sense of the
“normal” extraction pressure fluctuation. Thus, the discussion of “abnormal situations”
in section 6.7.14 is for when, in the operator’s judgment, slurry level fluctuations go
beyond the normal noise of a healthy system.
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At the time the alarm system was designed, it was known that the System would be
operating at an extraction pressure of approximately 14.5 MPa, though it is expected that
several operating points will be tested. Thus the System is alarmed at greater than
22 MPa by alarms PAH3-1402 and PAH2-1403, and less than 6 MPa by alarms
PAL4-1402 and PAL2-1402. If the operators deem these alarm levels inappropriate after
preliminary use of the System and/or for certain experiment trials, the alarms should be
changed according to the alarm philosophy in the Control Philosophy (section 6.8).

CO2 Flow Rates
When in Run mode, the CO2 flow rate through the extraction vessel is controlled
automatically by the control logic. The control logic adjusts the CO2 flow rate in order to
maintain the extraction pressure set point (which is set by the operator during start-up).
Although the control system will automatically control the CO2 flow rate, it will alert the
operator of abnormal flow conditions. The operator should continue to watch process
conditions (indicated on the operator interface) and physically observe the System to
ensure it is behaving properly.

Conditions the operator should watch include System pressures, slurry flow rates, slurry
level sensors status the CO2 flow from LN-4005 (the exhaust pipe) in the fume hood.
Alarms or abnormal conditions should be treated as described in sections 6.7.13 and
6.7.14. The operator should be especially aware of evidence of control system failure,
equipment failure and leaks and blockages (described in section 6.7.14).

The CO2 flow rate through the extraction vessel is a function of the pressure in the
extraction vessel and the flow resistance created by BV-4303. The operator must set the
appropriate valve position of this valve prior to turning on the System. The operator
should be able to choose the appropriate valve position easily, as the flow through several
positions at the desired pressure should have been tested for prior to initiating the
experiment.
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If, during an experiment, the operator wishes to change the CO2 flow rate, the operator
can adjust the BV-4303 valve position (reducing aperture to create more resistance thus
decreasing CO2 flow, or increasing aperture to create less resistance thus increasing CO2
flow).

In Monitoring mode (used for testing, troubleshooting, etc.), the operator must manually
adjust CO2 pump flow rate via the operator interface on the control system. When CO2 is
flowing into or through the extraction vessel in Monitoring mode, the operator must
observe slurry level sensors’ status and extraction vessel pressure and make flow
adjustments to keep the extraction vessel pressure at the desired level and the slurry level
between the two sensors.

The CO2 delivery flow rate is monitored by the flow meter, FI-2404 on LN-2002 and by
calculation based on the CO2 pump frequency. There is one alarm, FAHL4-2404,
associated with CO2 delivery flow rate. CO2 exit flow rate is monitored by FI-4404 on
LN-4005. There are two alarms, FAHL3-4005 and FAHL4-4005, associated with CO2
exit flow rate. If the operators deem the alarm levels inappropriate after preliminary use
of the System and/or for certain experiment trials, the alarms should be changed
according to the alarm philosophy in the Control Philosophy (section 6.8).

During normal operation, extraction vessel pressure will fluctuate slightly as a result of
the type of control logic applied to it and the slurry level. As a result of extraction vessel
pressure fluctuation, CO2 pump delivery flow rate will also fluctuate.
Thus, there will be transient discrepancies between CO2 delivery and exit flow rates in a
healthy System. As experience is gained with operating the System, the operator will
have a sense of the CO2 flow rate fluctuation (and discrepancy between delivery and exit
for rate) in a healthy System.
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Slurry Flow Rates
When operating the System for experiments (i.e. the System is in Run mode), the slurry
delivery flow rate is controlled automatically by the control logic. The control system
adjusts the slurry delivery flow rate to maintain a constant slurry level between 5 cm and
16 cm from the bottom of the extraction vessel. Although the control system will
automatically control the slurry flow rate and alert the operator of abnormal flow
conditions, the operator should watch System conditions to ensure the process and
equipment are behaving properly.

Conditions to watch are slurry level sensors’ status, System pressures, and slurry flow
indicators and physically observe the slurry return pipe to the receiving tank. Alarms or
abnormal conditions should be treated as described in sections 6.7.13 and 6.7.14. The
operator should be especially aware of evidence of control system failure, equipment
failure and leaks and blockages (described in section 6.7.14).

In general, given a constant extraction pressure, the slurry flow rate through the
extraction vessel is a function of the flow resistance downstream of the extraction vessel
(created by LN-5001, or the “restrictor”). Therefore, at the outset of an experiment, the
operator must choose the appropriate restrictor (length and diameter of LN-5001) to use
for the desired extraction pressure and slurry flow rate. The operator should be able to
choose the appropriate restrictor easily, as the flow through several restrictors at the
desired pressure should have been tested for prior to initiating the experiment.

If, during an experiment, the operator wishes to change the slurry flow rate, the operator
must perform a controlled shutdown of the System and change the restrictor according to
the SOP.

In Monitoring mode (which may be used for testing or maintenance purposes, etc.), the
operator can manually set and adjust slurry pump flow rate via the operator interface on
the control system. When slurry is flowing into or through the extraction vessel in
Monitoring mode, the operator must observe slurry level sensors’ status and extraction
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vessel pressure and make flow adjustments to keep the slurry level between the two
sensors (thus avoiding filling or emptying the extraction vessel).

The slurry delivery flow rate is monitored by the flow meter FI-3407 on LN-3002, and by
calculation based on slurry pump RPM. Slurry exit flow rate is monitored by FI-5401 on
LN-5002. There is one alarm, FAHL4-3407, associated with slurry delivery flow rate.
There are two alarms, FAHL3-5001 and FAHL4-5001, associated with slurry exit flow
rate. If the operators deem the alarm levels inappropriate after preliminary use of the
System and/or for certain experiment trials, the alarms should be changed according to
the alarm philosophy in the Control Philosophy (section 6.8).

The slurry delivery flow rate will fluctuate slightly during normal operation due to the
type of controller used to maintain constant slurry level. Slurry exit flow rates will also
fluctuate as a result of extraction vessel pressure fluctuations. As experience is gained
with operating the System, the operator will have a sense of the normal slurry flow rate
fluctuation (and discrepancy between delivery and exit) in a healthy System.

Separator Pressure
Pressure within the separator (EC-4101) is a function of the flow resistance downstream
of the separator and the flow rate of CO2 entering it. Separator pressure will change if
CO2 flow into it changes, in order to equalize mass flow rate in and out.
The CO2 outlet of separator is approximately 0.64 cm dia.; this small diameter outlet
produces most of the resistance downstream of the separator. As a result of this
resistance, there is a lower limit to the separator pressure for every given flow rate.
Therefore, achieving near atmospheric pressure in the separator is likely not possible for
the expected CO2 flow rates.
Grinding Loop (Slurry Pre-treatment)
This section should be added to by operators as the Grinding Loop is designed and
experience is gained with operating it.
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6.7.13 Alarms and Interlocks (Trips)
Table 25 - Revision Record for Operating Manual Section 6.7.13

Date (DD/MM/YY):

Approved By:

6.7.13.1 Alarms
An alarm system is in place to notify operators and lab occupants of abnormal situations.
Alarms addressed in this document are associated with the safety and operation of the
process only, they do not include building alarms such as fire/smoke detectors, etc.
Detailed information about the alarm philosophy is included in the Control Philosophy
(section 6.8).

Alarms active for each control mode are shown in the Control Philosophy (section 6.8).
The nomenclature code and prioritization of the alarms are also described in the Control
Philosophy (section 6.8).
6.7.13.2 Response to alarms
When an alarm is activated, the operator must safely stop their current task and check the
in-field alarm display (light and sound) or operator interface where the alarm is
indicating. In-field alarm displays and sounds will help to inform the operator of the
Priority level of the alarm when he/she is not at the workstation. Operator response is
dependent on Priority level, as described below. All priority levels require immediate
attention from the operator.

Operator interface display of alarms is organized by prioritization. In the event that
alarms of different priority levels are activated, the operator must respond to alarms in
order of priority, from most critical (Priority 1) to least (Priority 4).
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All alarms are associated with a specific operator action. Operator actions are described
below.

Priority 1 (Critical Safety) Alarms: Priority 1 alarms indicate unsafe environmental
conditions and that the System is (or should) automatically shut down. These are critical
safety alarms because the alarmed conditions pose an immediate health threat to the lab
occupants. Table 26 shows the appropriate response to all Priority 1 Alarms.
Table 26 - Operator Response to Priority 1 Alarms

Operator Response to Priority 1 Alarms
Alarm
Operator Response
All Priority 1
1. Ensure the System is shut down (Use Kill Switch if automated
Alarms
shutdown fails)
2. Leave the lab and secure it immediately, ensure all occupants
leave the lab
3. Contact emergency response if needed as indicated in
section 6.7.6
4. Use the auxiliary laptop to maintain remote surveillance of the
System
5. Re-enter the lab when it is safe to do so, secure the equipment.
6. Complete the Safety Checklist attached in Chapter 12) and gain
approval from designated supervisor to operate the System in
Safety mode (for troubleshooting only). Complete Emergency
Shutdown Checklist (attached in Chapter 12) when
troubleshooting complete.
7. Do not run experiments until the cause of the abnormal
condition has been corrected.

Priority 2 (Emergency Shutdown) Alarms: Priority 2 alarms alert the operator that
there is process instability and that the System is (or should) automatically shut down by
interlocks. Priority 2 alarms are associated with System instability, which indicates
evidence of a failure in the process or process control. Though there is no immediate
health threat to the lab occupants (such as for Priority 1 alarms), the consequence of the
failure may be a risk to the operator or the equipment if corrective action is not
immediately initiated and the abnormal condition is allowed to progress. Therefore, the
operator must ensure immediate shutdown of the System and secure it immediately, as
described in Table 27.
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Table 27 - Operator Response to Priority 2 Alarms

Operator Response to Priority 2 Alarms
Alarm
Operator Response
All Priority 2
1. Ensure the System is shut down and the control system is in
Alarms
Emergency mode (Use Kill Switch if automated shutdown fails)
2. Contact emergency response if needed as indicated in
section 6.7.6
3. Complete Emergency Shutdown Checklist (attached in Chapter
12)
4. Investigate and correct the cause when it is safe to do so
5. Do not run experiments until the cause of the abnormal
condition has been corrected.

Priority 3 (Important Safety) Alarms: Priority 3 alarms inform the operator of
abnormal process conditions that may indicate a failure in the process or process control.
Though the System is not yet considered unstable (as it is for Priority 2 alarms), the
consequence of the potential failure may lead to operator health threat or equipment
damage if the cause of abnormal condition is not corrected. At this alarm level the
process is not functioning properly.

The operator action is specific to each alarmed condition. The operator goal for Priority
3 alarms are shown on the operator interface as a prompt when alarm displays. Actions
associated with all Priority 3 alarms are described in Table 28. The operator must always
monitor the alarmed condition and perform an emergency shutdown (as per the Process
Emergency Shutdown Procedures) if the condition escalates or the System appears
unstable. The operator may perform a controlled or emergency shutdown at any time
when performing suggested actions. In general, the response to Priority 3 alarms is to:
1. Quickly troubleshoot the System for the cause of the abnormal condition (as
described in Table 28 and section 6.7.14)
2. If safe to do so, make adjustments to correct the condition, pending result of
troubleshooting (see section 6.7.14)
3. Continue watching the alarmed condition to ensure stability of System
4. Shut down the System as per the Process Emergency Shutdown Procedures if unable
to correct the condition
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A greater discussion of troubleshooting actions is included in section 6.7.14, which is
organized by System condition and associated deviations.

Some Priority 3 alarms (as indicated) serve as pre-shutdown alarms. Pre-shutdown alarms
indicate an abnormal condition that, if allowed to progress to Priority 2 alarm levels, will
result in shutdown of the System.

The operator must keep in mind that, a Priority 3 alarm indicates that the System may be
unstable, or System behaviour may lead to instability if condition persists. Operator
judgment (based on experience with the System and knowledge of normal fluctuations in
conditions), is required to determine if/when the System must be shut down. The
operator should execute emergency shutdown as per the Process Emergency Shutdown
Procedures if conditions associated with pre-shutdown alarms approach Priority 2 levels,
before Priority 2 levels are actually reached.
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Table 28 - Priority 3 Alarms and Associated Actions

List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
PAH3-1402
Pressure in EC-1101 22<P<27 MPa
Pre-shutdown

Troubleshooting
1. System pressures (evidence
of blockages)
2. Flow rates exiting the
System (evidence of
blockages if lower than
normal)
3. Flow rates delivered to the
System
4. Correct positions of valves
5. System shutdown

PAH3-2405

CO2 pressure in LN- 2.1 <P<2.4 MPa
2001, inlet to P-2201 Pre-shutdown

Relief valve not working
correctly on CO2 supply.
Shut down system as per
Process Emergency
Shutdown Procedures

PAL3-2405

CO2 pressure in LN- 0.9>P>1.0 MPa
2001, inlet to P-2301 Pre-shutdown

1. Verify with pressure
indication of CO2 supply
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Operator Action
Trouble shoot for blockages
or other failures
Shut down if there is evidence
of a blockage or unable to
correct condition
Correct pressure if no
evidence of blockage or other
failure:
- Change extraction pressure
set point
- Open BV-4303 to help
relieve pressure
- Switch restrictor (if option
exists)
Shut down

Conduct controlled shutdown
immediately and ensure
sufficient CO2 available

List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
PAH3-2406
CO2 pressure in LN- 22<P<27 MPa
2002, output of PPre-shutdown
2301

TAL3-2407

Temperature of CO2
in LN-2001

T<31 oC

Troubleshooting
1. System pressures (evidence
of blockages)
2. Flow rates exiting the
System (evidence of
blockages if lower than
normal)
3. Flow rates delivered to the
System
4. Correct positions of valves
5. System shutdown

Operator Action
Trouble shoot for blockages
or other failures

1. Correct function of all
cooling and heating facilities,
including pump cooling
2. Correct pump function
3. External cooling
4. CO2 flashing
5. Adjust CO2 supply
temperature (if
heating/cooling facilities
exist)

Shut down if abnormal
condition is not corrected or if
temperature decreases
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Shut down if there is evidence
of a blockage or unable to
correct condition
Correct pressure if no
evidence of blockage or other
failure:
- Change extraction pressure
set point
- Open BV-4303 to help
relieve pressure
- Switch restrictor (if option
exists)

List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
TAH3-2407
Temperature of CO2 T>85 oC
in LN-2001

LAL4-3403

Low Slurry level
switch in FT-3601
(at 20 liters in tank)

No slurry
detected

LAL4-3404

Low Slurry level
switch in FT-3602
(at 20 liters in tank)

No slurry
detected

Troubleshooting
1. Check that all cooling and
heating facilities, including
pump cooling, are
functioning correctly
2. Correct pump function
3. External heat source
4. Check other temperatures,
to verify that sensor failed has
not failed
5. Check vessel temperature
6. Adjust feed temperature if
heating/cooling facilities exist
1. Ensure the slurry feed
stream switches to rinse water
2. If continuing experiment,
bring other slurry feed tank
online and stop rinse water
feed
3. If completing experiment,
conduct controlled shutdown
1. Ensure the slurry feed
stream switches to rinse water
2. If continuing experiment,
bring other slurry feed tank
online and stop rinse water
feed
3. If completing experiment,
conduct controlled shutdown
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Operator Action
Shut down if abnormal
condition is not corrected or if
temperature increases.
If no failure is found, and
EC-1101 temperature is safe
and stable, the experiment
may continue

Switch feed stream to other
feed tank and continue
running experiment, or
controlled shut down

Switch feed stream to other
feed tank and continue
running experiment, or
controlled shut down

List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
PAH3 -3406
Pressure in LN22<P<27 MPa
3003, output of PPre-shutdown
3201

TAH3-3410

Slurry temperature
downstream of P3201

T>85oC

Troubleshooting
1. System pressures (evidence
of blockages)
2. Flow rates exiting the
System (evidence of
blockages if lower than
normal)
3. Flow rates delivered to the
System
4. Correct positions of valves
5. System shutdown

1. Check that all cooling and
heating facilities, including
pump cooling, are
functioning correctly
2. Correct pump function
3. External heat source
4. Check other temperatures,
to verify that sensor failed has
not failed
5. Check vessel temperature
6. Adjust feed temperature if
heating/cooling facilities exist
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Operator Action
Trouble shoot for blockages
or other failures
Shut down if there is evidence
of a blockage or unable to
correct condition
Correct pressure if no
evidence of blockage or other
failure:
- Change extraction pressure
set point
- Switch restrictor (if option
exists)
- Open BV-4303 to help
relieve pressure
Conduct System Shutdown
immediately
Conduct troubleshooting as
specified
Shut down immediately if
abnormal condition is not
corrected or if temperature
increases above 85 oC. If no
failure is found, and EC-1101
temperature is safe and stable,
the experiment may continue

List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
LAH3-4401
Oil level in SC-4101 75% full

PAH3-4402

TAL3-4403

Pressure in SC-4101

Temperature in SC4101

4<P<4.5 MPa
Pre-shutdown

P<16 oC

Troubleshooting

1. Check extraction vessel
pressure
2. Check CO2 exit flow rate
(evidence of blockages if
lower than normal)
3. Check delivery CO2 flow
rate
4. Check BV-4303
5. System shut down

1. Check extraction vessel
temperature
2. Check heating jacket temp
and function
3. Check external cooling
source
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Operator Action
Conduct controlled shutdown
immediately and empty the
Separator
Trouble shoot for blockages
or other failures
Shut down if there is evidence
of a blockage or unable to
correct condition
Correct pressure if no
evidence of blockage or other
failure:
- Change setting of BV-4303
(smaller aperture) to help
decrease CO2 flow through the
System
-Change extraction pressure
set point
Increase temperature of
heating jacket on BV-4303
Shut down if abnormal
condition is not corrected or if
temperature decreases

List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
Mass flow
FAHL3-4404
Mass flow rate of
CO2<25% of
CO2 leaving SC4101
flow indicated
by P-2201 RPM
based mass flow
rate calculation

Troubleshooting
1. Monitor extraction vessel
pressure
2. Monitor CO2 exit flow,
physically observe flow
according to SOP
3. System pressures, evidence
of leaks and blockages
4. Valve positions
5. Other material exiting the
system

Operator Action
Trouble shoot for blockages
or other failures
Shut down if there is evidence
of a blockage or unable to
correct condition
Correct pressure if no
evidence of blockage or other
failure:
- Open BV-4303 to help
increase CO2 flow through the
System
Shutdown and flush CO2
outlets, exit lines (LN-4000s);
change in-line strainers/glass
wool; and verify proper
function of flow meter
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List of Priority 3 Alarms and Associated Actions
Associated Sensor Condition
Alarm Set-point
FAHL3-5402
Mass flow rate of
Mass flow
slurry through LNSlurry<25% of
5002
flow indicated
by P-3201 RPM
based mass flow
rate calculation

Troubleshooting
1. Exit flow conditions
2. Monitor slurry level
(evidence of extraction vessel
filling or emptying)
3. Monitor System pressures,
evidence of leaks and
blockages
4. Valve positions
5. CO2 exiting the system

Operator Action
Trouble shoot for blockages
or other failures
Shut down if there is evidence
of a blockage or unable to
correct condition
Correct pressure if no
evidence of blockage or other
failure:
- Switch restrictor (if option
exists)
- Temporarily change setting
of BV-4303 (smaller aperture)
to create a pulse of CO2 to
push slurry out of EC-1101
Shutdown and flush slurry
outlets, exit lines (LN-5000s)
and verify proper function of
flow meter
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Priority 4 (Abnormal Process) Alarms: The purpose of Priority 4 alarms is to inform
the operator of abnormal process conditions. These do not pose a safety concern, but
should be corrected to ensure the process operates properly and efficiently. In response to
Priority 4 alarms, the operator must:
1. Troubleshoot the System for the cause of the abnormal condition
2. Make adjustments to correct the condition, pending result of troubleshooting
3. Monitor the alarmed condition to ensure stability of system, until the condition is
corrected
If the cause and associated consequences of the abnormal condition is unknown
following troubleshooting activities, the operator should continue to monitor the System
to ensure the abnormal condition does not escalate. At this alarm level it is unlikely that
there is a serious risk associated with the potential hazard. However the operator should
be aware that, if the abnormal condition is allowed to escalate, the risk of the potential
hazard may also increase. Also, if the operator is unsure about the stability of the
System, or expects control system or equipment failure, the System should be shut down
immediately using emergency shutdown. The following chart shows each Priority 4
alarm, and the recommended troubleshooting lists. A greater discussion of
troubleshooting actions is included in section 6.7.14, which is organized by System
condition and associated deviations.
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Table 29 - Priority 4 Alarms and Troubleshooting Checklist

List of Priority 4 Alarms and Troubleshooting checklist
Associated Sensor Condition
Alarm Set-point
PAL4-1402
Pressure in EC-1101 4<P<6 MPa

Troubleshooting
1. System pressures
(evidence of leaks and
blockages)
2. Flow rates exiting the
System (evidence of leaks
and blockages if low)
3. Flow rates delivered to
the System
4. Correct positions of
valves
5. System shutdown
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Operator Action
Trouble shoot for blockages,
leaks or other failures
Shut down if there is evidence
of a leak, blockage or unable to
correct condition
Correct pressure if no evidence
of blockage or other failure:
- Change extraction pressure set
point
- Change setting of BV-4303
(smaller aperture) to help
increase pressure
- Ensure adequate CO2 supply
available

List of Priority 4 Alarms and Troubleshooting checklist
Associated Sensor Condition
Alarm Set-point
TAH4-1403
Temperature in EC- 60< T<85 oC
1101

Troubleshooting
1. Correct function of all
cooling and heating
facilities, including pump
cooling
2. Correct pump function
3. External heat source
4. Check other
temperatures, to verify that
sensor failed has not failed
5. Check vessel
temperature
6. Adjust feed temperature
if heating/cooling facilities
exist
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Operator Action
Shut down if abnormal
condition is not corrected or if
temperature approaches 85 oC
If no failure is found, and
EC-1101 temperature is safe
and stable, the experiment may
continue

List of Priority 4 Alarms and Troubleshooting checklist
Associated Sensor Condition
Alarm Set-point
LAH4-1405
EC-1101 Slurry
Slurry level
level detection at 16 above 16 cm
cm from bottom

Troubleshooting
1. Check slurry flow rates
in and out of System
(evidence of leaks and
blockages)
2. Physically observe flow
out of slurry return pipe to
receiving tank
3. Check System pressures
(evidence of leaks and
blockages)
3. CO2 flow rates in and out
of System
4. Valves in appropriate
positions
5. Shut down system
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Operator Action
Ensure the System is
responding correctly: slurry
exit flow should be greater than
delivery flow
Troubleshoot for evidence of
blockages or leaks
Shutdown if level does not
decrease or if slurry exit flow
is less than delivery flow

List of Priority 4 Alarms and Troubleshooting checklist
Associated Sensor Condition
Alarm Set-point
LAH4-1406
EC-1101 Slurry
Slurry level
level detection at 5
lower than 5 cm
cm from bottom

FAHL4 -2404

CO2 mass flow rate
through P-2201

Troubleshooting
1. Observe slurry return
pipe to receiving tank for
CO2 flow
2. Check System pressures
(evidence of leaks and
blockages)
3. Check Slurry flow rates
(evidence of leaks,
blockages, or pump
malfunction)
4. CO2 flow rates (evidence
of blockages, or pump
malfunction)
5. Valves in appropriate
positions
6. Shut down system

+/-30% of flow
indicated by
P-3201 RPM
based mass flow
rate calculation

Operator Action
Ensure the System is
responding correctly: slurry
exit flow should be less than
inlet flow
Troubleshoot for evidence of
blockages or leaks
Ensure extraction vessel slurry
level is corrected,
Shutdown if level does not
increase, if slurry exit flow is
greater than delivery flow, or if
CO2 continuously escapes from
slurry return pipe
Watch CO2 delivery
temperature, pressure and pump
RPM
Verify that sensors are working
properly
Ensure the System is
responding correctly to EC1101 pressure and slurry level
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List of Priority 4 Alarms and Troubleshooting checklist
Associated Sensor Condition
Alarm Set-point
FAHL4 -3407
Slurry flow through
+/-30% of flow
LN-3002, entering
indicated by
P-3201
P-3201 RPM
based mass flow
rate calculation

FAHL4 -4404

Mass flow rate of
CO2 leaving SC4101

+/-30% of flow
indicated by
P-2201 RPM
based mass flow
rate calculation

FAHL4 -5402

Mass flow rate of
slurry through LN5002

+/-30% of flow
indicated by
P-3201 RPM
based mass flow
rate calculation

Troubleshooting

Operator Action
Watch slurry level and pump
RPM
Verify that sensors are working
properly

Ensure the System is
responding correctly to EC1101 pressure and slurry level
1. Monitor extraction vessel Watch CO2 delivery
pressure
temperature, exit flow rate
2. Monitor System
pressure and pump RPM
pressures (evidence of leaks
and blockages)
Verify that sensors are working
3. Valve positions
properly
4. Other material (water, oil,
solids) exiting the system
Ensure the System is
responding correctly to EC1101 pressure and slurry level
1. Monitor extraction vessel
pressure
2. Monitor System
pressures (evidence of leaks
and blockages)
3. Valve positions
4. Other material (CO2)
exiting the system
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Watch slurry level, exit flow
and pump RPM
Verify that sensors are working
properly
Ensure the System is
responding correctly to EC1101 pressure and slurry level

6.7.13.3 Interlocks
Interlocks addressed in this document are associated with the safety and operation of the
process only. They do not include interlocks associated with the lab or building.
Detailed information about the interlock philosophy is included in the Control
Philosophy (section 6.8).

Hardwired interlocks shut down the System when unsafe environmental conditions
(excess CO2, deficiency of O2) are detected. These are associated with Priority 1 alarms.
Safety interlocks are in place to shut the System down if conditions indicate evidence of a
failure in the process or process control (by deviating “too far” - as determined by System
designers and operators - from normal). These are associated with Priority 2 alarms.

Process interlocks are used to automate the control of a process or a device. These are all
only active when the system is in Run mode. Process interlocks included:
•

Extraction vessel pressure control by the CO2 delivery flow rate (Pump P-2201
responds to PI-1402 signal)

•

Slurry level control by the slurry delivery flow rate (pump P-3201 responds to LI1405 and LI-1406 signal)

•

Feed stream switch to rinse water (valves BV-3301, BV-3302, and BV-3309 respond
to LI-3403 and LI-3404 signals)

Interlocks active for each control mode are shown in the Control Philosophy (section
6.8). The “types” of interlocks are described in the Control Philosophy (section 6.8).
6.7.13.4 Response to Interlocks
Interlocks are associated with an alarm as shown in the Control Philosophy (section 6.8),
thus the interlock should be responded to according to the alarm. All Safety and
Hardwired interlocks are responded to as per Priority 1 and 2 alarms and process
interlocks are responded to on an individual basis, as shown in Table 30.
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Table 30 - Operator Response to Interlocks

Operator Response to Interlocks
Interlock
Operator Response
All Hardwired
1. Ensure the System is shut down and the control system is in
Interlocks
Emergency mode (Use Kill Switch if automated shutdown fails)
(associated with
2. Leave the lab and secure it immediately, ensure all occupants
Priority 1 alarms)
leave the lab
3. Contact emergency response if needed as indicated in section
6.7.6
4. Use the auxiliary laptop to maintain remote surveillance of the
System
5. Re-enter the lab when it is safe to do so, secure the equipment.
6. Complete the Safety Checklist attached in Chapter 12) and gain
approval from designated supervisor to operate the System in
Safety mode (for troubleshooting only). Complete Emergency
Shutdown Checklist (attached in Appendix A.6) when
troubleshooting complete.
7. Do not run experiments until the cause of the abnormal
condition has been corrected.
All Safety Interlocks
(associated with
Priority 2 alarms)

1. Ensure the System is shut down and the control system is in
Emergency mode (Use Kill Switch if automated shutdown fails)
2. Contact emergency response if needed as indicated in sections
6.7.6
3. Complete Emergency Shutdown Checklist (attached in Chapter
12)
4. Investigate and correct the cause when it is safe to do so
5. Do not run experiments until the cause of the abnormal
condition has been corrected.

Process Interlocks:
Slurry level control
(associated with
LAH4-1405 and
LAL4-1406
Process Interlock:
Extraction pressure
control
Process Interlock:
Changes P-3201
feed stream to rinse
water (opens valve
BV-3309 and closes
BV-3301, BV-3302)

Monitor slurry level, System pressures and other conditions for
correct behaviour

Monitor System pressures, slurry level and other conditions for
correct behaviour
1. Ensure Rinse water feed to P-3201
2. Either initiate controlled shutdown to end experiment, or bring
other feed tank online to change slurry feed
3. Monitor System pressures, slurry level and other conditions for
correct behaviour
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6.7.14 Abnormal Conditions
Table 31 - Revision Record for Operating Manual Section 6.7.14

Date (DD/MM/YY):

Approved By:

6.7.14.1 Troubleshooting for and Correcting Abnormal Conditions
Troubleshooting procedures may be used when Priority 3 and 4 alarms are activated
and/or when other abnormal behaviour is noticed by the operator. Priority 1 and 2 alarms
are not listed in the sub-headings of this section since troubleshooting is not an immediate
response to these alarm levels (emergency shutdown is).

This section may also be referenced to support investigation procedures following an
emergency shutdown.

At all times when troubleshooting and/or taking corrective actions, continue to watch
System conditions (indicating on the operator interface and by physical observation).
The operator should be especially aware of evidence of control system failure, equipment
failure and leaks and blockages (described in section 6.7.14.2). Conduct an emergency
shutdown as per Process Emergency Shutdown Procedures if the System behaviour
becomes unstable.

Equipment numbers can be referenced from the P&ID (Chapter Error! Reference
source not found.). Alarm information is provided in the attached Alarms Table. Where
a line ID ends with an ‘X’, for example in LN-400X, all lines in that functional unit are
intended (in the example, all lines leading from the CO2 and dissolved oil outlet of the
extraction vessel, through to the System exit to the fume hood).
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Extraction Pressure
Low Extraction Vessel Pressure, PAL4-1402
1. System pressures, evidence of leaks and blockages
High or increasing pressure in another System location (especially upstream of the
extraction vessel) coupled with low extraction vessel pressure may indicate a partial or
full blockage in a delivery line. Low or decreasing System pressures in another System
location coupled with low extraction vessel pressure may indicate a leak in the System, or
that CO2 is exiting the System from the wrong flow line. Evidence of leaks is described
in the section 6.7.14.2.

In the leak or blockage scenarios described above, one or both exit lines (LN-400X
and/or LN500X) are likely to indicate low pressure and/or flow. Conduct emergency
shutdown as per the Process Emergency Shutdown Procedures if there is evidence of a
leak or blockage. If there is no evidence of a leak or blockage, continue troubleshooting.

2. Flow exiting the System
Physically observe CO2 flow exiting the System in to the fume hood. Also check the
flow rate at FI-4404.

High CO2 exit flow rate coupled with low and/or decreasing extraction vessel pressure
may indicate a change in or incorrect setting of BV-4303, causing excess CO2 to exit.
Continue troubleshooting. If other System conditions are correct, then the position of BV4303 may be adjusted and the valve subsequently monitored to ensure it is functioning
correctly. Only make this adjustment after troubleshooting and checking all conditions is
complete. Complete a controlled shut down if this valve is not functioning, AND if the
System is otherwise stable. Shut down the System as per the Process Emergency
Shutdown Procedures if there is evidence of System instability or greater equipment
failure.

Low exit flow rate CO2 coupled with low and/or decreasing extraction vessel pressure
may indicate a leak or a blockage as described above. Conduct emergency shutdown as
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per the Process Emergency Shutdown Procedures if there is evidence of a leak or
blockage.

Physically observe the CO2 outlet for evidence of other materials exiting through this
line, excessively high flow or low/no flow. If there is no evidence of a leak or blockage,
continue troubleshooting.

Also observe the slurry return line to the receiving tank. CO2 escape from this line may
cause low pressure in the extraction vessel. If CO2 is escaping make sure the System
recovers appropriately, and monitor slurry delivery flow. If the System does not correct
itself as expected, there is evidence of a pump, control system or other failure and the
System should be shutdown as per the Process Emergency Shutdown Procedures.

3. Flow rate delivered to the System
The System is reacting correctly to a low pressure scenario by increasing CO2 delivery
flow. Monitor the System to ensure the System corrects itself and continue
troubleshooting. If it does not correct itself as expected, there is evidence of a pump,
control system or other failure and the System should be shut down as per the Process
Emergency Shutdown Procedures.

Low and/or decreasing CO2 flow delivery flow in a low pressure scenario is evidence of a
pump, control system or other failure and the System should be shutdown as per the
Process Emergency Shutdown Procedures.

4. Correct positions of valves
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. Never choke feed flow upstream of any pumps while pumps are running.
Shut down the System as per Process Emergency Shutdown Procedures if there is
evidence of valve failure.

136

5. System shutdown
If the abnormal condition is corrected, or continues but does not worsen (i.e. the
extraction vessel pressure remains low, but does not become lower), and the System
appears healthy otherwise, the operator may continue to operate the System (monitoring
conditions closely) and finish the experiment normally. A thorough inspection of the
System should be conducted prior to using it again to find and correct the cause.

If the abnormal condition is not corrected and progresses to a worse state (i.e. the
extraction vessel pressure becomes lower), but appears generally stable, the operator
should complete a controlled shutdown. Emergency Shutdown may be initiated if the
System appears unstable or if otherwise deemed necessary by the operator. The operator
should conduct shutdown before the condition reaches Alarm Priority 2 levels (i.e.
extraction vessel pressure less than 4 MPa).

High Extraction Vessel Pressure, PAL3-1402 and/or High CO2 delivery pressure PAH32406 and/or High Slurry Delivery Pressure, PAH3-3406
1. System pressures, evidence of blockages
High or increasing pressure in another System location coupled with high extraction
vessel pressure may indicate a partial or full blockage, especially in one of the extraction
vessel exit line(s) (LN-400X and/or LN-500X). A blockage would also be indicated by
low or decreasing pressure and/or flow in a line downstream of the extraction vessel. If
there is evidence of a blockage, conduct an Emergency shut down as per Process
Emergency Shutdown Procedures.

If there is no evidence of a blockage, continue troubleshooting. At all times continue to
monitor the System and conduct an Emergency shut down as per Process Emergency
Shutdown Procedures if the System behaviour becomes unstable.

2. Flow rates exiting the System
If the slurry flow rate out of System (measured at FI-5401) is greater than expected and
extraction vessel pressure is high, there may be CO2 exiting from the slurry line. This can
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be verified by physical observation of the slurry exit line and by low CO2 exit flow.
Continue monitoring and ensure the System reacts appropriately by increasing the slurry
delivery flow rate and correcting slurry level and pressure. If the System does not correct
itself as expected, this is evidence of a pump, control system or other failure and the
System should be shut down as per the Process Emergency Shutdown Procedures.

Low or decreasing pressure and flow in a line downstream of the extraction vessel
coupled with high extraction vessel pressure may indicate a blockage in one of the outlets
of the extraction vessel. If there is evidence of a blockage, conduct an emergency shut
down as per Process Emergency Shutdown Procedures.

If flow out of the System is adequate and there is no evidence of a blockage, continue
troubleshooting.

3. Flow rates delivered to the System
If CO2 delivery flow rate is decreasing, the System is reacting appropriately to a high
extraction vessel pressure scenario. Monitor the System to ensure the System corrects
itself and continue troubleshooting. If CO2 delivery flow is high or increasing, the System
is not reacting appropriately to a high extraction vessel pressure scenario. If the System
does not correct itself as expected, this is evidence of a pump, control system or other
failure and the System should be shut down as per the Process Emergency Shutdown
Procedures.

Also ensure slurry delivery flow is appropriate for the slurry level conditions. If the
System does not correct itself as expected, there is evidence of a pump, control system or
other failure and the System should be shutdown as per the Process Emergency Shutdown
Procedures.

4. Correct positions of valves
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. Never choke feed flow upstream of any pumps while pumps are running.
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Shut down the System as per Process Emergency Shutdown Procedures if there is
evidence of valve failure.

Check valve BV-4303 to ensure it is properly positioned. Complete a controlled shut
down if this valve is not functioning, AND if the System is otherwise stable. Shut down
the System as per the Process Emergency Shutdown Procedures if there is evidence of
System instability or greater equipment failure.

5. System shutdown
If the abnormal condition is corrected, or continues but does not worsen (i.e. the
extraction vessel pressure remains high, but does not become higher), and the System
appears healthy otherwise, the operator may continue to operate the System (monitoring
conditions closely) and finish the experiment normally. A thorough inspection of the
System should be conducted prior to using it again to find and correct the cause.

If the abnormal condition is not corrected and progresses to a worse state (i.e. the
extraction vessel pressure becomes higher), but appears generally stable, the operator
should complete a controlled shutdown. Emergency Shutdown may be initiated if the
system appears unstable or if otherwise deemed necessary by the operator. The operator
should conduct shutdown before the condition reaches Alarm Priority 2 levels (i.e.
extraction vessel pressure greater than 27 MPa).

Extraction Vessel Slurry Level
The following discussion of “abnormal situations” is for when, in the operator’s
judgment, slurry level fluctuations go beyond the normal noise of a healthy system,
whether in frequency or duration.

High Slurry Level, LAH4-1405
1. Check System pressures, evidence of leaks and blockages
Normal extraction vessel pressure and abnormally high slurry level may indicate a
blockage in slurry exit flow (LN-500X). Immediately check flow rate of streams exiting
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the System. Also physically observe the flow out of the slurry return line to the receiving
tank. If these are abnormally low or decreasing, conduct emergency shutdown as per
Process Emergency Shutdown Procedures.

Low extraction pressure may cause the slurry level to increase. If the slurry level is high
and extraction vessel pressure is low, the control system should increase CO2 flow
delivery flow rate and increase extraction vessel pressure. If the System does not react
appropriately there may be a control system failure and the system should be shutdown as
per Process Emergency Shutdown Procedures.

Low extraction vessel pressure, resulting in high slurry level, may also be caused by a
CO2 leak in the System. Evidence of leaks is described in the section 6.7.14.2. Conduct
emergency shutdown as per Process Emergency Shutdown Procedures in the event of a
leak.

A blockage in LN-200X may also cause low extraction vessel pressure (leading to high
slurry level) Compare LN-200X line pressures (may be high), and exit flow rate (low) to
evaluate a blockage in this line. If no evidence of a leak or blockage, low extraction
vessel pressure should be investigated for that behaviour.

Abnormally high and increasing extraction pressure and high slurry level may indicate
blockages in both the CO2 and slurry exit lines (LN-400X and LN-500X). Immediately
check flow rate of streams exiting the System. If these are abnormally low or decreasing,
conduct emergency shutdown as per Process Emergency Shutdown Procedures.

2. Slurry supply flow rates in and out of System
If the slurry level is high and slurry delivery rate is decreasing, the System is acting
appropriately. If the System does not react appropriately there may be a control system
failure and the system should be shutdown as per Process Emergency Shutdown
Procedures.
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Low slurry exit flow rate is evidence of line blockages and/or low extraction vessel
pressure. These scenarios are discussed above.

3. CO2 flow rates in and out of System
Ensure the System is reacting appropriately to the extraction vessel pressure. If the
System does not react appropriately there may be a control system failure and the system
should be shutdown as per Process Emergency Shutdown Procedures.

4. Valves in appropriate positions
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. Never choke feed flow upstream of any pumps while pumps are running.

5. Shut down system
If the system is not recovering from high slurry levels as expected, shut down the System
as per Process Emergency Shutdown Procedures as there may be a pump, control system
or other failure.

Low Slurry Level, LAL4-1406 less than 5 cm
1. Check System pressures, evidence of leaks and blockages
Low slurry level may indicate a leak in the System or a blockage in slurry delivery flow
lines (LN-300X). Immediately check for low slurry flow rate exiting the System, high
pressure in LN-300X for a blockage, and physical evidence of a leak. Evidence of leaks
is described in the section 6.7.14.2. If there is evidence of a blockage or a leak conduct
emergency shutdown as per Process Emergency Shutdown Procedures.

Abnormally high extraction vessel pressure may cause the slurry level to decrease. If the
slurry level is low and extraction vessel pressure is high, the control system should
decrease CO2 flow delivery flow rate to decrease extraction vessel pressure. If the System
does not react appropriately there may be a control system failure and the system should
be shut down as per Process Emergency Shutdown Procedures.
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If the slurry level is low and extraction vessel pressure is high, expect that the slurry
“plug” in the extraction vessel may be completely pushed out followed by CO2 escaping
from the slurry exit line. If the control program is functioning correctly, the System
should be able to re-establish normal extraction vessel pressure and the slurry plug (by
increasing the flow rate of slurry and adjusting CO2 delivery flow rate). If the slurry plug
is not quickly re-established and CO2 continues to flow out of the system, conduct
emergency shutdown as per Process Emergency Shutdown Procedures.

A blockage in LN-400X may also cause high extraction vessel pressure (leading to low
slurry level). Compare CO2 exit (low) and delivery flow rate (high) to evaluate a
blockage in this line. If there is evidence of a blockage conduct emergency shutdown as
per Process Emergency Shutdown Procedures.

Abnormally low and decreasing extraction pressure and low slurry level may indicate
blockages or leaks in both the CO2 and slurry delivery lines (LN-200X and LN-500X).
Evidence of leaks is described in the section 6.7.14.2. If there is a leak, shut the System
down as per Process Emergency Shutdown Procedures.

2. Check Slurry flow rates
If the slurry level is low and slurry delivery rate is increasing, the System is responding
correctly. If the System does not react appropriately there may be a control system failure
and the system should be shut down as per Process Emergency Shutdown Procedures.

3. CO2 flow rates
Ensure the System is reacting appropriately to the extraction vessel pressure. If the
System does not react appropriately there may be a control system failure and the system
should be shut down as per Process Emergency Shutdown Procedures.

Low slurry exit flow rate is evidence of line blockages and/or high extraction vessel
pressure. These scenarios are discussed above.
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4. Valves in appropriate positions
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. Never choke feed flow upstream of any pumps while pumps are running.

5. Shut down system
If the system is not recovering from low slurry levels as expected especially if CO2
continues to exit from the slurry exit line and into the slurry receiving tank, shut down the
System as per Process Emergency Shutdown Procedures as there may be a pump, control
system or other failure.

Separator Pressure
High Separator Pressure, PAH3-4402
1. Check Extraction Vessel Pressure
High extraction vessel pressure may cause high separator pressure. If extraction vessel
pressure is abnormally high, treat as a high extraction vessel pressure scenario.

Low extraction vessel pressure is only consistent with high separator pressure if using the
“CO2 bypass loop”. If low extraction vessel pressure and high separator pressure are
indicated in another scenario, shut down the system as per Process Emergency Shutdown
Procedures as there may be a failure with the control system or a blockage downstream
of the Separator.

If extraction vessel pressure is not abnormal continue with the High Separator Pressure
troubleshooting list.

2. Check CO2 exit flow rate
In general the exit flow rate should be consistent with the delivery flow rate.

High CO2 exit flow rate coupled with high Separator pressure may indicate that a high
flow rate of CO2 is being delivered to the System. This scenario is described in the next
troubleshooting step.
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Low CO2 exit flow rate coupled with high Separator pressure may indicate a blockage in
LN-4005. Shut down the system as per Process Emergency Shutdown Procedures if
there is evidence of a blockage.

Physically observe the CO2 outlet for evidence of other materials exiting through this
line, excessively high flow or low/no flow.

3. Check delivery CO2 flow rate
Ensure CO2 delivery flow rates are appropriate for extraction vessel pressure. If it is not,
conduct shut System down as per Process Emergency Shutdown Procedures as there may
be a failure with the pump, control system or other.

4. Check BV-4303
If all system conditions appear healthy (esp. extraction pressure), adjusting the CO2
metering valve BV4303 may help to reduce CO2 flow through the System and thus
reduces operator operating pressure. Ensure that, while adjusting the valve that it is
functioning properly. Never close the valve completely while the System is in operation.

5. System shut down
If the System is not recovering from high Separator pressure, or the separator pressure is
increasing, shut down the System as per Process Emergency Shutdown Procedures. Shut
down the system prior to it reaching alarm priority 2 levels (5 MPa).

Low Separator Pressure, PAH3-4402
1. Check Extraction Vessel Pressure
Low extraction vessel pressure may cause low separator pressure. High extraction vessel
pressure is only consistent with low separator pressure if flow of CO2 is intentionally
being impeded from reaching the Separator, such as when pressurizing the extraction
vessel. If extraction vessel pressure is also abnormally low, treat the scenario as a low
extraction vessel pressure scenario.
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If extraction vessel pressure is normal continue troubleshooting.

2. Check CO2 exit flow rate
In the case of a blockage between the Separator and the extraction vessel, or if there is a
CO2 leak in the System, the CO2 exit flow rate should be abnormally low. Shut down the
system as per Process Emergency Shutdown Procedures if there is evidence of a
blockage or leak.

In general, if abnormally low pressure is indicated in the Separator, the CO2 exit flow rate
should be low as well. If abnormally high CO2 exit flow rate coupled is coupled with low
Separator pressure and all other System parameters are healthy (check that the extraction
vessel pressure is not decreasing), there may be a control system or sensor failure and the
system should be shut down as per Process Emergency Shutdown Procedures.

Physically observe the CO2 outlet for evidence of other materials exiting through this
line, excessively high flow or low/no flow.

3. Check BV-4303 and other valves
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. If all system conditions appear healthy (esp. extraction pressure), adjusting
the CO2 metering valve BV-4303 may help to increase CO2 flow through the System and
thus increase separator operating pressure. Take note that while adjusting the valve that
it is functioning properly. Closing the valve completely while the System is in operation
should be avoided.

4. Shutdown
If the System is otherwise healthy, continue to monitor the System. If the condition
worsens, shut down the System.
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Separator Temperature
High Separator Temperature
1. Check extraction vessel Temperature
High extraction vessel temperature may result in high temperature of the CO2 entering
the separator. If the extraction vessel temperature is high, treat as a high extraction vessel
temperature scenario. If it is not high, continue troubleshooting steps.

2. Check BV-4303 heating jacket temp and function
Excess heat delivered by the heating jacket on BV-4303 may cause high temperature of
the CO2 entering the Separator. Check the temperature of the heating jacket and adjust it
if it is high. Ensure that it is functioning correctly and not delivering excess heat due to
malfunction. Also, the temperature of the heating jacket should not be set lower than the
lower limit which prevents freezing in LN-4003 (lower limit to be determined by the
Design team in preliminary trials).

3. Check for external heating source
Ensure there are no external heating sources, such as fire. In case of a fire, shut down the
System using the Kill Switch and leave the lab immediately. Contact emergency response
(911). Emergency instructions are also found in Process Emergency Shutdown
Procedures.

Low Separator Temperature, TAL3-4403
1. Check Extraction Vessel Temperature
Low extraction vessel temperature may result in low temperature of the CO2 entering the
separator. If the extraction vessel temperature is low, treat as a low extraction vessel
temperature scenario. If it is not low, continue troubleshooting steps.

2. Check heating jacket temp and function
Insufficient heat delivered by the heating jacket on BV-4303 may cause low temperature
of the CO2 entering the Separator. Check the temperature of the heating jacket and adjust

146

it if it is low. Ensure that it is functioning correctly and not delivering insufficient heat
due to malfunction. Also, the temperature of the heating jacket should not be set lower
than the lower limit which prevents freezing in LN-4003 (lower limit to be determined by
the Design team in preliminary trials).

3. Check external cooling source
Ensure there is no unwanted external cooling points such as ice build up on flow lines or
other. If there is excessive ice build up there may be a CO2 leak. If the ice is potentially
causing low temperature, shut down the System as per Process Emergency Shutdown
Procedures. If the lab environment is cold due to building HVAC malfunction, perform
a controlled shut down of the System and do not operate the System until confirmation is
received that HVAC is functioning properly.

Slurry Flow Rates
The following discussion of “abnormal situations” is for when, in the operator’s
judgment, slurry flow rate is different than expected.

High Slurry Flow Rate
1. Monitor Slurry level
There is no alarm associated with slurry delivery flow rate. In a healthy system, when
slurry level in the extraction vessel is low, the slurry delivery flow rate increases. If the
slurry level is high and the flow rate is high and/or increasing, there is a malfunction in
the pump or control program and the System should be shut down as per Process
Emergency Shutdown Procedures.

If a low slurry level condition is not automatically being corrected and the slurry delivery
flow rate is higher than expected, there may be a slurry leak or a blockage in the System.
If there is a leak or blockage, there will likely be physical evidence (observable) and low
and/or high exit flow of slurry and/or CO2. Shut down the system as per Process
Emergency Shutdown Procedures if there is evidence of a leak or blockage.
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If there is no evidence of a leak or blockage and the low slurry level condition is not
being corrected by high slurry delivery flow rate, there may be a failure in the control
system or sensors. The System should be shut down as per Process Emergency Shutdown
Procedures.

2. Monitor Slurry exit flow
If exit flow appears consistent with slurry delivery flow (though both are higher than
expected) and the System is otherwise healthy, the operator may continue the experiment
while monitoring conditions closely. If exit flow appears inconsistent with slurry
delivery flow, treat as described in the paragraphs below for alarms FAHL3-5001 and
FAHL4-5001.

3. Other pressures in the System; Checking for Leaks and Blockages
Evidence of leaks is described in the section 6.7.14.2. Check System pressures and exit
flow rates for evidence of a blockage. Shut down the system as per Process Emergency
Shutdown Procedures if there is evidence of a leak or blockage.

Low Slurry Flow Rate
1. Monitor slurry level
There is no alarm associated with slurry delivery flow rate. In a healthy system, when
Slurry level in the extraction vessel is high, the slurry delivery flow rate decreases. If the
slurry level is low and the flow rate is low and/or decreasing, there is a malfunction in the
pump or control program and the System should be shut down as per Process Emergency
Shutdown Procedures.

If a high slurry level condition is not automatically being corrected and the slurry
delivery flow rate is lower than expected, there may be a slurry leak or a blockage in the
System. If there is a leak or blockage, there will likely be physical evidence (observe) and
low and/or high exit flow of slurry and/or CO2. Leaks and blockages are addressed in the
troubleshooting procedures for abnormal extraction (Vessel) pressure and slurry level.
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If there is no evidence of a leak or blockage and the high slurry level condition is not
being corrected by low slurry delivery flow rate, there may be a failure in the control
system or sensors. The System should be shut down as per Process Emergency Shutdown
Procedures.

2. Monitor Slurry exit flow
If exit flow appears consistent with slurry delivery flow (though both are lower than
expected) and the System is otherwise healthy, the operator may continue the experiment
while monitoring conditions closely. If exit flow appears inconsistent with slurry
delivery flow, treat as described in the paragraphs below for alarms FAHL3-5001 and
FAHL4-5001.

3. Other pressures in the System; Checking for Leaks and Blockages
Evidence of leaks is described in the section 6.7.14.2. Check System pressures and exit
flow rates for evidence of a blockage. Shut down the system as per Process Emergency
Shutdown Procedures if there is evidence of a leak or blockage.

Alarmed Conditions: Discrepancy between Slurry Delivery Flow Rate and Slurry Exit
Flow Rate, FAHL3-5402 and FAHL4-5402
1. Exit flow conditions
If exit flow conditions are low, there may be a leak or blockage in the System. Observe
for physical evidence of a leak. Continue troubleshooting for evidence of blockages.

If exit flow conditions are high, there may be CO2 exiting from LN-5002. Physically
observe for this, and ensure the System corrects itself. If it does not recover, shut the
system down as per Process Emergency Shutdown Procedures. If there is no evidence of
another material exiting the line, continue troubleshooting.
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2. Monitor Slurry level
There may be discrepancies between the delivery and exit flow rates when the slurry
level is fluctuating. Monitor slurry level fluctuation ensure correct System response while
completing remaining troubleshooting steps.

3. Monitor System pressures, evidence of leaks and blockages
High extraction vessel pressure may cause slurry to exit the System at a higher rate than
expected. If a system pressure is high and exit flow is low, there may be evidence of a
blockage in the System.

Low extraction vessel pressure may cause slurry to exit the System at a lower rate than
expected. Monitor these conditions. Low extraction vessel pressure may also be caused
by a leak in the System.

Also monitor System pressures at all locations. A pressure spike or drop in any flow line
coupled with low exit flow condition(s) may indicate a blockage downstream of that flow
line.

Evidence of leaks is described in the section 6.7.14.2. Conduct emergency shutdown as
per the Process Emergency Shutdown Procedures if there is evidence of a leak or
blockage.

4. Valve positions
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. Never choke feed flow upstream of any pumps while pumps are running.

5. Other material (CO2) exiting the system
Physically observe the slurry outlet for evidence of other materials exiting through this
line, excessively high flow or low/no flow. Use emergency shutdown in any of these
scenarios.
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Alarmed Conditions: Discrepancy between slurry Delivery flow rate sensor and pumpbased calculation, FAHL4-3407
Check pump RPM and slurry level to verify if one/both sensors are approximately
correct. If this condition persists, occurs more frequently or the discrepancy is higher than
usual, there may be a flow meter or control program failure. If failure of a flow meter
suspected but the operator can still measure flow based on the pump RPM based
calculation, and all other System conditions are normal, the operator may continue the
experiment. If a control program failure is suspected, shut the System down immediately
as per Process Emergency Shutdown Procedures.

CO2 Flow Rates
The following discussion of “abnormal situations” is for when, in the operator’s
judgment, CO2 flow rate is abnormal, and/or when alarms sound.
The CO2 flow rate data acquired by the flow monitors are always compared against the
flow rate calculation performed using pump frequency data. It is assumed that the pump
calculation will be more accurate than the flow monitor information due to the possibility
of changing pressure and temperature conditions of the CO2.
High CO2 Flow Rate
1. Monitor extraction vessel pressure, evidence of leaks and blockages
There is no alarm associated with high CO2 delivery flow rate. In a healthy system, when
extraction vessel pressure is low, the CO2 delivery flow rate increases. If the CO2 flow
rate is responding inappropriately to extraction vessel pressure, there may be a
malfunction in the control program and the System should be shut down as per Process
Emergency Shutdown Procedures.

Also, if a low extraction vessel pressure condition is not automatically being corrected by
increasing CO2 delivery flow rate, there may be a leak or a blockage in the System. If
there is a leak or blockage, there will likely be physical evidence (observable) and low
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and/or high exit flow of slurry and/or CO2. If there is evidence of a leak or blockage in
the System, shut the System down as per Process Emergency Shutdown Procedures.

If there is no evidence of a leak or blockage and the low extraction vessel pressure
condition is not being corrected by high CO2 delivery flow rate, there may be a failure in
the control system or sensors. The System should be shut down as per Process
Emergency Shutdown Procedures.

2. Monitor CO2 exit flow
If exit flow appears consistent with CO2 delivery flow (though both are higher than
expected) and the System is otherwise healthy, the operator may continue the experiment
while monitoring conditions closely. If exit flow appears inconsistent with slurry
delivery flow, treat as described in the paragraphs below for alarms FAHL3-4005 and
FAHL4-4005.

3. System pressures, evidence of leaks and blockages
Evidence of leaks is described in the section 6.7.14.2. Check System pressures and exit
flow rates for evidence of a blockage. Shut down the system as per Process Emergency
Shutdown Procedures if there is evidence of a leak or blockage.

Low CO2 Flow Rate
1. Monitor Extraction Vessel Pressure
There is no alarm associated with low CO2 delivery flow rate. In a healthy system, when
extraction vessel pressure is high, the CO2 delivery flow rate decreases. If CO2 flow rate
is responding inappropriately to extraction vessel pressure, there may be a malfunction in
the control program, or there may be evidence of a leak or blockage in the System. The
System should be shut down as per Process Emergency Shutdown Procedures.

2. Monitor CO2 exit flow
If exit flow appears consistent with CO2 delivery flow (though both are lower than
expected) and the System is otherwise healthy, the operator may continue the experiment
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while monitoring conditions closely. If exit flow appears inconsistent with CO2 delivery
flow, AND there is abnormal extraction vessel pressure, there may be evidence of a leak
or blockage in the System. Treat as described in the paragraphs below for alarms
FAHL3-4005 and FAHL4-4005, or shut down the System as per Process Emergency
Shutdown Procedures if there may be a leak or blockage in the System.

3. Other pressures in the System; Checking for Leaks and Blockages

Leaks and blockages are addressed in the troubleshooting procedures for abnormal
extraction vessel pressure and slurry level. Check System pressures and exit flow rates
for evidence of a blockage. Shut down the system as per Process Emergency Shutdown
Procedures if there is evidence of a leak or blockage.

Alarmed Conditions: Discrepancy between CO2 Delivery Flow Rate and CO2 Exit Flow
Rate, FAHL3-4005 and FAHL4-4005
1. Monitor Extraction Vessel Pressure
There may be discrepancies between the delivery and exit flow rates when the extraction
vessel pressure is fluctuating. Monitor these and ensure correct system response (as
described in the previous paragraphs).

High extraction vessel pressure may cause CO2 to exit the System at a higher rate than
expected. Similarly low extraction vessel pressure may cause CO2 to exit the System at a
lower rate than expected. Monitor these conditions.

If extraction vessel pressure is abnormal, follow the troubleshooting procedures for the
abnormal extraction vessel pressure scenario as there may be a leak or blockage in the
System.
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2. Monitor CO2 Exit Flow
Low CO2 flow rate exiting the System may be evidence of a leak or blockage. Conduct
emergency shut down as per the Process Emergency Shutdown Procedures if there is
evidence of a leak or blockage.

3. Monitor System pressures, evidence of leaks and blockages
Abnormal extraction vessel pressure coupled with low and/or decreasing CO2 exit rate is
evidence of a blockage or leak in the System.

Also monitor System pressures at all locations. A pressure spike or drop in any flow line
coupled with low exit flow condition(s) may indicate a blockage downstream of that flow
line.

Evidence of leaks is described in the section 6.7.14.2. Conduct emergency shut down as
per the Process Emergency Shutdown Procedures if there is evidence of a leak or
blockage.

4. Valve positions
Ensure all valves are in appropriate positions. Change incorrect valve positions if it is
safe to do so. Never choke feed flow upstream of any pumps while pumps are running.

5. Other material (oil, water, solids) exiting the system
Physically observe the CO2 outlet for evidence of other materials exiting through this
line, excessively high flow or low/no flow. Use emergency shutdown in any of these
scenarios.

Alarmed Conditions: Discrepancy between CO2 Delivery Flow Rate and Pump-based
calculation, FAHL4-2404
Check pumps RPM and extraction vessel pressure to verify if one/both sensors are
approximately correct.
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If this condition persists, occurs more frequently or the discrepancy is higher than usual,
there may be a flow meter or control program failure. If failure of a flow meter suspected
but the operator can still measure flow based on the pump RPM based calculation, and all
other System conditions are normal, the operator may continue the experiment. If a
control program failure is suspected, shut the System down immediately as per Process
Emergency Shutdown Procedures.

Extraction Temperature (Proposed troubleshooting, if heating/cooling facilities are
added)
Flow line heating and cooling facilities have not been included in the System. Initial
System testing will determine if “normal” System operation requires heating or cooling.
This section has been written for the scenario where flow line heating or cooling facilities
have been added. Thus if initial System testing shows that these are not needed, this
section must be revised accordingly.

To achieve the desired extraction temperature, the operator manually adjusts temperature
by applying heating or cooling to the CO2 and/or slurry feed streams.
High Extraction Temperature, LAH4-1403; High CO2 Delivery Temperature, TAH32407; High Slurry Delivery Temperature, TAH3-3410
1. Check that all cooling and heating facilities, including pump cooling, are functioning
correctly

Visually check the flow line cooling and heating facilities are functioning correctly and
are not supplying excess heat due to malfunction. Visually check that the cooling
facilities on both the CO2 and slurry pumps are functioning correctly, as per
manufacturer’s instructions. Note set-points of these heating/cooling facilities.

2. Correct pump function
Visually check for evidence of overheating of pumps as per manufacturers’ instructions.
Ensure pump RPMs are as expected.
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3. External heat source
Ensure there is no unwanted external heat source such as a fire or other. Immediately shut
down the System using the Kill Switch, exit the lab and contact emergency response in
the case of a fire.

4. Adjust feed temperature
If heating and cooling facilities and pumps appear to be functioning correctly and there is
no external heat source, check and adjust the feed temperatures.

If after performing the actions above the extraction vessel temperature continues to
increase, consider shutting the system down to thoroughly inspect the pumps and all
cooling facilities, including those supplied with pumps. Shut the System down as per the
Process Emergency Shutdown Procedures before the temperature reaches Priority 2
alarm level (85 oC) and/or if there is evidence of instability.

Low Extraction Temperature and/or CO2 Supply Temperature, TAL3-2407
1. Correct function of all cooling and heating facilities, including pump cooling
Visually check the flow line cooling and heating facilities are functioning correctly and
not cooling the System due to malfunction. Visually check that the cooling facilities on
both the CO2 and slurry pumps are functioning correctly, as per manufacturers’
instructions. Note set points of these heating/cooling facilities.

2. Correct pump function
Visually check that the pumps are functioning correctly as per manufacturers’
instructions. Ensure pump RPMs are as expected.

3. External cooling
Ensure there is no unwanted external cooling points such as ice build up on flow lines or
other. If there is excessive ice build up there may be a CO2 leak. If the ice is potentially
causing low temperature, shut down the System as per Process Emergency Shutdown
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Procedures. If the lab environment is cool due to building HVAC malfunction, perform
a controlled shut down of the System and do not operate the System until confirmation is
received that HVAC is functioning properly and the lab conditions are appropriate of
operation.

4. CO2 flashing
Check extraction vessel pressure to ensure it is in the expected (supercritical) range. If
the extraction vessel is well below expected pressure, the feed CO2 stream may flash to a
vapour as it enters the extraction vessel which may cause low temperature conditions. If
the extraction vessel pressure is low, troubleshoot for low pressure abnormal.

5. Adjust CO2 supply temperature
If other System conditions are acceptable, heating and cooling facilities and pumps
appear to be functioning correctly and there is no external cooling source, check and
adjust the feed temperatures.

If after performing the actions above the extraction vessel temperature continues to
decrease, consider shutting the System down to thoroughly inspect the pumps and all
cooling facilities, including those supplied with pumps. Shut the System down as per the
Process Emergency Shutdown Procedures if there is evidence of instability.

Grinding Loop
This section is to be written by other design team members prior to the grinding loop
being commissioned and adjusted if necessary as experience is gained with the grinding
loop.
6.7.14.2 Additional Safety Considerations While Operating the System
Other safety considerations for System Operation:
•

Observe the System for evidence of leaks which may include one or more of the
following:
o “Hissing” noise
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o Ice/snow collection on pipes/fittings
o Drip in drip pan
o Low pressures indicated on operator interface in any flow lines
o CO2 concentration in lab increasing
•

Constantly check system pressures. Be aware of sudden, unexpected or otherwise
abnormal changes

•

Monitor the System for evidence of blockages. Likely be indicated by a high pressure
location in the System and abnormally low or decreasing pressure and/or flow rate at
either exit stream

•

Observe slurry levels. Be aware of unexpected or otherwise abnormal changes

•

The operator should know the approximate duration of an experiment prior to starting
(based on flow rate) and available feed materials, and should plan to end an
experiment prior to activating alarm associated with low feed material.

•

The control system may fail. Be aware of indicated system conditions that do not
“make sense” (e.g. conditions indicated are consistent with a major slurry leak,
however no release of slurry is observed), and shut down the System as per Process
Emergency Shutdown Procedures if this is the case
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6.7.15 Standard Operating Procedures (SOPs)
Table 32 - Revision Record for Operating Manual Section 6.7.15

Date (DD/MM/YY):

Approved By:

6.7.15.1 Checklists
Checklists are attached in Chapter 12.

The following checklists are provided:
•

Start-up: To be completed prior to turning on the System and control system, or
during start-up where specified

•

Shutdown: To be completed after the System and Control system are shut down,
or during shutdown where specified. In the event of an emergency shutdown, the
shutdown checklist should be completed after emergency is dealt with
(Emergency Shutdown Procedures followed)

•

Emergency shutdown: To be completed before exiting Emergency mode

•

Safety: To be completed before exiting Safety mode

•

Operation: To be completed as described therein

If Safety and/or Emergency Shutdown Checklists used, they are to be filed with the
Operator Log for that day.

Documentation of repair and/or replacement of damaged equipment should be noted on
Operator Log of day the equipment issues discovered.
6.7.15.2 Working at Heights
This section details guidelines to be followed when working at heights. It is anticipated
that using the stair-ladder is sufficient to access all equipment at heights. If the operator
must access a higher point than is possible with using the stair-ladder, these guidelines
should be revised prior to commencement of that work.
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•

Project owned stair-ladder used

•

The stair-ladder is used as per manufacturer’s instructions

•

Brakes on the Stair-ladder enabled

•

Person working at height is visible to the second operator (at ground level)

•

The second operator monitors the operator working at height, and/or holds the stairladder for him/her

•

Hard-hat must be worn

6.7.15.3 System Cleaning
Rinse system according to following procedure:
•

System in Monitoring mode if pumps are in use

•

if pump is used, limit flow to a flow rate determined during initial System testing

•

Use clean rinse water only

•

Ensure sufficient rinse water in tank, if P-3201 is used

•

Ensure valves in proper positions:
o BV-3301 closed
o BV-3302 closed
o BV-3309 open
o BV-3307 closed
o BV-3306 open
o BV-5301 open
o MV-5302 open
o BV-3313 open and BV-3311 closed, if FT-3602 is used to receive rinse water
discharge
o BV-3311 open and BV-3313 closed if FT-3601 is used to receive rinse water

•

A separate rinse water receiving vessel may be used if desired
o In this case, discharge receiving water from LN-5002 into a separate container
of sufficient volume
o Set BV-3311 and BV-3313 appropriately

•

Discard water in an acceptable manner by regulations

160

Drain the System after rinsing
•

Stop pump and/or rinse water flow

•

Open all drain valves, observe drainage

•

Close drain valves when drainage ceases

Walk around lab
•

Wipe ice/dirt from all flow lines with a clean dry cloth

•

Use only cleaning methods and agents recommended by manufacturers

•

No trip hazards

•

Corridors free

•

Equipment/tools put away

Cleaning equipment/instrumentation
•

Clean as per manufacturer’s instructions

•

System in Monitoring mode if pumps are in use

6.7.15.4 Extraction & Separation Vessel Opening
Extraction vessel opening is part of the Emergency Shutdown Procedures when the
extraction vessel is known to be at pressure. However, WHENEVER the extraction
vessel or separator is opened, it must be assumed that there is a risk that they are at
pressure. Therefore, caution must always be taken when either is opened.

Vessel opening protocol is to be written by the design team prior to commissioning the
System. Some recommended guidelines are:
•

There must be at least 2 individuals present

•

The designated Emergency Supervisor, principal researcher or associate researcher
must be present and have given approval to open the extraction vessel

•

The individual opening the extraction vessel must, at a minimum, where the
following PPE:
o a lab coat or coveralls
o full face protection
o a hard hat
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o hearing protection
o temperature resistant gloves
o steel-toed boots
•

Working at Heights SOP must be followed

•

The individual opening the extraction vessel should never be positioned at the
location where the flow path of the potential CO2 and/or slurry release is likely to be
directed

•

The flow path of the potential CO2 and/or slurry release should not be directed where
other lab occupants or equipment are located. The first point of contact with another
structure should be a wall or ceiling

•

There must be at least one individual holding the stair-ladder (being used by the
individual opening the extraction vessel) in case it is impacted and moves

6.7.15.5 Safe Physical observation of CO2 and Slurry Exit Flow
The operator and design team should insert an SOP for the safe physical observation of
CO2 and slurry exit flow (from LN-4005 and LN-5002, respectively).
The operator should not be at risk of coming into contact with the exit stream of either
material, and should not be at risk of inhaling high concentrations of CO2. These lines
should always be properly secured and anchored.
6.7.15.6 Installation of LN-5001 (the “Restrictor”)
The operator and design team should insert SOPs for the installation of LN-5001, since
this line will be changed frequently depending on the experimental conditions. The SOP
should specify how to make connections properly, according to supplier and/or
manufacturer instruction. Pipes and fittings and connections are to be specified for
application to solids and high pressure (40 MPa) service.
6.7.15.7 Inspection and Replacement
Mechanical Equipment
Inspection and replacement of all components is completed as recommended in the
manufacturer’s instructions. If P-2201 or 3201 must run during inspection, the control
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system should be on and in Monitoring mode. Document inspection and replacement
events using an Operation Log.

Inspection and replacement SOP applies (but is not limited) to the following equipment:
•

Pipes

•

Valves

•

Fittings

•

Pressure vessels – take down included

•

Pumps

•

CO2 Supply

•

Drip trays, “blow-down” facilities and barriers

•

Instrumentation and their connections

•

All equipment connections

Inspection should occur:
•

After an emergency shutdown event, when Safety and/or Emergency Checklists
(attached in Appendix A.6)are complete

•

After an experiment where abnormal behaviour or conditions were experienced

•

At a minimum frequency of 1000 pressurization cycles or as recommended by
manufacturer

•

As solids content increases, inspect slurry flow lines and associated
fittings/equipment more frequently

•

Additionally when operators deem it is necessary

The operator should check for the following during inspection:
•

Environmental monitoring equipment appears to be working properly. Test as per
manufacturer’s instructions.

•

Fume hood working

•

Individual component function, as per manufacturer’s instructions

•

Ensure spill trays, “blow-down” facilities and barriers are in good working condition
o Securely fastened
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o Clean
o Free of corrosion, erosion, cracks, etc.
•

Walk-around to inspect damage on equipment, fittings, connections, equipment
support structures
o Free of corrosion, erosion, cracks, etc.
o No evidence of other weak spots
o Equipment is clean
o Good, clean connections on fittings
o Good condition of locations where ice and heat is known to build during
operation
o Leaks or drip areas well inspected
o Equipment and support structures securely fastened
o Connections to control board of all equipment OK
o Power supply to all equipment good

If inspecting specifically due to abnormal behaviour and/or following emergency
shutdown, list possible causes of abnormal behaviour or failure
•

Document possible causes. Do this even if it is known that a certain piece of
equipment has failed. Think of other possible failures, related and unrelated

•

Consider events/conditions leading to emergency shutdown

•

Make/follow a troubleshooting strategy for listed causes, however conduct full
inspection of equipment as well

Troubleshooting guidelines
•

Do not use equipment that has failed and/or may be a hazard if used again. Replace
this equipment before troubleshooting

•

Check flow through all flow lines

•

Check function of all pumps

•

Check function of heating equipment

•

Check function of other equipment: valves, mixers, etc.

•

Conduct trials to both confirm AND reject suspected causes of failure (above)
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Repair and/or Replacement
•

Ensure System not used again until passed inspection/repairs
o Signage clear and visibly posted if System/equipment not to be used
o Failed Equipment tagged and/or secured
o Selma notified of event, failed equipment, inspection/repairs needed

•

Repair and/or replacement is conducted by certified individual, if applicable

•

Selma notified when repair and/or replacement is complete

Prior to operating the System for experimentation and following component
repair/replacement, operate the System at low flow (7.6 L/min, or another flow
determined during initial System testing) and low pressure (less than 2 MPa, or a pressure
otherwise determined during initial System testing).

Control System
Effective control system proof testing should confirm the correct operation of the control
logic, sensing element(s) and actuating devices (final elements such as valves and
pumps).

Control system proof tests should occur (UK HSE, 2002):
•

After upgrading control software

•

After making adjustments to the control program logic

•

After major changes to the building and/or System communications network

•

After upgrading hardware components

•

After evidence that control system or a component has failed

See procedures in these guidelines:
•

IEC 61511 (IEC, 2003)

•

EEMUA #222 (EEMUA, 1999)
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6.7.16 References
Table 33 - Revision Record for Operating Manual Section 6.7.16

Date (DD/MM/YY):

Approved By:

Included in Thesis references, Chapter 9. In-lab and virtual copy will have references
included.
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6.7.17 Drawings
Table 34 - Revision Record for Section 6.7.17

Date (DD/MM/YY):

Approved By:

Drawing Revised

Included in the Chapter 10 of the Thesis.
Insert in the in-lab version:
•

Drawing 1: P&ID

•

Drawing 2: PFD (to be inserted by Christianne Street, not included in Thesis scope)

•

Drawing 3: Lab Layout Drawing

•

Drawing 4: Lab Equipment Drawing
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6.7.18 Process Emergency Shutdown Procedure Diagrams
Table 35 - Revision Record for Section 6.7.18

Date (DD/MM/YY):

Approved By:

Included in the Chapter 12 of the Thesis.
Insert in the in-lab version:
•

Diagram 1: High Level Emergency

•

Diagram 2: Leak Response

•

Diagram 3: Abnormal Pressure Response

•

Diagram 4: Other Abnormal Behaviours
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6.7.19 Control Mode Diagrams
Table 36 - Revision Record for Section 6.7.19

Date (DD/MM/YY):

Approved By:

Included in the Chapter 12 of the Thesis.
Insert in the in-lab version:
•

Diagram 1: Control Mode Flow Chart
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6.7.20 Appendices
Table 37 - Revision Record for Section6.7.20

Date
(DD/MM/YY):

Approved By:

Appendix Revised

6.7.20.1 A.1 Equipment manuals, brochures and fact sheets
A ‘Master List’, listing all equipment in the System, should be drafted and included in the
in-lab version of this document. It is to be included as the first page of this section. .
‘Spec sheets’ of equipment to be inserted into in-lab version.
6.7.20.2 A.2 MSDS - CO2 and Distillate 822
To be inserted into in-lab version.
6.7.20.3 A.3 Emergency Reporting Forms and Reports
To be inserted into in-lab version.
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6.7.20.4 A.5 Start-up and Controlled Shutdown Sequences
Table 38 - Start-up Sequence

Start-up
1
Ensure Start-up Checklist (included in Chapter 12) is complete
2
Fill out the Operation Log (included in Chapter 12)
3
Check that the appropriate restrictor (LN-5001) is installed;
install appropriate restrictor according to the SOP (section
6.7.15.6)
4
Log into control computer and enter the Control program
5
Pass the security log-in (operators only)
6
Set valve BV-4303 to the appropriate position according to the
desired CO2 flow rate
7
Bring extraction vessel up to pressure with SC-CO2
a. Ensure BV-2305, BV-4305 and BV-5301 Closed
b. Close BV-3306
c. Open BV-2304
d. Close BV-4301
e. Open CO2 supply
f.
Open BV-2306
g. Enter desired extraction pressure set point into control
interface
h. Start CO2 pump at small flow rate (TBD)
i.
Slowly ramp up CO2 flow rate (TBD)
8
When extraction vessel up to pressure, start CO2 flow through it
a. Open BV-4301
b. Ensure flow rate stable at desired flow rate
9
Check for adequate pressure drop into Separator vessel
10
Start and stabilize rinse water flow through bypass loop
a. Open BV-3307
b. Open BV-3308
c. Open BV-3309
d. Ensure BV-3301, 3302, 3306, 3310 and 3312 closed
e. Start P-3201 at small flow rate (TBD) and ramp up to
desired flow rate (TBD)
f. Ensure rinse water is discharging to FT-3603 or designate
receiving vessel
g. Ensure stable flow is achieved before continuing
11
When rinse water bypass flow stable, open flow to extraction
vessel, create a water plug in bottom
a. Open BV-3306
b. Close BV-3307
c. Wait until water plug height of approximately 10 cm is
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Start-up

12

13

14
15

established from bottom of EC-1101 (based on LI-1406
confirmed and 5 cm additional height calculated from water
flow rate)
Open slurry exit line to enable water flow through extraction
vessel
a. Ensure BV-3313 open and BV-3311 closed (if using other
tank as receiving tank, open BV-3311 and close BV- 3313)
and MV-5302 open
b. Open BV-5301
When rinse water flow stable, change to slurry flow
a. Open BV-3301 (or open 3302 if using other tank as the
slurry feed)
b. Close BV-3309
Turn on heating/cooling equipment and other equipment
that require manual power-up
Change System control mode to Run
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Table 39 - Shutdown Sequence

Controlled Shutdown
1 Rinse slurry from system
a. Open BV-3309
b. Close valve BV-3301 (BV-3302)
c. Adjust MV-5302 for satisfactory pressure drop in slurry exit
line
2 Stop CO2 flow once slurry recycle line is clean
a. Stop P-2201
b. Close BV-2306
3 Allow EC-1101 to fill half way with rinse water before shutting
off slurry pump
a. To fill half way, fill until LI-1405 confirmed then time
based on flow rate approximate the water needed to reach
midpoint of the extraction vessel height
b. Adjust BV-4303 to depressurize EC-1101 slowly such that
rinse water is forced out of LN-5001
c. Stop P-3201
4 Turn off cooling and or heating equipment
5 Open MV-5302 completely
6 Stop recording on computer
7 Power off to system
8 Secure pumps
9 Confirm with instrumentation readings and by physical
observation that System conditions are consistent with
depressurized/safe states
10 Confirm all data has been properly saved
11 Close control program, log out of computer and shut down
auxiliary computer
6.7.20.5 A.6 Checklists and Logs
•

Operator Log

•

Start-up Checklist

•

Shutdown Checklist

•

Operation Checklist

•

Safety Checklist

•

Emergency Shutdown Checklist
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6.8

Control Philosophy

The Control Philosophy is included in this section. It outlines the ground rules for
control. Specific equipment needs are determined by the team members involved with
implementing the Control Philosophy (section 6.8). Equipment numbers refer to those on
the P&ID (Chapter Error! Reference source not found.).
6.8.1

Introduction and Scope

The control philosophy is the statement of the guiding principles the operators will use to
control the System. It is also to be used as the foundation for the work to be completed
by other Design team members in building and implementing the control system.

The Control Philosophy describes control system components, structure, role and basic
function. The scope of the philosophy includes both process and safety control of the
pilot scale continuous supercritical fluid extraction system located in NREF 1-1041 at the
University of Alberta (the System), excluding the “grinding loop” and temperature
control.

It is assumed that the audience has background knowledge of the project, supercritical
fluids and the System’s general operation. This information is not explained herein.

As this is a philosophy, statements are intentionally general in nature. The detailed
execution of the control system is the responsibility of Design team members involved
with implementing the control system. They are to take appropriate measures to ensure
elements of the control philosophy are achieved. Known or apparent limitations of the
control components have been accounted for. However, additional limitations may be
discovered during implementation. It will also be the responsibility of the Design team
members involved with implementation to make and defend their adjustments in the
event that a prescribed element of the control philosophy cannot be achieved.

This control philosophy is a product of the design process and the HAZOP activities. As
the operators run the System, they will be learning the nuances in its operation and how
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best to control it. Especially since we are in a research setting, the System and its control
will inevitably evolve. As it evolves, operators will find areas of the philosophy and/or
this document that need updating, adding to or adjustment. The operators may make these
changes in accordance with the Revision procedures described herein. Thus, the control
philosophy is also to be considered a living document as it will evolve in parallel with the
System.

This section is also meant to be read and used by design team members in isolation from
the rest of the Thesis. Therefore there will be some redundancy in material. Where
appropriate, references have been made to other sections of the Thesis.

Little information about writing control philosophies was found in academic resources.
Therefore, in order to write a more complete guide, it is arranged similarly to a “control
philosophy” examples found on the internet (CH2M HILL Engineers Inc., 2009)
6.8.2

Revision Procedures

This document may be revised by operators and/or design team members. Revisions are
official when the principal researcher or the associate researcher, and primary operator
have approved the revisions. Revisions must be recorded using the table provided in the
front matter of the in-lab Control Philosophy. Upon approval, the revised document
supersedes the previous. The revisions must only receive approval if design team
members are prepared to swiftly implement changes to the control system, and physically
replace the hardcopy after the newest version is approved. Previous versions are to be
kept (at least in electronic format) for history.
6.8.3

Control System Structure

This section gives an overview of the control system components and their roles, the
network connection, and operator security access.

The control system consists of two computers (within the lab, the main workstation; and
remotely, a laptop), the control program, the operator interface, valves, motor drives, and
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all other hardware associated with communication. A basic schematic of the control
system structure is shown in Figure 11.
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Figure 11 - Control System Structure
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Both the main workstation and the laptop are located within the research lab, room 11041 in the Natural Resources Engineering Facility (NREF) at the University of Alberta.
They are connected to NREF’s local area network. The main workstation is located
within the lab on the south wall, west of the entrance of the lab. The remote laptop is
located within the lab, in a location easily accessed by the operator and in close proximity
to the lab entrance.

The computers and control program are password secure, with the following levels of
security:
1. Everyone: workstation access
2. Operators and supervisors: access to control program to operate and monitor the
process; access historical data
3. Primary operator and control specialist: access to control program for overriding
interlocks, changing and tuning control functions

The primary function of the control program is System control, which includes process
control, safety control, System monitoring and data collection/storage. The control
program is written in and executed by National Instruments LabVIEW 2010 (LabVIEW).
The control program is stored such that is accessible by both the main workstation and
the laptop.

The main workstation runs the control program at all times when the System is being
operated, with exception to during emergency evacuation events. The operator may also
use the main workstation for project related tasks.

The laptop is used to access the control program in order to remotely monitor the System
and supervise shut-down processes during emergency situations only. The laptop must be
able to connect remotely to the System in order to maintain surveillance. A video camera
is installed within the lab in order to provide a visual of the System when operating
remotely from the laptop.
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The control and monitoring software being used is National Instruments LabVIEW 2010
(LabVIEW). This software will provide:
•

The program code for the control program

•

Operator interface

•

Data storage capability

•

Supervision of signal and equipment status

The operator interface displays real-time data of the process and safety conditions, and
provides equipment control capabilities.

Historical data is stored on the network where it is accessible from the main computer
and the laptop, and can be copied to an external data storage device or network location
by the operator. System data is collected to analyze the performance of the process,
optimize control of process conditions and for safety analysis purposes. Most readings
from instruments write to file via the control program. The Instrument Data Acquisition
table (Chapter 0) indicates the data collection method for all instruments.

Supervision of the network signals and equipment, and data collection occurs at a
minimum frequency of two times greater than the highest frequency of all I/O signals
from the instruments valves and motor drives (Marks, 1991). I/O signals are a
combination of analog 4-20 milliamp and 0-10 Volt and communicate to the control
program via a data acquisition board, connected to the main workstation. One CO2
monitor will have a dual signal, which inputs into the control program and into the
University of Alberta’s central control system. Many instruments and valves are rated for
high pressure (greater than 40 MPa), moderate temperature (-50 to 100 °C) and contact
with solids and hydrocarbons. Equipment ratings are listed in the Operations Manual.
6.8.4

Control Modes, Sources and Automation

This section gives an overview on the level of automation, details about the control
sources, and the principles of the control modes for equipment and loops.
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6.8.4.1 Automation of Operating Conditions
The System is instrumented and programmed such that, during an experiment, the
extraction pressure and slurry level in the extraction vessel are automatically controlled
by pump flow to maintain set-points. These control actions are described by the “process
interlocks” in section 6.8.7. Control of extraction temperature is not automated, although
the System is sufficiently instrumented to indicate System temperatures (including
extraction temperature) via the operator interface. These control processes are described
in more detail in section 6.8.5.

Start-up, shutdown, switching process streams and other actions that require operator
input and verification will be performed manually.

All critical safety interlocks are automated, though the operator may initiate emergency
shutdown manually as well using the Kill Switch, described in section 6.8.8.4.
6.8.4.2 Control Sources
Main workstation: Operator accesses the control system via the operator interface from
main workstation, located within the lab.

Remote workstation: Operator accesses the control system via a remote interface on a
designated laptop. The remote workstation overrides control from the main workstation
when it is in use. This control source is password secured. The operator has a visual of
the lab via a camera within the lab.

In-field: In-field control of devices is reserved for maintenance and testing purposes. It is
recommended that the control program be active whenever possible to enable monitoring
activities, alarms and interlocks.
6.8.4.3 Control Modes
For Equipment
Automatic: The control program is used to operate the equipment. The control system
must be active to control equipment automatically. For example, the pump motor speed
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responds automatically to System conditions as per the logic of the control program.
After a set-point is input into the control program, no operator input is required to adjust
pump motor speed. This control mode applies to pumps only during an experiment.

Manual: The operator manually controls the equipment in-field or via the operator
interface. For example, the operator may physically turn the handle of valves to open or
close them. Other valves require the operator to set the valve position via the operator
interface.

For Control Logic
Control modes of the control logic require the control program to be on and active.
System monitoring is active and consistent in all modes; monitoring data collection and
display is as indicated in the Instrument Data Acquisition table (Chapter 0). Figure 16 in
Chapter 12 shows the transition between control modes.

Monitoring: The control system automatically enters Monitoring mode when the control
program is opened, or when controlled shutdown is initiated after an experiment.
Monitoring mode enables monitoring activity, alarms as indicated in the attached Alarms
table (Chapter 0) and interlocks as indicated in the attached Interlocks table (Chapter 0).
All start-up and shutdown sequence options are active.

Prior to opening the control program (and thus enter Monitoring mode), the operator
should complete the Start-up Checklist (Chapter 12). The operator may run the System
manually using Monitoring mode for maintenance and testing purposes. It is
recommended that, whenever any equipment is on and/or running for any purpose other
than performing an experiment, the operator use Monitoring mode to monitor System
conditions.

Emergency: Emergency mode occurs when emergency shutdown is initiated
automatically by Safety interlocks, manually via the Emergency Shutdown VI on the
operator interface or the Kill Switch, or by loss of power to equipment. Emergency mode
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enables monitoring activity, alarms as indicated in the attached Alarms table (Chapter 0)
and interlocks as indicated in the attached Interlocks table (Chapter 0). Operator cannot
override emergency shutdown sequence once initiated. The operator may not restart
equipment from Emergency mode. The operator is able to restart equipment and/or
perform functions from Monitoring mode once the completion of Emergency Shutdown
Checklist (Chapter 12) has been confirmed.
Safety: After an emergency shutdown was triggered by Kill Switch activation, hardwired
interlocks associated with Priority 1 alarms, or power loss (in these instances, the pumps
have been made “unavailable”), it is required that the System enter Safety mode before
the operator can restart pumps and heating/cooling equipment. The control system enters
Safety mode from Emergency mode only. The operator is able to restart this equipment
manually and/or perform limited functions from Safety mode once the power to
equipment has been restored and permission from the designated supervisor has been
granted.
The supervisor “grants” permission to enter Safety mode via a security access in the
control program (or an equivalent procedure). Permission is granted based on the
supervisor’s judgment that all appropriate equipment and System safety checks have been
completed for the particular emergency shutdown scenario. The minimum required safety
checks are those listed in the Safety Mode Checklist (Chapter 12). Once troubleshooting,
correcting activities have been completed, Safety mode may be exited after the operator
confirms completion of Emergency Shutdown Checklist (Chapter 12). Only Monitoring
mode may be entered from Safety mode.
A restoration of power following a power loss or emergency shutdown may not result in
automatically re-starting the pumps.
The conditions where System is in Safety mode are:
•

Control system on, AND

•

Emergency shut-down previously initiated AND

•

Supervisor permission granted to be in Safety mode

182

Restricted System operation set by Safety mode:
•

System pressure limited to 2 MPa

•

CO2 Pump flow rate limit of 7.8 L/min

•

Slurry Pump flow rate limit of 7.8 L/min

•

Only clean rinse water may be used in the slurry flow path

Run: Run mode is used for running experiments. It is entered from Monitoring mode,
during start-up [section 6.8.8]. When entering Run mode, the operator must acknowledge
that all appropriate interlocks and alarms are activated. Run mode enables monitoring
activity, alarms as indicated in the attached Alarms table (Chapter 0) and interlocks as
indicated in the attached Interlocks table (Chapter 0). Emergency shutdown and
controlled shutdown options are also enabled.

The conditions where System is in Run mode are:
•

Control system on, AND

•

Interlocks have been acknowledged, AND

•

Operation set points confirmed, AND

•

Pumps are running, start-up sequence has previously been initiated

6.8.4.4 Equipment control
Motor Control
Pump motor’s frequency drives are controlled by the control system. The operator
interface displays the status of the pump motors. The frequency (RPM) of the pump
motors are always displayed on the operator interface along with the pump motor’s state.

Possible pump motor states:
•

Not Available: there is no signal from pump (power loss), or the pump has been
locked out

•

Stopped: The pump is available and the pump motor is not running

•

Running: The pump is available and the pump motor is running
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Valve control
Valves are controlled manually. The attached Valves table (Chapter 0) identifies which
valves are controlled manually by in-field action and by the operator interface. Check
valves, pressure relief valves and valves controlled by in-field action do not have
connection to the control program. All other valves report to the control program via I/O
signal.

Some valves have fail-safe positions, which they assume in case of power loss, control
system failure or during emergency shut-down. The fail-safe positions are pneumatically
actuated by compressed air actuators. Fail safe positions are shown in the attached Valves
table.
6.8.5

Control Loops

This section is a description of how process variables interact (i.e. “loops”), and how they
are controlled by the control program.

The System has two process variables which are the major points of control: The slurry
level and the desired pressure within the extraction vessel (EC-1101, the Vessel). The
flow output of both the CO2 pump (P-2201) and slurry pump (P-3201) are adjusted to
maintain the desired slurry level and pressure. In this control structure, the flow
resistance downstream of the extraction vessel (resistance created by BV-4303 for CO2
flow, and by LN-5001, the “restrictor”, for slurry flow) is fixed, and is generally not
adjusted during an experiment. The position of BV-4303 and pipe size of LN-5001 are
set prior to starting an experiment. The operator will be able to determine the appropriate
BV-4303 position and LN-5003 pipe size from data generated during initial System
testing, where several resistances are tested at the desired operating conditions.

As a result, the System operates as a three loop system. The loops are as drawn and
described below in Figure 12 and Table 40.
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Figure 12 - Control loops
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Table 40 - Control Loops

Loop

1

Measured

Process Variable

Feedback Loop

Variable (MV)

(PV)

MV1: Slurry Level

PV1: Slurry flow

Negative: As the slurry level

in the extraction

rate (based on

increases, the slurry flow rate

vessel (EC-1101)

slurry pump RPM

decreases

measurement)
2

MV2: Pressure in

PV2: CO2 flow rate

Negative: As the pressure in EC-

EC-1101

(based on slurry

1101 increases, the CO2 flow rate

pump RPM

decreases

measurement)
3 (Open)

MV1, MV2

PV1, PV2

Negative: As the slurry level
increases, the pressure in EC-1101
also increases. As the pressure in
EC-1101 increases, the pressure will
help to ‘push’ slurry out of EC-1101,
thus helping to decrease the level

Loop 1: Slurry Level Control in Extraction Vessel
The slurry level in the Vessel is primarily controlled by the slurry flow rate provided by
the slurry pump. The desired slurry level is between 5 and 16 cm from the bottom of the
Vessel; there is no required input by the operator to set this operating range. Two level
sensors will be placed in the lower portion of the extraction column at two different
heights: LI-1405 and LI-1406 placed at 16 and 5 cm from the bottom of the Vessel
respectively. The level sensors communicate their status to the control program, and the
control program uses the logic presented in Table 41 to determine the current appropriate
slurry flow rate that will maintain the slurry level between the two sensors. A
“confirmed” sensor means that that sensor has detected slurry.
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Table 41 - Slurry Level Control Logic

Scenario Description

1

2

3

4

Acceptable
slurry level;
level is between
lower and upper
sensors
Slurry level
increasing and
higher than the
desired range;
Slurry level
above both
sensors
Slurry level
decreasing;
Slurry level
below both
sensors
Error in sensor
readings

Upper
Lower
Slurry Pump Control
Sensor
Sensor
Response
Confirmed Confirmed
Maintains current slurry flow
rate at an average slurry flow
rate between:
- flow rate at the time of upper
Y
N
sensor activation
-flow rate at the time of
subsequent upper sensor
deactivation

Y

N

N

Y

Incrementally decrease the slurry
flow rate until the level is
between both sensors, as in
Scenario 1

N

Incrementally increase the slurry
flow rate until the level is
between both sensors, as in
Scenario 1

Y

ERROR: Emergency shutdown
of the System, troubleshoot for
existence of solids plugging
EC-1101 at height of first baffle

During preliminary experiments the slurry pump P-3201 will be tested for its operation
and control abilities. At this time, the slurry flow rate controller will be programmed.
There is a safety interlock associated with level sensor LI-1401(at 240 cm from bottom of
the Vessel) to ensure the System shuts down in the event that the Vessel completely fills
with slurry or water.

Loop 2: Extraction Pressure Control
Before running the System, the operator must enter a desired extraction pressure (the
pressure in the extraction vessel, EC-1101) set-point into the control program. The
control program will then maintain the set pressure by way of a PID or other controller,
which adjusts the mass flow rate delivered by the CO2 pump P-2201. Two pressure
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indicators are placed on the extraction vessel. PI-1402, a pressure transducer is located on
the top end flange. It communicates to the control program. At each time interval, the
control computer receives a reading from the pressure transducer, it will communicate a
flow adjustment to the CO2 pump. PI-1404, an analogue pressure gauge, is located on the
bottom flange; however it may be read outside the laboratory door and is hydraulically
connected to EC-1101.

Currently, it is not known how fine the adjustments in P-2201 pump speed can be.
During preliminary experiments P-2201 will be tested for its operation and control
abilities. There is an extraction pressure safety interlock associated with pressure
transducer P1-1402 to ensure the extraction pressure never exceeds a safe pressure.

Loop 3: Passive Slurry Level and Pressure relationship in EC-1101
Loop 3 is not actively controlled. It is included in Table 40 to demonstrate that extraction
pressure and slurry level are not perfectly isolated from one another; as one changes the
other changes as well.

Other Controlled Variables
The extraction temperature will be governed by the temperature of the feed streams; the
feed stream with that carries the greatest thermal mass will have the greatest impact on
extraction temperature. There is no feed stream temperature control included for the
System, however it may be implemented if initial System testing results show a need for
temperature control. The operator must ensure CO2 temperature remains above its critical
point and such that the density of the fluid is always less than that of the slurry (slurry
density is approximated to water density). There are interlocks on the temperature of
both the slurry CO2, and extraction and separation temperature to ensure the System is
not operated when these are outside a safe range.
6.8.6

Alarm Philosophy

An alarm system is in place to alert operator of an abnormal situation. Most alarms
require a response from the operator, as briefly described below, and fully explained in
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the Operation Manual (section 6.7). Alarms addressed are associated with the System
only. Alarms active prior to System installation (such as building security, smoke alarms,
etc) are not addressed in this Thesis. The System is sufficiently alarmed to alert the
operator of conditions that would make the System unsafe. Over-alarming is avoided to
minimize operator over exposure to alarms, which might cause him/her to disregard the
alarms. Alarms continue to sound and display until they are acknowledged and the
abnormal conditions are corrected. Alarms active for each control mode are shown in the
attached Alarms table (Chapter 0).

An explanation of the choice of loudness for the in-field audible is given in section 7.1.4.
6.8.6.1 Alarm Prioritization
Operator interface display of alarms is organized by alarm priority. Operator response to
alarms is by prioritization, from most critical (Priority 1) to least (Priority 4), and is
described in the Operation Manual (section 6.7).

The prioritization of the alarms, in order from most critical priority to less, is described
below.

Priority 1 (Critical Safety) Alarms
Consider System unstable. Operator action is urgent in order to mitigate and/or minimize
human injury. At this alarm level, the System is interlocked to shut-down and the control
system to operate in Emergency mode. Operator action is to ensure the System has been
shut down and put into in Emergency mode (by observation and/or using the Kill Switch
if necessary), and to leave the lab immediately. The operator must secure the lab upon
leaving.

The intention of Priority 1 alarm displays and sounds is to ensure the operator and other
lab occupants are immediately and fully aware of the imminent threat to their health.
Operator interface display indicates alarmed condition.
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**Sensors associated with these alarms are not reliant on the control system for
operation; they are on all the time. Must alarm without control system powered on
and must have backup battery power

Priority 1 alarm display is:
•

Operator interface visual: Large, red and flashing

•

In-Field visual: Large, red and flashing, unique to Priority 1 alarms or unique to each
Priority 1 alarm; AND a display outside the entrance of the lab for alarmed condition

•

In-field audible: Each sensor should be supplied with an audible. Audible should be
loud (90-94 decibels), unique to Priority 1 alarms or unique to each Priority 1 alarm

Priority 2 (Emergency Shut-down) Alarms
Consider System unstable. The System is interlocked to shut down and the control system
to operate in Emergency mode when this alarm level is reached. The operator is to ensure
successful transition to Emergency mode (by monitoring and observation, and/or using
the kill switch if necessary). The intention of Priority 2 alarms is to ensure the operator is
made fully aware of the unstable condition and that the System is to shut down, and then
secure the System appropriately. Operator interface display indicates alarmed condition.

Priority 2 alarm display is:
•

Operator interface visual: Large, red and flashing

•

In-Field visual: Large, red, solid light, unique to Priority 2

•

In-field audible: Loud (90-94 decibels), unique to Priority 2 alarms

Priority 3 (Important Safety) Alarms
Abnormal situation is detected. Operator action required to avoid further development of
abnormal situation. Operator action is specific to the alarmed condition; the appropriate
actions for most Priority 3 alarms are shown on the operator interface when alarm
displays. Actions associated with all alarms are also described in the Operation Manual
(section 6.7). System behaviour may lead to instability if condition persists. Operator
judgment (based on experience with the System and knowledge of normal fluctuations in
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conditions), is required to determine if System is to be shut-down. The alarm is to be
immediately visible and audible when the operator is within the lab. Operator interface
display indicates alarmed condition.

Priority 3 alarm display is:
•

Operator interface visual: Flashing orange or yellow and/or operator prompt

•

In-Field visual: Large, orange and flashing; unique to Priority 3 alarms

•

In-field audible: Less than 90 decibels, unique frequency to Priority 3 alarms

Priority 4 (Abnormal Process) Alarms
Abnormal situation is detected. Operator action is to monitor the alarmed condition to
ensure stability of System, until the condition is corrected. Alarm is to be immediately
visible when operator at workstation, audible throughout the lab. Operator interface
display indicates alarmed condition.

The operator may be able to disable the in-field audible associated with Priority 4
alarms only via the operator interface.

Priority 4 alarm display is:
•

Operator interface visual: Yellow and/or operator prompt

•

In-Field visual: Large, yellow and flashing; unique to Priority 4 alarms

•

In-field audible: Less than 85 decibels, unique frequency to Priority 4 alarms

6.8.6.2 Alarm Code Nomenclature
All alarms codes follow the nomenclature described below.

First Character: indicates condition alarmed, where
•

E is “environment”

•

F is “flow”

•

L is “level”

•

P is “pressure”
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•

T is “temperature”

Second Character: designates the code as an “alarm”
•

A = “alarm”

Third Character: indicates the state of the condition, where
•

H is “high”

•

L is “low”

Fourth Character: indicates the priority level of Alarms, where, in order from most
critical to least,
•

1 is “Priority 1 (Critical Safety)”

•

2 is “Priority 2 (Emergency Shut-down)”

•

3 is “Priority 2 (Important Safety)”

•

4 is “Priority 4 (Abnormal Process)”

The characters after the ‘dash’ (“-“) refer to the instrument number the alarm is attached
to. For example, the alarm PAH3-1402 is a Priority 3 high pressure alarm attached to
instrument PI-1402 (pressure indicator in the EC-1101, the extraction vessel).

* Some alarms indicate for both high and low states of a condition. For example, the
alarm FAHL3-4404 is a Priority 3 alarm attached to flow meter FI-4404, and indicates
both high and low flow of CO2.
6.8.7

Interlock Philosophy

This section details all interlocks to be implemented. Interlocking is primarily a safety
measure, though, the ‘process’ interlocks (used to control the loops described in Section
6.8.5) are also included.

Interlocking is a method used to maintain safe operating state of machinery. Interlocks
(except process) put the ‘target device’ (the equipment which the interlock acts on) into a
“default” position to help ensure process is in a safe state. All interlocks report to the
control system. The interlocks for each control mode are identified in the attached
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Interlocks table (Chapter 0). Operator response to interlocks is described in the Operation
Manual (section 6.7).

The types of interlocks in the System are described below.

Hardwired: These are often used as a primary safety device. The signal from the
interlocked device is wired directly to the controlled device. The signal is also input into
the control program in order monitor the state. They cannot be bypassed by the control
logic, and takes priority over safety and process interlocks. Each hardwired interlock is
associated with a Priority 1 alarm, as shown in the Interlocks table.

Safety: An interlock used specifically for safety reasons. Control program operates the
interlock with control logic in response to a signal input. The interlock may only be
changed or bypassed by changing the control logic. Each Safety interlock is associated
with a Priority 2 alarm, as shown in the Interlocks table.

Process: An interlock used to automate the control of a process or a device. The control
program operates the interlock in response to a signal input. The interlock is always
active during Run mode. Some process interlocks are associated with an alarm as shown
in the Interlocks table.

Permissive: The interlock is only in a position other than its safe or default position if
and only if certain conditions are true. In all other instances, including poor signal
quality, the interlock assumes “default” position. The permissive interlock is associated
with an alarm, as shown in the Interlocks table.
6.8.8

Start and Stop Sequences

6.8.8.1 Start-up
Start up procedure is detailed in Table 42. System starts from Monitoring mode only.
The System subject to Monitoring mode alarms, interlocks and control conditions during
start-up.
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Table 42 - Start-up Sequence

Start-up
1
Ensure Start-up Checklist (included in Chapter 12) is complete
2
Fill out the Operation Log (included in Chapter 12)
3
Check that the appropriate restrictor (LN-5001) is installed;
install appropriate restrictor according to the SOP (section
6.7.15.6)
4
Log into control computer and enter the Control program
5
Pass the security log-in (operators only)
6
Set valve BV-4303 to the appropriate position according to the
desired CO2 flow rate
7
Bring extraction vessel up to pressure with SC-CO2
a. Ensure BV-2305, BV-4305 and BV-5301 Closed
b. Close BV-3306
c. Open BV-2304
d. Close BV-4301
e. Open CO2 supply
f.
Open BV-2306
g. Enter desired extraction pressure set point into control
interface
h. Start CO2 pump at small flow rate (TBD)
i.
Slowly ramp up CO2 flow rate (TBD)
8
When extraction vessel up to pressure, start CO2 flow through it
a. Open BV-4301
b. Ensure flow rate stable at desired flow rate
9
Check for adequate pressure drop into Separator vessel
10
Start and stabilize rinse water flow through bypass loop
a. Open BV-3307
b. Open BV-3308
c. Open BV-3309
d. Ensure BV-3301, 3302, 3306, 3310 and 3312 closed
e. Start P-3201 at small flow rate (TBD) and ramp up to
desired flow rate (TBD)
f. Ensure rinse water is discharging to FT-3603 or designate
receiving vessel
g. Ensure stable flow is achieved before continuing
11
When rinse water bypass flow stable, open flow to extraction
vessel, create a water plug in bottom
a. Open BV-3306
b. Close BV-3307
c. Wait until water plug height of approximately 10 cm is
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Start-up

12

13

14
15

established from bottom of EC-1101 (based on LI-1406
confirmed and 5 cm additional height calculated from water
flow rate)
Open slurry exit line to enable water flow through extraction
vessel
a. Ensure BV-3313 open and BV-3311 closed (if using other
tank as receiving tank, open BV-3311 and close BV- 3313)
and MV-5302 open
b. Open BV-5301
When rinse water flow stable, change to slurry flow
a. Open BV-3301 (or open 3302 if using other tank as the
slurry feed)
b. Close BV-3309
Turn on heating/cooling equipment and other equipment
that require manual power-up
Change System control mode to Run

6.8.8.2 Controlled shutdown
Shutdown procedure is detailed in Table 43. The System may shut down from
Monitoring or Run modes (including during start-up). System is subject to Monitoring
mode alarms, interlocks and control conditions during controlled shutdown. Operator
initiates shutdown using the shutdown VI via the operator interface.
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Table 43 - Shutdown Sequence

Controlled Shutdown
1 Rinse slurry from System
a. Open BV-3309
b. Close valve BV-3301
c. Adjust BV-5302 for satisfactory pressure drop in slurry exit
line
2 Stop CO2 flow once slurry recycle line is clean
a. Stop P-2201
b. Close BV-2306
3 Allow EC-1101 to fill half way with rinse water before shutting
off slurry pump
a. To fill half way, fill until LI-1405 confirmed then time
based on flow rate approximate the water needed to reach
midpoint of the extraction vessel height
b. Adjust BV-4303 to depressurize EC-1101 slowly such that
rinse water may be forced out of LN-5001
c. Stop P-3201
4 Turn off cooling and or heating equipment
5 Open MV-5302 completely
6 Stop recording on computer
7 Power off to System
8 Secure pumps
9 Confirm with instrumentation readings and by physical
observation that System conditions are consistent with
depressurized/safe states
10 Confirm all data has been properly saved
11 Close control program, log out of computer and shut down
auxiliary computer
6.8.8.3 Automated emergency shutdown via control system
Shutdown procedure is detailed in Table 44. System is subject to Safety mode alarms,
interlocks and control conditions during emergency shutdown. Operator may initiate
emergency shutdown from Monitoring or Run modes using the emergency shut-down VI
via the operator interface. In this case, the procedure below is automated by the control
program. Emergency shutdown procedure below may also be initiated automatically by
safety interlocks.
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Table 44 - Control Program Automated Emergency Shutdown

Automated Emergency Shutdown
1 Stop P-2201
2 Close BV-2306
3 Open BV-4303
4 Stop P-3201
6 Turn off heating/cooling systems
7 Power still on to main computer
8 Continue monitoring System in Safety mode
6.8.8.4 Manual Emergency Shutdown – “Kill Switch”
The manual emergency shut-down “Kill Switch” is a manually activated relay positioned
inside and near the entrance of the lab in a location easily accessed when leaving the lab.
When the switch is pulled, power to both pumps is shut off, and the valves that have a
failsafe position indicated on the Valves table (Chapter 0) are put into their default
(failsafe) position. Power to the control computer is maintained in order to continue
System monitoring activities.
6.8.9

Special Situation: Power Loss to Control System

Power loss to control system must result in power off to all equipment and equipment put
into failsafe position (as indicated on the Valves table, Chapter 0).
6.8.10 Control Mode Diagram
To be inserted into the in-lab version of the Control Philosophy.

Included in Chapter 12 (Operating Manual Attachments)

6.9

November 2010 Design Review and HAZOP

A design review and HAZOP study was conducted on the System from November 10 to
November 12, 2010, in Houston, Texas, at the MI-SWACO headquarters. The meeting
was led by a senior MI-SWACO engineer with previous experience in leading HAZOPs,
working with supercritical fluids and drill cuttings. The standard HAZOP process used by
MI-SWACO was applied to the System. MI-SWACO staff members who participated
were from a range of professional backgrounds. Each has experience and knowledge in
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supercritical processes and drilling solutions at varying levels. Design team participants
were Angelique Rosenthal and Christianne Street.

The preparatory material, sent electronically to MI-SWACO on October 29 and
November 1, 2010 includes:
•

Process flow diagram (by Angelique Rosenthal)

•

P&ID (by Angelique Rosenthal)

•

Lab Layout Drawing (by Christianne Street)

•

Lab Use Overview (by Christianne Street)

•

Process Overview (by Warren Stiver, Christianne Street, and Angelique Rosenthal)

•

Control Overview (by Angelique Rosenthal)

The material used in the design review and HAZOP, specifically the P&ID, control logic
(including process control, alarms and instrumentation) and the Emergency Shutdown
Procedures (not sent to MI-SWACO but brought to the HAZOP by Angelique
Rosenthal), are largely a product of the “HAZOP-inspired Assessments ” as discussed in
Chapter 0.
6.9.1

Design Review

The meeting on November 10th began with the design review, where MI-SWACO
engineers challenged the design and made suggestions based on their experience in
working with drill cuttings and supercritical systems. The major result of this meeting
was the addition of the slurry pretreatment “grinding” loop, which includes all equipment
with ‘9000’ numbers. While the pretreatment grinding loop was laid out during the
design review, it’s recommended operating principles is a result of the HAZOP (section
6.9.2) and the following review of the HAZOP by the design team (section 6.10). The
pretreatment grinding loop is described in section 6.6.

Other results of the design review include:
•

Recommendation of conical bottom feed tanks
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•

Omission of pressure dampeners provided feed lines upstream of the pumps are
properly sized (short in length, and one “size” larger in diameter than the pump inlets)

•

BV-3303 (pressure relief valve) only necessary if P-9000 is used to deliver slurry to
P-3201

•

Redesign of the slurry pump by-pass line

•

Recommendation of flexible braided stainless steel expansion joints

•

Recommendation of some goals for pre-experiment trials (section 6.11)

The P&ID was edited to include these changes prior to starting the HAZOP. BV-3303
remained on the drawing as the operating principles of the grinding loop were not
decided until during the HAZOP and the following review of the HAZOP.
6.9.2

HAZOP

Results of the HAZOP study are shown in Chapter 0 (Results Tables). The November
2010 HAZOP Results table is formatted in the standard HAZOP format used by MISWACO. The analysis procedure and the format of the results are consistent with the
procedure and presentation recommended by Macdonald (2004), Nolan (1994) and Bahr
(1997).

The November 2010 HAZOP Results table includes changes made to the original results
table provided by M-I SWACO following the HAZOP. Changes were limited to:
•

Numbering the flow lines and action items

•

Omitting some M-I SWACO specific formatting and business information, and

•

Creating the “Comments and Actions Completed” column

The design recommendations resulting from the HAZOP are captured in the “Actions”
column. Actions are implemented by changing the P&ID, lab layout, equipment
specifications, operating procedures, and control philosophy, etc.

The numbering system for the flow lines and actions was added to the original results
table to help track the actions as they are implemented by the design team. The
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numbering system also helps organize the presentation and the subsequent review of the
results (section 6.10). Each flow line is assigned a number in the order it was studied.
The actions are then numbered according to the flow line number (first number) then by
recommendation in the order the recommendation was made for that flow line (number
following the period ‘.’). For example, the tenth action recommended for the P-3201 to
EC-1101 flow line (the second flow line studied) is: “2.10 Drain valve to be fitted to
LN-3003. Blanking plug to be fitted”.

The “Comments and Actions Completed” column was also added to track the
implementation of the recommended actions and the comments made in the HAZOP
review (section 6.10). The numbers in this column refer to the action number the
comment or completion note is associated with.

All other aspects of the results, including original content, structure, wording is
unchanged.

Other recommendations, made by the HAZOP participants, which are not officially
included in the November 2010 HAZOP Results table include
•

A risk analysis should completed (this is discussed in section 7.1.13)

•

Consider use of rupture disks in series with relief valves in the slurry flow path to
keep the relief valves clean

•

Consider use of diaphragms to protect pressure sensing equipment on all ‘LN-5000’
lines

•

Ensure fume hood can collect 4 m3/min (calculated based on lab volume)

6.10 Review of the November 2010 HAZOP
The results of the HAZOP were reviewed by Dr. Guigard, Angelique Rosenthal, Warren
Stiver, and Christianne Street in a series of meetings in December 2010 and January
2011. The purpose of review was to discuss the HAZOP with respect to:
•

Feasibility and implementation of HAZOP results
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•

Reflection of the HAZOP process and how it applied to a continuous supercritical
counter-current flow process

•

Correctness of the assumptions made during the HAZOP

•

Adequacy with which the HAZOP captured the most critical potential hazards

The results of the meetings are shown on the November 2010 HAZOP Results table
(included in Chapter 0) in the “Comments and Actions Completed” column.

Many of the actions were accepted and implemented by the design team. These are
identified by the actions completed on November 2010 HAZOP Results table. Where a
cause, consequence, safeguard or action was added or deleted from a deviation, it is noted
as a comment in the “Comments and Actions Completed” column and the change is made
in the relevant column. There were some actions or recommendations that were disputed
and changed. These are also captured by a comment, addition and/or deletion in the
relevant column in November 2010 HAZOP Results table. Equipment numbers can be
referenced from the P&ID in the Drawings, Chapter Error! Reference source not found..

Also, some suggestions were made that were not specific to a flow line and/or action
item. These include:
•

Strategy on how to approach initial System testing (described in section 6.11)

•

HAZOP should be completed for the different uses of the System during initial
System testing

•

HAZOP should be completed on System prior to entire System is being
commissioned and used for the first experiment

6.11 System Testing Recommendations
System testing must be completed prior to operating the System for experiments. In
general, tests should be conducted to ensure the operator is comfortable with the System.
Behaviour and operating capabilities of the System should be verified to ensure the
mechanical design, operating principles and control logic is appropriate.
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Additionally, specific goals of System testing should include:
•

Ensure the CO2 and slurry loops operate stably in isolation of each other at various
conditions (including expected operating conditions) prior to operating them
simultaneously

•

Test flow and “pumpability” of slurries of various water to drill cutting proportions

•

Ensure stable countercurrent flow through EC-1101 can be achieved at low pressures
prior to testing at operating conditions

•

Ensure stable countercurrent flow of water and SC CO2 at experiment conditions
prior to testing countercurrent flow of slurry and SC CO2

•

Determine the CO2 and slurry stream heating and/or cooling requirements to achieve
and maintain operating temperatures. Test the pump motors at various frequencies

•

Determine size (length and diameter) of LN-5001 (the slurry exit flow ‘restrictor’) at
different operating conditions and for different slurry compositions prior to testing
countercurrent flow of slurry and SC CO2

•

Determine adequate particle size distribution (PSD), or maximum particle size of
solids in slurry feed that will not cause blockages or settling in pipes. Determination
PSD for good flow and maintenance particle suspension
o Use sieve test to determine PSD
o Specify acceptable PSD (or range thereof)
o Determine if use of modifier (emulsifier, polymer) is needed to keep particles in
suspension

•

Test and confirm the start-up sequence

•

Determine hearing protection needs determined, based on the loudness of the
equipment

The operator and design team may determine additional goals for System testing. As the
operators conduct the System testing trials, and later the experiments, they will learn the
nuances in its operation and behaviour. As a result of gaining experience with the System
and the potential evolution of the System, operators will find areas of the design that need
adjustment. When adjustments are made, the System should first be tested to ensure it
has been safely implemented. It will also be their responsibility to make and defend their
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adjustments to the design as a result of Project needs. Major adjustments will undergo a
HAZOP style analysis prior to implementation and use.

203

CHAPTER 7: DISCUSSION
This section discusses how the use of HAZOP methods in the design process has helped
to identify and reduce hazards associated with the System. Also, recommendations are
made to further improve the safety of the System.

This chapter is split into two sub-sections, which are meant to respond to the following
questions:

•

Is the System “safe”? In this sub-section, the safety of the System is critically
discussed. The sub-section is organized by design elements; these elements are
examined and recommendations that improve the System safety are respectively
made to each

•

Did the HAZOP-inspired design process produce valid results? In this sub-section,
the design process iterations are reflected upon, and the overall success of the results
is discussed

7.1

Is the System safe?

As stated in the introduction, the concept of “safety” was approached from a “risk
reduction” perspective, where risks should be made as low as reasonably practicable
(“ALARP”). There is a limit to the certainty with which one can know risk has been
reduced in a system, plant or facility (some risk always remains); the certainty or
precision of the calculated risk (or risk reduction) is only as good as the method and data
used for the calculation.

This discussion section will show that effort was made to reduce the risk associated with
the System. Recommended improvements to further reduce hazards are also presented.

Risk reduction should occur over an entire system, it involves identifying and reducing
hazards associated with the process, those managing and operating it, the facility or
environment where it is located, etc. Risk reduction also means providing protection to
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mitigate the consequences where hazards can no longer practicably be reduced. This
discussion question is organized by design feature, where the design feature, its strengths
and areas for future improvement are addressed. The concept of protection layers
(introduced in section 4.10) will be used to present the “safety” of the entire system,
where the individual design features are an integral part of overall safety.
7.1.1

General Safety Assumptions

The System, a novel technology being used for research and development, needs to be
safe and robust in its operability at range of process conditions. At the time the P&ID
was developed and the Control Philosophy and the Operations Manual written, the
experimental plan had not yet been written (thus precise operating conditions were not
yet known). As this is a system being used for research and development, it will be
operated at a range of process conditions. Also the System or its components had not
been tested, thus the typical noise and behaviour of the System was not known.

Therefore, the System design was approached from an “operating window” perspective,
as described in (Marlin, 2010). The operating windows are shown in Figure 13 for which
the System is simplified to show major processes only. Processes are represented by the
block units. The Control Philosophy and the Operations Manual reflect the robustness
required for this System.
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Figure 13 - "Operating Windows" used for System Design

Assumptions of System behaviour were made based on the experience of the design team
in working with SFE systems and other mechanical systems. The work of Fortin (2003)
and Forsyth (2006) was an important resource for the author in learning the challenges
and strengths of a continuous process.

Another important assumption made from previous experience and the work of Fortin
(2003) and Forsyth (2006) is that the most critical hazardous event would be that the
slurry flow ceases, and extraction vessel pressure increases dramatically. Several
measures were applied to the System to protect against this event and others, as shown in
the following sections.
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7.1.2

Control Philosophy

The Control Philosophy (section6.8) is an important document when considering the
safety of the System. It outlines the principles, or “ground rules” for designing and
implementing System control. A Control Philosophy is needed so that there is a defined
set of control principles by which the control system is built. In general, a control
philosophy should also be included in reviewed in a HAZOP or other hazard assessment.
As it is a philosophy, the document is general in nature. The detailed execution of the
philosophy is completed when implementing the control system. The control system is
likely to be safe if the philosophy helps to reduce risks associated with process control,
implementation follows the rules of the philosophy, and the control system is built using
good practices (by an expert and as defined in IEC 61511-1) (Macdonald, 2004).

Though the majority of the alarms and interlocks were already defined, substantial
development of this document occurred following the November 2010 HAZOP.
Consequently, most of the major elements of the philosophy were previously reviewed,
but the Control Philosophy in its entirety has not been subject to the November 2010
HAZOP. Therefore, it is recommended that, in a subsequent HAZOP (as recommended
in section 7.2.2), the Control Philosophy also be reviewed.

Operator(s) and design team members should rewrite, add to or otherwise adjust the
Control Philosophy as experience is gained with the System or when it is no longer
appropriate for the desired system operating parameters. There should also be a formal
review of the changes made before they are implemented, either as part of the HAZOP or
in another formal review. Special attention should be made to ensure that layers of
protection are not compromised when changes are made. Changes to the control system
should only help to improve the robustness of the system with respect to safety and
operability.

In the literature review (section 4.7), a distinction was made between the control system
performing safety functions, (the SIS), and the control system performing process control
functions (BPCS). There is no distinct separation made in the Control Philosophy
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between these two systems. They are integrated into one system, where some elements
(Priority 1 and 2 alarms, safety and hardwired interlocks, etc.) perform a safety functions,
and other elements (Priority 3 and 4 alarms, process interlocks, etc.) perform process
control functions. Section 7.1.6 is dedicated to the recommended separation of the SIS
from the BPCS.

Process control is further discussed in section 7.1.3. When in Run mode (thus running the
System for an experiment), process control features (slurry level control and pressure
control) are fully automated. Automating start-up and controlled shut-down sequences
was not a priority; the primary operator has experience manually starting and stopping
experimental systems, and as a first iteration of process control, manual control during
startup and controlled shutdown was preferred. In later iterations of the control system
(to be optimized when the operators and design team have a clear understanding of
System behaviour and nuances) may include automated start-up and shutdown. In all
control modes, i.e. anytime the control program is running, safety alarms and interlocks
are active. Thus, regardless of whether the System is being automatically or manually
controlled, safety features are always active.

The design team members responsible for the implementation should ensure that in an
emergency shutdown event or when power is lost in the lab, that remote monitoring (thus
connection to the System) can be maintained.

The safety features of a SIS exist in the prescribed control system; that is, safety alarms
and safety shutdown interlocks are included in the design. These safety features are one
important ‘layer’ of many protection layers of the System, as described in section 7.1.14.

The inclusion of a Control Philosophy, which defines safety and process related alarms
and interlocks, etc., is an important risk reducing measure. However, separating safety
control features from the process control features, i.e. creating a SIS separate from a
BPCS, would improve the safety, reliability and integrity of the safety features. This is
discussed in section 7.1.6.
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7.1.3

Process Control Strategy

The priorities of the process control logic is on maintaining the set pressure in EC-1101,
and ensuring the level of slurry stays within 6 to 15cm from the bottom of EC-1101.

Though a PID controller for extraction pressure is recommended in general terms as part
of the Control Philosophy, determining the specific values for the controller is beyond the
scope of this Thesis. The controller will be tested and specified by the design team
member responsible for control system implementation. The pressure control is
automated in order to reduce the operator’s task demand (thus reducing possibility of
events due to operator error) and to improve stability in the process. The operator must
still maintain close observation on System pressures, as described in the Operation
Manual.

The current design for slurry control as presented in this thesis is based off of Forsyth’s
(2006) design. It is a discrete System where the position of slurry level is either below
(LOW), between (‘normal’) or above (HIGH) two sensors placed at 6 and 15 cm from the
bottom of EC-1101. The System is described in more detail in section 6.8.5. This level
control is also automated to reduce the operator’s task demand and to ensure stability in
the process.

Ideally, a measuring device that continuously detects slurry along the length of the
extraction column would have been used for slurry level control. However, none could
be sourced. In future scale up of the System, EC-1101 should be designed to fit a
measurement device for slurry level that monitors slurry level throughout the length of
the column. The advantages of employing a ‘continuous’ system instead of discrete are:
•

Better knowledge of fluctuation and slurry behaviour

•

Opportunity to employ a finer control mechanism, such as PID controller, and avoid
some fluctuation

•

Possibility of earlier detection of abnormal slurry level conditions (experiencing
extreme fluctuation or climbing quickly) resulting in mitigation of events associated
with very high slurry levels
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As previously mentioned, the flow rates from the pumps are used to verify the flow rates
measured by all the flow meters. Disparities in flow meter and pump-based flow
measurements are alarmed. Reasons for the verification are:
•

Two data sets can verify each other, thus if gross disparity between measurements
would help indicate a device or control logic failure

•

The volumetric pumping rate, based on pump volume and RPM is known and can be
measured accurately

•

Accuracy of flow meters is likely less than the accuracy of volumetric flow rate
calculation based on pump RPM

•

Uncertainty with respect to supercritical CO2 density calculation affects both RPM
and flow meter based calculations of mass flow rate

Currently, temperature monitoring has been included in the System as shown in the P&ID
(Chapter Error! Reference source not found.); however, there is no temperature control
(other than necessary cooling for the pumps). It is expected that the pumps will transfer
waste heat to the feed streams, and the amount of heat transfer will be determined during
initial System testing (see section 6.11).

The design team may wish to add heating and/or cooling to the feed streams, depending
on initial System testing results. The best location for future heating and/or cooling is
specified on the P&ID (Chapter Error! Reference source not found.). In general, the
extraction temperature (temperature in EC-1101) should determine the need for heating
and/or cooling. The extraction temperature should always be above the critical
temperature of CO2, 31oC and be appropriate for the desired experimental conditions
according to the experimental plan.
It is anticipated that a typical operating temperature will be approximately 40 oC. The
System is alarmed at 65 oC to allow for fluctuation in process temperature while alerting
the operator of high temperatures. If either stream is heated excessively by the waste heat
from the pumps, that stream will require cooling. A feed stream may require cooling if it
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approaches 65oC, and causes EC-1101 temperature to approach 65 oC. A feed stream
requires heating when waste heat from the pump under normal operating conditions is
insufficient to heat the stream above the critical temperature of CO2, or to desired
temperatures.
System temperatures should not reach 85 oC. At 85 oC the System is interlocked to shut
down, as the boiling point of water may be approached depending on the operating
pressure. As the temperature approaches the boiling point of water, significant loss of
water from the slurry will occur, rendering the slurry plug and exit stream to a higher
solids composition, possibly causing pumping challenges and/or increasing the pipe
plugging outlet caking hazards.

If temperature control is added to the design, it should be added to the CO2 and/or slurry
feed stream that carries the greatest thermal mass, and/or the stream that has inadequate
temperature. The operator would control the extraction temperature by manually
adjusting the feed stream temperature. Thermal mass is relevant to temperature control in
that, the stream with the highest thermal mass within EC-1101 is likely to control the
extraction temperature. Thus a small adjustment of temperature in the stream with
greatest thermal mass will more effectively change the process temperature. Thermal
mass calculations should be completed prior to adding temperature control.
7.1.4

Alarms

Because the System has not been modeled or tested, it is difficult to estimate response
times for many alarms.

For example, specification of normal flow rates and normal flow fluctuations were not
yet established at the time this Thesis was written. Many of these alarms levels were set
based on assumptions of “healthy” system behavior. Therefore flow rate related alarms
should be reviewed when “normal” system behavior has been established (following
initial System testing or first use).
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The pressure alarms were set as a “first pass”. System pressures were not modeled, thus
alarm levels were decided based on expected operating conditions:
•

Priority 4 alarms show pressure is “abnormal” with respect to the approximate
operating condition of 14.5 MPa. Pressures of 4 to 6 MPa do not pose a safety
concern, however the process is no longer supercritical at these pressures

•

Priority 3 alarms show an unreasonable deviation, i.e. there may be a failure when
pressure is higher than 22 MPa

•

Priority 2 alarms show that the operator and has lost control of the system, and
further experimentation should not continue when pressure exceeds 27 MPa. At
this alarm level, the System is also interlocked for emergency shut down

•

Priority 1: there are no Priority 1 alarms associated with pressure conditions

Priority level should be clearly indicated on the alarm display, and the operator must
always attend to the highest priority first. Effort was made to provide sufficient alarms to
indicate abnormal or unsafe conditions. An effort was also made to not excessively alarm
the System. The proportion of alarms that are:
•

Critical safety alarms (Priority 1) is 10%

•

Safety alarms (Priority 2) is 34%

•

Process alarms (Priorities 3 and 4) is 56%

Thus there is a higher proportion of critical safety and safety alarms, and lesser
proportion of process alarms than recommended in the EMUA guide (MacDonald, 2004).
This would suggest that perhaps too great of the operator’s task load will be in
responding to unsafe process conditions, rather than maintaining efficient process
conditions. However the frequency of the critical safety alarms is likely much less than
that of the process alarms. None the less when the alarms are reviewed, the operator’s
task load with respect to alarm response should be considered.

If Priority 3 or 4 (process) alarms are a nuisance, it may indicate that, at the time the
Control Philosophy was written, assumptions of ‘normal’ System behaviour were false,
alarm and interlock levels need adjustment, or that there is an issue in the control strategy
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and/or process malfunction. The noise level for the alarms was specified to comply with
exposure limits at approximately 1 to 4 hours duration exposure. The loudness of
Priority 3 and 4 alarms may have to be adjusted if the duration operator exposure
approaches the exposure limits (Alberta, 2009), or if background noise levels influence
the effectiveness of the alarms at getting the operator’s attention.

Also in the case that alarms that become a nuisance, the System should be investigated
for possible malfunctions and the alarm should be evaluated to see if it is appropriate. As
a solution for an inappropriate alarm, the alarm can be adjusted. Alarm management
systems may also be considered and built into next generation of the control system.

Priority 1 alarms (environmental concentration monitoring alarms) should be set to alarm
at concentrations equal to or less than 15 minute exposure limits, as defined in the
Province of Alberta (2009). There should be at least one alarm set at the 8 hour exposure
limit concentration, as defined in the Province of Alberta (2009).

Adjustments to the following alarms should be considered during initial System testing,
or upon next review of the Control Philosophy (for example during the next HAZOP):
•

TAH3-3410, slurry temperature; TAH3-2407, CO2 temperature, T>85 oC: Response
is to shut down the System. Design team should consider automating this response
with a safety interlock

•

PAH3-4402, pressure in SC-4101 4<P<4.5 MPa: Alarm level was chosen as normal
operating pressure was very roughly estimated to be 2 MPa. However, level may
have to be adjusted if the response time is not great enough, or if it is not appropriate
for normal operating pressures in SC-4101

•

LAH4-1405 and LAL4-1406: These are associated with slurry level control. Alarms
may not require audible if they become a nuisance due to normal slurry level
fluctuation

•

FAHL4-4404 and FAHL4-5402: These are associated with a +/-30% discrepancy in
CO2 and slurry exit flow (respectively) with CO2 and slurry delivery flow based on
pump RPM calculation. Due to the logic applied to the slurry level control, there may
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constantly be a 30% discrepancy (or greater) between exit and delivery flows.
Therefore, these alarms may sound regularly as part of normal operation and thus be a
nuisance to the operator
7.1.5

Control Software

LabVIEW was chosen as the control software because:
•

Design team members responsible for control system implantation can program and
build the control program

•

Design team has very basic understanding of software functionality and capabilities

•

Resources are available for help, such as LabVIEW staff and department technicians
at the University of Alberta

•

Code easily modified if required

It is unknown whether the level of security, as described in section 6.8.3 of the Control
Philosophy, can be achieved in LabVIEW. In the case that it cannot, the design team
member responsible for control system implementation should find a solution to control
program security, which ensures
•

operator access only, and

•

designated design team member responsible for the control program code has access
to code only, and/or

•

changes to code can be tracked and verified

M-I SWACO generously offered to help to implement the control system. Advantages to
a collaboration with M-I SWACO on the control program are that the program is likely to
be built consistently with company and industry safety and operability standards (for
example, external standards and internal standards to M-I SWACO), and that the
operators would gain experience operating an ‘industrial’ style control system. However,
since the System is a novel system being used for research and development, it is highly
important that team members have an understanding of the control system design,
especially in order to optimize and manipulate it for future use. Therefore, building a
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control system in-house (by the design team) will facilitate the work of the design team
and other students on the projects related to System control.

Future scale-up designs of the System will likely employ professionally designed and
built control systems, using standard hardware and software for industry applications and
designed to EC-61511 standards.
7.1.6

Separation of SIS and Process Control Systems

This section discusses how the SIS should be separated from the BPCS to create a safer,
more reliable control system.

The distinction between a process control system (or “basic process control system”,
BPCS) and a safety integrated system (SIS) is presented in section 4.7.

As previously discussed, the control system is structured as shown in Figure 11. Process
controls, process alarms, safety alarms, and shutdown interlocks are all integrated in the
same system; they share hardware, software, control programs, sensors, networks and
signals. Evidently, the safety related features are not separated from process controls.
Therefore, it does not meet the requirements of (and thus cannot be considered) a SIS.
Because the process controls and safety control features are fully integrated in one
system, the safety related features are vulnerable to failure in the event that a control
component fails. The consequences of such a failure would potentially cascade through
both the process control functions and safety control functions.

To implement an SIS, the safety features would have to be separated from the process
control system. Also a high degree of security would have to be built into the SIS
system, an investment into more sensory equipment would have to be made, a qualified
engineer should approve the design and a qualified technician should be hired for
implementation or supervision of implementation.
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A proposed re-design of the control system, including separation of SIS features from
BPCS is presented in Figure 14.
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Figure 14 – Proposed Structure of Control System where SIS and BPCS are Separate
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The SIS in the recommended structure shown in Figure 14 would include Priority 1
alarms and associated sensors, and Priority 2 alarms and associated sensors. Hardware,
software, signals, control program and auxiliary power source would be independent of
those for the process control. The SIS interlocks (shutdown interlocks) would always
override or take priority over BPCS. It is not known how the network or other supporting
architecture should be structured in order to support a SIS separated from a BPCS,
however guidance on these features are likely found in the standard IEC 61511-1.

The SIS branch would be built with higher security such that operators, process owners
and technicians could not easily access and make changes to the SIS. It would require an
engineer experienced with the process and SIS systems to endorse and implement
changes. Any changes would have to undergo rigorous review to ensure all safety and
operability goals met, and none are compromised by the changes.

The process control system includes Priority 3 and 4 alarms, process interlocks and
associated sensors. Its hardware, software, and signals and control programs are separate
and independent from those of the SIS. Thus, there is a high degree of redundancy in the
equipment used for the separated systems.

Building such a system would likely require a larger budget due to hardware, software
and personnel needs.

Changes to the instrument and valve configuration for the System would be required to
support the separated SIS and process control systems. This is because of the redundancy
in the equipment between the separated systems. As an example, additional
instrumentation to be included on the top flange (lid) of EC-1101, which would monitor
perform safety functions related to conditions in EC-1101 are listed below. The EC-1101
flange would also have to be modified to account for the instrument additions. This
example is based on the current monitoring requirements and safety alarms presented in
this Thesis:
•

An additional pressure transducer
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•

A temperature sensor

•

LI-1401 would be included in the SIS

Macdonald (2004) states an “integrated” system (integrating BPCS and SIS features)
could also achieve high reliability given the “internal architectures” of the SIS have high
integrity. This could be done as an alternative to the above recommended complete
separation. Methods to design and build such a system and ensure the SIS meets required
standards of safety and integrity would also have to be researched, fully described and
reviewed prior to implementation.
7.1.7

Operation Manual

The Operation Manual, section 6.7, is a key factor in ensuring the System and its
components are used in accordance with the intent they were designed. The Operation
Manual was written to ensure there were “ground rules” for safe operation of the System.

The need for operating procedures was identified as a result of the HAZOP-inspired
design assessments. It was included in the scope of this Thesis because the focus of the
Thesis, “safe design” of the System, positioned the author well to produce a first draft.
Thus, the Operation Manual is written from a safety perspective.

Operating procedures, when well written, addresses some of the human factors associated
with operating equipment or a process. The Operation Manual is included in the Thesis
in order to reduce some of the risk associated with operator training. This is especially
important because the System is a novel technology. The design team may add
procedures or guidelines to address operator task demand or workload, if the operator
finds an adjustment necessary. Many of the other human factors are not addressed in this
document, but may be added if necessary as well, given they comply with University of
Alberta policies.

An important detail about the Operation Manual is that it was written as part of the paper
design of the System; at the time of completion, most of the System’s components had
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not yet been purchased, it was not built nor tested. Thus, many assumptions were made
about the System’s expected behaviour. As previously described, the assumptions are
based on the design team’s experience in the operation of continuous bench scale and
batch SFE systems, from work previously completed on continuous SFE by Fortin (2003)
and Forsyth (2006), and from the guidance of engineers at M-I SWACO.

The advantage, however, to writing operating procedures prior to the first use of a
system (especially a novel system or technology) is that it provides a starting point in
procedure for the first operator. It can be tested, adjusted and confirmed when first tests
of the System are performed. Also, this first set of procedures were created as an element
of the design and development process; as will be described in section 7.2, the design
process was infused with a “safety” focus. Thus, the first operator tasked with testing the
System is using instructions that were was also created with a “safety” focus.

An example of these assumptions is statements regarding “normal behaviours” (section
6.7.12.6). The behaviour of the System will be determined by the controllers applied to
pumps P-2201 and P-3201. Though control “ground rules” have been given as part of the
Control Philosophy, the values programmed into the controllers for slurry level and
pressure in EC-1101 will determine the normal healthy fluctuation, or “noise” of these
parameters. The operator should document in the Operation Manual the normal
behaviour of the System as it is learned.

Standard Operating Procedures (SOPs) should be required as the operators or design team
members see fit. In general, all tasks that are completed frequently or that require
adherence to a certain method may be considered for SOP development. Some items the
design team should consider regarding specific SOPs are:
•

The Pressure Vessel Opening SOP must be developed prior to flowing material
through it

•

The Inspection and Replacement SOP specifies 1000 pressurization cycles or
manufacture recommendation (the lesser thereof) as the inspection schedule. 1000
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pressurization cycles was chosen by applying a very conservative safety factor of 10
to the general safety recommendation made by Clavier and Perrut (1996).
•

Also in the Inspection and Replacement SOP, the troubleshooting guideline suggests
2 MPa and 7.6 L/min operating limits for the System. These were chosen arbitrarily
as 50% or less the pump capacities. These limits should be verified as appropriate
during initial system testing

The troubleshooting procedures are given as a stepwise account of System parameters the
operation should monitor for evidence of a given abnormal condition. A more appropriate
method of conducting troubleshooting is to investigate failure for a combination of
abnormal conditions. This would likely reflect the behaviour of the System better since
conditions such as slurry flow, CO2 flow, System pressures, and slurry level are so
related (see section 6.8.5).

Also, the troubleshooting procedures were written in full text because it seemed
appropriate at the time. However, simplifying the presentation of these procedures would
significantly increase the value of them to the operator, as they would be easier to use and
follow. It is recommended that the troubleshooting procedures be represented graphically
as a flow diagram. A flow diagram style presentation would likely lend itself well to the
multi-condition approach recommended above. The text format procedures should be
used to support the flow diagrams as a reference for the operator.

The Operation Manual was written following the November 2010 HAZOP. Though
major elements of the Operation Manual had been defined at the time of the HAZOP, it
has not been subject to a HAZOP review in its entirety. Therefore, it is recommended
that, in a subsequent HAZOP, the Operation Manual also be reviewed either as part of
the HAZOP or in another formal review.

The initial System testing is not covered in the Operation Manual, however many of the
operating principles could be applied. The operator should have read the Operation
Manual prior to doing these tests, and should use it for reference throughout.
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Updating of the Operation Manual is encouraged and revision procedures are provided so
that the operator can always have a reference resource for the safest procedure. Ensuring
proper documentation of procedure, and adjusting procedure when appropriate as
experience is gained with the System operation will also provide an important resource
for scale-up design.
7.1.8

P&ID

P&ID development was a principle task of this Thesis work. The current P&ID (the
result) is shown in Chapter Error! Reference source not found.. An effort was made to
follow P&ID drawing conventions found in Towler & Sinnot (2008) and examples in
Macdonald (2004).

Though temperature control was not designed for the System, as discussed in section
7.1.2, the recommended locations for future temperature control have been included in
the P&ID.

There was some difficulty sourcing instrumentation that can be used in high pressure (40
MPa) and high solid services. For example, originally the researchers preferred to locate
FI-3407 downstream of pumps P-3201, at the inlet of EC-1101 on LN-3303, in order to
measure flow into EC-1101 directly at its inlet. However, a flow meter for this service
could not easily be sourced. A more economical alternative, therefore, was to place FI3407 to LN-3302. By conservation of mass, assuming the slurry is incompressible, the
flow rate entering EC-1101 is still measured by FI-3407. The operator will also use the
flow rate calculated by P-3201 and observe for evidence of System leaks or blockages to
confirm that this measurement is correct.

LN-5001 functions as a flow restrictor. The small diameter of this line causes pressure
loss from its inlet across to its outlet, and restricts the flow of slurry exiting EC-1101.
This design was chosen instead of a typical metering valve alternative because it is
believed that a long small pipe may be more resilient against constant exposure to solids
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(and perhaps more economical) when restricting flow and creating pressure drop at the
exit of EC-1101. It is expected that a restriction created by a metering valve will erode
quickly when contacted with solids in the slurry at high velocities, and thus require
frequent replacement. Method to determine the size of this line is not included in the
scope of this Thesis. Rather, sizing should be completed prior to initial System testing,
and various pipes of different length and diameter should be tested for expected operating
pressures and slurry compositions.

In the HAZOP, it is recommended that a metering valve be employed downstream of
LN-5001 to create a two-stage step-down in pressure from EC-1101 to the outlet of
LN-5002. In this case, the majority of the pressure drop would be achieved by the
restrictor (LN-5001), and a second pressure drop of less magnitude (from 2 MPa to
atmospheric, for example) would be achieved by the metering valve.

Upon review of this recommendation, the design team has decided to source an
appropriate valve and employ it when switching from water flow to slurry at the start of
an experimental run, and from slurry to water flow at the end of an experimental run.
Thus, the valve will not be exposed to solids for a lengthy period (only momentarily
when the change of flow occurs). Its role will be to adjust for the change in flow rate and
pressure drop caused when switching between the two materials (created by the
difference in resistance due to solids content). The design team should test the
operability and performance of this configuration as part of initial System testing.

Also, recommendations made during the November 2010 design review are to:
•

Consider use of rupture disks in series with relief valves in the slurry flow path to
keep the relief valves clean

•

Consider use of diaphragms to protect pressure sensing equipment on all ‘LN-5000’
lines

Thus, if the System operator is finding that the operation of instrumentation, outlets or
valves on EC-1101, LN-3000 or LN-5000 lines are being compromised due to the solids
in the slurry, the use of rupture discs and diaphragms should be considered.
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Other changes the design team may consider include:
•

Consider single check valve prior to P-3201, eliminate CV-3314, CV-3315, CV-3316

•

Consider eliminating BV-9993 if BV-9996 and BV-9994 are installed

•

LN-5002 should be extended to FT-3603 when rinse water tank used to receive used
rinse water, line should be fitted with a ball valve

•

Rename BV-3311 and BV-3313 using BV-‘5000’ code, as these are located on LN5002, the treated slurry return line

•

The slurry pretreatment loop equipment should be renamed according to the
equipment identification code before it is implemented

Prior to implementing changes, the modified flow lines should be HAZOP’d.

System exit lines were not yet sized to ensure skin-cutting velocities are not reached.
Calculations should be performed to ensure all flow rates are adequately low. Attention
should be made to upset conditions where flow through the System may be more than
normal operating conditions.
7.1.9

Pressure Relief

The various possible phases present in the System made sizing orifice areas for pressure
relief valves (PRVs) a challenge. Four different models were used:
•

Ouderkirk (2002): a rigorous procedure for sizing pressure relief for supercritical
applications

•

Design Institute for Emergency Relief Systems (DIERS) Two-Phase EquilibriumRate Modes (ERM) (Huff, 1992): flow characterization for top-vented two-phase
systems, applied to DIERS ‘gassy’ system methodology (Fauske H. K., 2006)

•

ASME RP 520 and API RP 520 as explained by Malek (2006) for gas only systems
and

•

ASME RP 520 and API RP 520 as explained by Malek (2006) for liquid only systems
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A literature review, explanation for the recommended areas, and calculation results are
presented in Appendix 1.

One of the most critical steps in sizing a PRV relieving two-phase flow is defining a
“worst credible case”, by completing a HAZOP, Fault tree or other safety analysis.
Failure to define the “worst credible case” may result in an improperly sized relief device
(Boicourt, 1995). The “worst credible case” for BV-1302 was deemed to be:
•

Fully blocked CO2, Slurry and pressure relief outlets of the EC-1101, thus no escape
of material from EC-1101

•

Uncontrolled, maximum pumping of CO2 and slurry into EC-1101, causing rising
pressure conditions

•

Emergency shutdown by operator and safety interlocks failed

•

Heating of EC-1101 components by waste heat from pumps

The “worst credible case’ described above was not determined through HAZOP or other
analysis. A situation of this severity was not considered by the November 2010 HAZOP
as it involves several independent failure modes. Blockage of slurry outlets and a rise in
slurry level was experienced by Fortin (2003) and Forsyth (2006) when operating the lab
scale SFE system (their apparatus did not employ alarms or safety shutdown interlocks).
This failure may be caused by solids plugging the outlets of EC-1101, failure of valves
downstream of EC-1101 outlets, or other modes as described in the November 2010
HAZOP (section 6.9). CO2 outlet plugging may also be caused by solids entrained in the
CO2. Uncontrolled, maximum pumping of CO2 and slurry, and the failure of safety
interlocks can occur by way of a common failure mode: malfunction of the control
system. The operator would also have to fail to initiate emergency shutdown (by
activating the Kill Switch), prior to System pressure reaching relief levels. Thus, the
“worst credible case” described above is a very extreme case, but from previous
experience and perceived severity of consequence, it was deemed the most important.

The extraction process itself does not produce significant quantities of heat. Also,
external sources of heat, such as a fire, were not included in the “worst credible case” as a
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fire would involve another fourth failure mode: that of the building’s fire protection
system. The System, lab and building are well equipped with fire protection (beyond the
emergency procedures included in the Operation Manual):
•

Smoke detection system connected to the University of Alberta central control system

•

Sprinkler system in lab

•

Fire extinguisher in lab

•

Fire response plan for building (EHS, University of Alberta, 2002-2012)

•

Fire protection pressure relief on CO2 supply that is set at 2.8 MPa

Pressure build-up in the System, which would result in relief opening, would most likely
be caused by the ‘generation’ (evolution within EC-1101) of CO2 and slurry via
uncontrolled pumping from the pumps.

As explained in Appendix 1, vent sizing must coincide with peak gas volume generation
rate (which can occur late in the venting period). In a ‘gassy’ system, accounting for
overpressure at peak gas volume generation conditions does not significantly affect the
vent size, as it does with vapour systems (Fauske H. K., 2006). Therefore, it is assumed
that the system vents at the relief device’s set point.

Literature generally supports the results from DIERS as a conservative method (Boicourt,
1995; Creed & Fauske, 1990; Grolmes, Gabor, Kenton, & Wachowiak, 1995; Leung,
1992) however, due to the challenges encountered in executing such a complex and
involved calculation, a second, simpler, conservative method was sought in order to
compare against and validate the DIERS results. Thus, for valves which may experience
supercritical or two-phase conditions, two methods of sizing orifice area were completed
and compared.

For the relief of EC-1101 with BV-1302, Ouderkirk (2002) was used for comparison to
DIERS method, and only gas API methodology (Malek, 2006) was used for comparison
to DIERS method for BV-2303. For BV-1302, calculations were performed using the
“worst credible case” at three different temperatures, since waste heat transfer from
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pumps is unknown. For BV-2303, it was assumed that the gas only API method was the
most conservative, as explained in Appendix 1.

Orifice areas calculated were all very small for two-phase PRVs. Results of both
methods did not greatly differ. The final recommendation of orifice area for each valve is
explained in Appendix 1.

The liquid only (BV-3304) and gas only (BV-4304) orifice area calculations were
simpler. The method to size these is clearly explained in Malek (2006). However, this
source does not represent the most recent version of the ASME and API code applicable
to PRVs. The API Standard 526 Sixth Edition was published in April 2009. This
standard could not be accessed. Information for BV-3304, however, was sent to a relief
valve supplier, who verified the method for liquid only valve sizing (Spartan Controls,
2011).

The required orifice area for BV-4303 is larger than the 6.35 mm (¼”) outlet of the
separation vessel (SC-4101). In a “worst credible case” for this valve, the outlet of the
SC-4101 would be plugged, and BV-4303 would receive the maximum of the flow from
the CO2 pump. Therefore, the flange (lid) of SC-4101 should be configured to support at
least two pressure relief devices such that the total orifice area between the two is
sufficient. Also, the temperature of the CO2 was assumed to be 40 °C, however this is
higher than expected temperatures (thus a conservative estimate).
7.1.10 Layout
The layout of the System was first proposed by Ms. Street, then further developed in a
virtual 3D model of the lab. All major equipment and piping between major equipment
was included in the model to ensure there were no hazards due to placement or location.
Some valves and supporting structure were included to ensure accessibility.

Priorities in the lab layout were:
•

Operator station in very close proximity to exit
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•

Environmental monitoring placed in proximity to operator station and where System
most likely to release CO2

•

Slurry feed to pump piping (LN-3001 and LN-3002) as short as possible

•

Ensure piping and equipment is placed to minimize the frequency of unintentional
contact, obstruction of, and tripping by lab occupants

•

Corridors at least 0.9 meters in size

•

Ensure proper access to all manual valves and in-field readouts

•

Adequate placement for service and inspection purposes, and

•

Ensure adequate anchor points (wall, support structure, etc.) to anchor high pressure
piping to at 60-90 cm intervals

The lab layout was developed according to the above criteria in the virtual 3D model. The
design team members responsible for assembling the System should ensure the lab layout
is followed. In the event that deficiencies in the lab layout are discovered, the design
team should assess alternative layouts with respect to safety and the priorities above.
7.1.11 Grinding loop
The “grinding loop” as described in section 6.6 was developed in the November 2010
design review and subsequently reviewed in November 2010 HAZOP. No major actions
are required to improve the safety of the design as presented in this Thesis.

The recommendation for slurry pretreatment was a result of concerns that the slurry
would not be able to pass through the System without causing frequent blockages and/or
settling of solids due to the very wide range of (and often large) particle sizes in drill
cuttings. It should be tested prior to use with the rest of the System. Testing may be
conducted as part of initial System testing, as described in section 6.11, pending the
results of slurry flow and PSD tests when passing slurry only through P-3201 in isolation
of the rest of the System.

Operating principles described in 6.6 should be followed when first using and testing the
loop. Specific operation procedures should be developed, documented and reviewed. The
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operator should be critical about the recommended principles; additional or modified
principles and procedures should be reviewed prior to implementation.
7.1.12 System Testing Recommendations
The System testing recommendations stated in section 6.11 are a result of discussions in
the design assessments and November 2010 HAZOP. As stated in that section, the
operator and design team may find additional goals for System testing. Testing
procedures should be documented in as much detail as possible and reviewed for safety
prior to the test. Any testing conditions that do not fall within the operating windows
described in section 7.1.1 should undergo rigorous review (such as HAZOP) to ensure the
System is adequately protected against the operating conditions.

The testing will help to define some of the uncertainties of System behaviour, function
and operation. This will help to minimize “surprises” of this nature during experiments,
and to verify assumptions made during the design process. System testing is therefore an
extremely important part of the development and evolution of the process; the results of
testing will ensure proper system function, stable behaviour and operation. This may inturn help generate more reliable extraction results and impact the development of future
commercial scale designs.
7.1.13 Risk analysis
One important way to improve HAZOP results is to complete a quantitative risk analysis
(Dunjo, Fthenakis, Vílchez, & Arnaldos, 2010).

This view, that a HAZOP analysis should be coupled with a quantitative risk assessment
(QRA) to best gain insight into system hazards, is echoed by the November 2010
HAZOP chair at M-I SWACO (M-I SWACO, 2010).
When considering quantification of risk, literature suggests that combining HAZOP and
Fault Tree Analysis is the best combination, where the FTA can help in the quantification
of risk of an event (Bendixen & O'Neill, 1984; Ozog, 1985; Ozog & Bendixen, 1987;
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Cozzani, Bonvicini, Spadoni, & Zanelli, 2007). FTA is described in more detail in the
literature review, section 4.6.

A FTA is generally used following a HAZOP, as the HAZOP identifies the potentially
hazardous event to which an FTA should be applied as further analysis. An extension of
this practice would be to quantify the risk reduction achieved by proposed safety features
in the FTA to ensure tolerable remaining risk is achieved (Dunjo et al., 2010).

Though the importance of quantitatively measuring the risk associated with the System is
appreciated, completing a risk assessment using the methodology above was not included
in the scope of the Thesis.

As previously stated, the certainty or precision of the calculated risk is only as good as
the method and data used in the calculation. There are three factors associated with the
nature of the project that would limit the quality of the data used for a QRA:

1. The System is a custom design, for which reliable failure data does not exist. The
integrity or reliability of the control system cannot be calculated because there is no
statistical data on it; no other control system exists that uses the same logic. It is also
not built to industrial standards as it is an experimental system, as explained in
section 7.1.5. Some specific pieces of equipment are custom built: the pressure
vessels are not bored out solid piece of stainless steel, as pressure vessels often are.
Rather, they are flanged pipes with appropriate pressure ratings, used in atypical
flanged pipe application. The baffle design is also a completely custom design and
application, therefore no reliability data exists on it, and no statistics-based data exists
on the hazards they may cause when used in this application.
2. Due to the research and development setting which the System is designed for,
equipment may not be used on a consistent schedule and at consistent conditions.
Solids exposure, pressure conditions, temperature conditions, etc. will be subject to
change from experiment to experiment. Some equipment is used in different
applications than the one it was designed for. The CO2 supply system, for example, is
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generally used for food and beverage applications, which would likely have very
different operating parameters from an SFE application. Also human factors in a
research and development setting would likely differ significantly from human factors
in industrial or commercial settings. For these reasons, applying or extrapolating
failure data to the System should be done with caution.
3. The System is a novel technology; therefore, historical data is not available for
continuous countercurrent SFE systems.

Due to the challenges in obtaining data, and the number of assumptions needed in order
to extrapolate from exiting data for application to the System, calculated risk values
would be made based on assumptions that may be unfounded and would have high
uncertainty.

Alternative methods not based on reliability data may also be used for a QRA. These
methods would also be subject to significant uncertainty due to assumptions made about
the operation and reliability of a novel technology, and its use in a research setting. An
example of an alternative method is where exposure, probability and consequence
severity are classified then rated according to a pre-defined scale. For example,
probability of an event might be classified as “certain”, “possible” or “rare”, where each
of those is associated with a predetermined, fixed value between one and zero. Exposure
and consequence severity would be evaluated similarly. Exposure, probability and
consequence severity would then multiplied together, and the resulting value be judged as
tolerable or intolerable according to predetermined, standard criteria.

HAZOP results may also be used to supplement such a method, similarly to an FTA.
This style of QRA would likely be simpler since statistical probability and reliability data
is not directly used. The assumptions made to ‘rate’ events would be based more on
experience.

If a risk assessment is to be undertaken in the future, an alternative method, such as the
one just described, could be used. It should be noted, however, that assumptions made
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regarding the reliability of the control logic and other custom components, may be
unfounded and would have high uncertainty. A QRA of this nature may be completed
after some experience is gained with the System, or when resources are available to
support the evaluation of the exposure, probability and consequence severity of an event.
It would also be completed following a HAZOP, as the HAZOP would help identify
events which require a QRA. It is the prerogative of the design team to determine if a
QRA is necessary, based on the results of the HAZOP.
7.1.14 Protection Layers
The concept of protection layers (introduced in section 4.10) is used to present the
“safety” of the entire system, where the individual design feature functions as an integral
part of overall safety. This section commences with a general description of the
protection layers built into the System. Thereafter is a discussion with specific examples
of hazards and protection devices. This discussion mainly focuses on overpressure, since
this was identified as the most critical scenario.

‘Protection’ from hazards is built into the System by way of many design features. These
can be organized into protective layers, which are listed below. These layers are built
around the core process (the counter current SFE process), where ‘1’ indicates the layer
‘closest’ to the core process which are protective measure applied earliest to a given
hazard, and higher numbers indicate higher level protective layers which provide back-up
to previous (closer) layers. The System’s protection layers are shown in Figure 15.
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7. University emergency response*
6. Building protection system*
5. Manual emergency shutdown
4. Mechanical devices
3. Automatic safety interlocks
2. Alarms and operator response
1. Process design
*External protection

Figure 15 - The System's Protection Layers

1. Process design: includes operation limits of equipment
equipment,, appropriate specification,
process control system (including process alarms and process interlocks), etc.

In general, protection against overpressure is provided by pressure ratings of equipment
and connections. Process
rocess interlocks should ensure extraction pressure is maintained at
safe levels. The effectiveness of this layer relies on the proper installation, function,
maintenance, and use of the equipment and process control system
system,

2. Safety alarms
larms and manual response: includes safety alarms and proper operator
response. These alarms will sound if the process conditions are abnormal. T
The
he
effectiveness of this layer relies on the proper function of the control system as the alarms
are set and communicated via control system
system.. It also relies on correct and timely action
on the operator’s part to ensure abnormal conditions are managed appropriately.
appropriately

3. Automated safety interlock system (shut-down): includes all interlocks which shut the
system down for safety reasons. T
The
he effectiveness of this layer also relies on the proper
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function of the control system, as it requires the control system to detect major errors in
the System’s operation and perform shutdown commands.

4. Manual emergency shutdown: includes the Kill Switch. The operator must be able to
judge when there is an emergency, the System is unstable and/or the control system is not
operating correctly to initiate emergency lab manual shut-down manually. The
effectiveness of this layer relies on the operator’s ability to judge when the System is
unstable or a major failure has occurred, and on his or her ability to promptly shutdown
the System using this switch. The switch must also be connected properly to the
actuating devices, and the failsafe positions of the devices properly specified.

5. Mechanical pressure relief and other mechanical devices: includes pressure relief
devices, flow switches, etc. This layer will provide protection when the control system
and the operator fail to shut down the system when certain conditions are abnormal. The
effectiveness of this layer relies on the proper application, installation, specification and
function of these mechanical devices

6. Building protection system: including CO2 and fire sensors, which are connected to the
university lab control system; ventilation within the lab; connection to the drainage
system; and occupant evacuation procedures. This layer relies on the proper functioning
of these facilities and the proper administration and execution of occupant evacuation.
The sensors and ventilation are provided with backup power

7. University emergency response: This layer relies on effective communication to and
the timely and appropriate response by emergency services

As an example of the first protection layer, the pressure rating of EC-1101 is 40 MPa,
SC-4101 is 30 MPa, and all pipes, fittings, instruments, valves and connections
downstream of the P-3201 and P-2201 are to be rated for 40 MPa or greater. The
maximum pressure output of the pumps are 35 MPa. The maximum possible operating
process temperature is determined by the waste heat output of the pumps. Therefore, most
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of the equipment ratings and connections are greater than the maximum possible
operating pressure of each flow line and those upstream to it. The pressure rating of
SC-4101 does not have a pressure rating greater than the maximum possible working
pressure, however, subsequent layers will provide protection against overpressure for
SC-4101.

Continuing with the example of System pressures, there are many alarms associated with
pressures in the pressure vessels and flow lines. These are described in section 6.8.6.
Safety shutdown interlocks shut the System down prior to the maximum equipment
specification is reached, at 27 MPa. For temperature, process temperature alarms sound
at 65oC, allowing the operator the opportunity to shut the System down prior to interlock
activation, which is at 85 oC.

Independence of protection layers is integral to proper functioning layers; a layer can
only provide back-up to another layer in a failure situation if the layers are independent
(i.e., they don’t share failure modes).

In the first layer nearest to the process, Process design, the mechanical design of the
System is independent of all the other layers. Thus, if a mechanical component of the
System fails, the safety control features (including alarms and interlocks) would continue
to provide protection. However, if the process control logics fail, the safety control
features may also fail depending on the failure in process control.

However, layers 4, 5 and 6 all provide backup protection against control system failure.
These are independent. The mechanical devices (the fourth layer) such as pressure relief,
etc., may still function correctly as they don’t necessarily share the all of the same failure
modes as the equipment failure in the first layer. Also, the operator, will still be able to
actuate manual response (the fifth protection layer), as most equipment failure, blockages
and leaks are evident by physical observation of the System.
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Therefore, the second and third layers share the control system failure mode. Redesigning
the control structure such that the process control is separated from safety control, as
shown in more detail in section 7.1.6, would help to improve the protection provided by
protection layer 1 to 3. However, risk associated with control program failure is
mitigated by the backup protection provided by layers 4 to 6.

Operator action is also heavily relied upon. All alarms are associated with a predefined
action performed by the operator. Layers one, two and four (Process design, Safety
alarms and Manual response, respectively), share the human error failure mode. If, for
some reason the operator cannot react to alarms, the assistant may shutdown the System
(as there are always two operators in the lab at all times). If both the operator and
assistant are not able to respond to alarms or shut down the System using the Kill Switch
(this should never occur), these layers would fail. However, the third protection layer,
the safety interlock system, would be automatically activated by the abnormal condition
and safely shut the System down.

If there is an emergency associated with environmental conditions, the building
protection system would be activated automatically and the System shut down. The
operator can always initiate emergency response by contacting emergency services (911)
or the University of Alberta Central Control (as described in section 6.7.8).

Thus, the System is protected by several risk reducing features. Since these features are
organized in a “layered’ structure, where there is redundancy between layers. Though
seven layers have been identified, not all layers apply to each hazard. Therefore, in
future hazard reviews, the reviewers should assess whether there is redundancy in the
safeguards for each identified hazard.

The two failure modes that give the System its greatest vulnerability, the control system
and human error, likely have a very low probability of failing simultaneously, though
backup is still provided by subsequent layers if this rare and unfortunate situation were to
occur.
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7.2

Did the HAZOP-inspired design process produce valid results?

In this sub-section, the design process iterations, HAZOP-inspired Design Assessments 1
and 2, and the November 2010 Design Review and HAZOP are reflected upon;
comments made in the reflections relate to the previous discussion of advantages and
disadvantages of the methodology.

The following discussion of each design stage focuses on the meeting itself, where the
“HAZOP-inspired” or HAZOP procedure was applied. However, as indicated in Chapter
0, it should be noted that the majority of the Thesis work was completed outside of the
meetings (by the author of this Thesis). The meetings served as ‘assessments’ where the
results would shape the work leading up to the next meeting.

For example, work completed prior to the assessments included definition and
development of the “concept design” for Design Assessment 1, design development for
Design Assessment 2, research of HAZOP methods, and preparation the meeting
material. Likewise, work completed following the meetings was that of the in the
“Results” loop of the design process show in Chapter 0. The “Results” loop generally
involved synthesizing, analyzing, and implementing the recommendations, in addition to
preparation for the next meeting. A more specific description of the results preparation
following each assessment is briefly reflected on in this section, but is also described in
the subsections of Chapter 0.

Although the work completed in the “Results” loop (outside of the “HAZOP-inspired”
and HAZOP meetings) did not necessarily follow HAZOP type procedures, the decisions
and development work was infused with a safety HAZOP mindset. With this mindset,
flow characteristics, deviations, were consistently taken into consideration. Protection
measures were implemented that could correct hazard causes and mitigate the
consequences.
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In this way, the implementation of the results from the HAZOP-inspired Design
Assessments and November 2010 Design Review and HAZOP supported the assessment
methodology.
7.2.1

Reflection on the HAZOP-inspired design assessments 1 and 2

This section discusses successes and challenges of the design process and how these
impact the results.

Design Assessment 1
Approximately three (3) hours were allocated for this meeting. It was quickly evident that
3 hours is not sufficient to complete a HAZOP meeting, even for very basic designs.
However, the meeting time was sufficient to gain insight into and prioritize design efforts
leading up to the HAZOP-inspired Design Assessment 2, as explained below.

As explained in Chapter 0, at the time of Design Assessment 1, the design was in a very
‘conceptual’ state; the detail was low. For this reason and due to challenging logistics of
organizing a meeting with the entire design team, the Design Assessment 1 meeting was
held between Angelique Rosenthal (as chairperson) and Dr. Warren Stiver.
Communication had been ongoing with Dr. Selma Guigard and Christianne Street prior
to and following the meeting for information about the design and project needs.

The majority of the meeting was spent identifying process flow lines, assigning
deviations, discussing normal operating conditions for flow lines with respect to each
possible deviation, and discussing hazards in a very broad sense. Discussion surrounding
the basic physical process (flow line conditions and associated deviations) and control
strategy resulted in a list of flow line conditions and design elements that required more
development. Work and research to be completed prior to the HAZOP-inspired
Assessment 2 were identified and prioritized.

Material for the meeting, which described the design and explained the ‘HAZOPinspired’ methodology, was prepared and distributed by Angelique Rosenthal prior to the
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meeting. However, the preparatory material proved only to be a ‘rough guide’ rather than
a true specification and standard of method, perhaps because the meeting chairperson was
untrained and inexperienced in HAZOP. Though this created some challenges regarding
clarity of procedure at the outset of the meeting, an effort was made to somewhat follow
the outlined method for the duration.

The relaxed adherence to method allowed for enough structure to prompt critical
discussion about the immediate task (assigning deviations to a specific flow line, for
example), while allowing the discussion to diverge into important and relevant topics that
were related to the initial task. This discussion proved to be extremely valuable; as a
direct result of this discussion style, important hazards (including multiple fault and worst
case hazards) were discussed and possible safeguards suggested.

At the design ‘concept’ stage, the design was not sufficiently detailed and developed to
undergo the standard HAZOP analysis where causes, consequences, safeguards and
actions are identified for each deviation. Thus, a true HAZOP results table was not
produced. Also, for the same reasons, human factors were not discussed. However it was
early enough in the design process that a discussion dedicated to hazards identification
and risk reduction was constructive and essential; thus the value of the results of this
design assessment iteration were not compromised.

Completing a full, standard HAZOP methodology and/or assessing human factors would
have likely produced irrelevant results due to the extent of the assumptions required to
complete these tasks. The exercise of assigning flow lines and deviations allowed
researchers to identify (and plan research for) many of the assumptions that would have
been required to complete full analysis and assess human factors. This led to a better
understanding of process flow and the hazards associated with it. Had standard HAZOP
procedures been strictly adhered to in this situation (where the design was not sufficiently
detailed and the meeting chair inexperienced), the important hazards and safeguards
would perhaps not have been discussed. The use of the HAZOP-inspired methodology

239

(albeit lax use) also gave Angelique Rosenthal insight on how the next iteration of the
HAZOP-inspired design process might be improved.

In hindsight, the style of the discussion was ideal for a HAZOP-inspired design
assessment: open, creative and critical. Many important design needs were identified.
This discussion proved to be extremely valuable, as it gave the designers a clearer idea of
the level of design detail needed in order to complete a thorough hazard assessment. The
participants identified and prioritized future work, such as:
•

Flow characteristics needing definition

•

Important hazards requiring safeguards

•

Possible safeguards to hazards, and

•

Improvement of understanding of topics in supercritical process and mechanical
design

This iteration led to further development of the P&ID, process control strategy and safety
features. It also led to a better understanding of process and flow line characteristics, and
how these depend on operating conditions.

Design Assessment 2
As a result of the work completed following the HAZOP-inspired Design Assessment 1,
the detail in the physical design (P&ID) used for the HAZOP-inspired Design
Assessment 2 was much higher. Also, the time allotted for this assessment was greater
than the previous; two 2 hour 30 minute meetings were held. The better detail and longer
time allotment allowed the reviewers (the design team) to complete a more
comprehensive HAZOP style analysis than in the Design Assessment 1; the System was
divided into flow lines, deviations were assigned, and two flow lines were partially
analyzed.

Typical HAZOP results were produced for the two flow lines partially analyzed, and all
the flow lines were discussed with respect to their deviations to some degree. The format
of these results follows the format of HAZOP results presented in Chapter0, and includes
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all the information in a similar format as the results from the November 2010 HAZOP
where M-I SWACO standard HAZOP documentation is used.

The meeting material prepared and distributed to the reviewers prior to the assessment
was somewhat changed from the material from the first assessment. Changes were made
the try to better clarify HAZOP-inspired procedure. Instructions from literature were used
(Macdonald, 2004; Nolan, 1994). The experience gained by the chairperson from the
previous HAZOP-inspired design assessment, and distribution of better preparation
material made the second attempt easier, however there was still confusion over deviation
‘definition’.

Also, ‘flow lines’ (described in section 4.5) were identified prior to the meeting; this was
not completed as a group. The flow line distribution was similar to that of the November
2010 HAZOP, though there was one important difference: in the Design Assessment 2,
the extraction column, EC-1101, was considered an individual flow line for which
simultaneous flow of slurry and CO2 flow was assessed. Alternatively, in the November
2010 HAZOP, EC-1101 was grouped into 2 different flow paths and CO2 and slurry flow
through it were assessed separately. This distinction and its impacts on the results are
discussed in more detail in section 7.2.2.

As cited by Dunjo et al. (2010), Mahnken (2001) described how information and data
from case histories could be used in a HAZOP to help improve the results, for example,
demonstrating the connection between HAZOP guidewords and real-world accidents.
Though there is no experience in operating the System, there was experience amongst the
participants in many facets of the process. Topics that could have used more team
member experience and expertise were slurry flow, equipment mechanics and human
factors.

The nature of discussion was an open discussion. The topics loosely followed the
HAZOP topics at hand, though diversion in to related and important topics was generally
allowed. In these diversions, double and multiple failure mode and other perceived worst
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case scenarios were often focused on. This was valuable, because the team was able to
establish priorities for emergency situations.

For example, assessment of ‘high’ pressure deviation in EC-1101 would lead to a lengthy
discussion about response to the scenario of a pressurized extraction vessel, the system is
shut down and lines exiting (and perhaps leading to) the vessel are blocked. High
pressure scenarios, instability or loss of control scenarios were considered worst at the
time. At times (for example, when discussing a scenario as this one), the design team
would review the scenario in ‘reverse’, documenting the worst and other outcomes of the
situation, it’s consequences then causes. This may have been a more intuitive method as
the team and leader were less experienced with and loosely followed standard
methodology. Thus both deductive and inductive logic was used.

Also, allowing divergence from the HAZOP method lead to discussion about multiple
failures modes, worst case scenarios, and human factors in the management of these
scenarios. As a result of these discussions, critical situations were prioritized and Process
Emergency Shutdown Procedures were developed. Some scenarios were identified
and/or planned at the meeting, while others were identified and planned in the work
following the HAZOP. The inclusion of the future primary operator of the System as a
review participant was valuable as it created special focus on defining operator action in
abnormal situations.

This iteration led to further development of the P&ID, process control strategy, safety
features provided by the control system, and spawned the Operation Manual with the
development of Emergency Shutdown Procedures.
7.2.2

November 2010 Design Review and HAZOP

The next stage in the design process was the November 2010 HAZOP in Houston. At
this stage the design was sufficiently detailed and developed to undergo a formal HAZOP
review. Advantages and disadvantages to using HAZOP analysis are described in
sections 4.5.2 and 4.5.3. A reflection of this process is presented below.
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Since the HAZOP-inspired Design Assessment 2, a large amount of work had been
invested (by the author of this Thesis) into developing the design. This work was based
on the results of Design Assessment 2. As a result, the maturity of the design had
improved considerably. The detail in the P&ID was higher; a process control strategy,
detailed lab layout and lab use guide were developed; approximate operating conditions
specified; and alarms, interlocks and emergency shutdown procedures were defined.

Three full days were allotted for the design review and HAZOP, where the design review
occurred over the first morning. Full HAZOP process was used. A standard list of
deviations (as normally used by M–I SWACO) was applied to the each flow line. Typical
HAZOP style results were generated for the entire System.

As shown in the Results section 6.9, several recommendations were made to improve the
System. These recommendations are generally minor; no major changes were
recommended.

The addition of the slurry pretreatment loop made was the most substantial adjustment
made during the November 2010 Design Review and HAZOP. Since the pretreatment
loop is to be use prior to starting experiments, the actual experimental system was not
changed as a result of this addition.

Though the design team had discussed slurry pretreatment prior to this meeting, it was
not included in earlier drafts of the design because the dynamics and challenges of slurry
flow through this scale of system were not known or easily predicted by the design team.
The discussion surrounding slurry pretreatment made it evident that the HAZOP team in
Houston had experience and expertise in slurry flow that the design team may have
lacked. In addition to the physical design of slurry pretreatment, this discussion about
slurry flow was useful as it gave the design team direction with regard to initial System
testing, specific flow related hazards to aware of (and test for prior to System use), and
how to mitigate some of the associated risks.
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Items which should have been defined better to improve the HAZOP were developed in
2011, including a comprehensive Control Philosophy and Operation Manual. The lab
layout was also adjusted following the HAZOP in 2011 as a result as a result of a
required structural review of the lab’s ability to support equipment, and of creating a 3-D
model of the lab space to help develop the layout.

An important element of the design that was not included in the scope of the HAZOP was
the experimental plan, which would specifically indicate flow rates, extraction
temperatures, extraction pressures, baffle configuration, etc. Line diameters were not yet
calculated at the time of the HAZOP; rather, the P&ID showed diameters based on pump
manufacturer recommendations only, and were considered a ‘first draft’. In a standard
industrial HAZOP, parameters such as these would be specified and optimized prior to
the HAZOP.

It should be noted that, because the System is being used for research and development
purposes, the System may not be used as specified at the time of the HAZOP, and the
operating conditions are subject to change as the experimental plan changes. Thus,
though the HAZOP was completed for the use and range of conditions described in this
Thesis, the System should be assessed again if another use or other range of operating
conditions is proposed.

Human factors were not explicitly and systematically considered in the HAZOP, however
some human factors have indirectly been managed as a result of it. For example,
standard procedures (SOPs) were recommended for several tasks, the importance of a
clear alarm philosophy and display was stressed, and some environmental factors, such as
noise and air quality, were addressed.

The design review and HAZOP was performed under the excellent leadership of Mr.
Richard Bingham (CEng, Applied Research Engineering Director). The M-I SWACO
participants were very knowledgeable in drill cuttings processing and lab scale
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supercritical fluid systems. The team dynamic was one of constructively critical analysis
and open discussion. The discussion was kept to the HAZOP item at hand. HAZOP
methodology norms were quickly established. Some norms and strategies were difficult
to follow for inexperienced members, and their appropriateness for application to the
System was questioned. Specifically, double (or multiple) failure modes were not
considered, and flow lines were assigned hastily.

In the previous Design Assessments 1 and 2, the researchers had a tendency to deviate
from HAZOP methodology and discuss the events caused by multiple failure modes; it is
these events that were often associated with the most critical perceived risk. As
previously explained, a lot of value was added to the results of previous assessments by
considering these events. In the November 2010 HAZOP, only single failure/causes of
deviations were included in assessment. By considering single cause deviations, it is
assumed that multiple failures events do not have a high probability of occurring.
Because no risk quantification was completed for the design, this assumption may not be
appropriate. However, this method had its benefits, it allowed the researchers to consider
all single causes (instead of focusing on the most critical), and make recommendations to
manage them individually, which in turn may indirectly or directly help mitigate the most
critical events.

The flow line distribution was very similar to that of the November 2010 HAZOP. The
major difference between the flow line distributions in the two assessments was that in
the Design Assessment 2, the extraction column, EC-1101 was included as an individual
flow line, and slurry and CO2 flow was assessed simultaneously, whereas in the
November 2010 HAZOP, it was included in two different flows path for CO2 and slurry
flow. This impact of this distinction is that, when CO2 and slurry flow through EC-1101
are not considered simultaneous, the interaction of the CO2 and slurry is not analyzed,
and some hazards associated with the extraction process could be missed.

The design team participants were able to draw from the expertise and experience of the
M-I personnel participating in the November 2010 Design Review and HAZOP. Their
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experience in slurry flow was especially important. The HAZOP was conducted very
professionally, with excellent leadership, and knowledgeable participants. The design
was developed more since the November 2010 HAZOP, so another HAZOP should be
conducted before running the System, once all changes have been implemented. In the
future HAZOP, EC-1101 should be analyzed with CO2 and slurry interacting. These
results should be compared to the November 2010 HAZOP where the flows through the
extraction column were analyzed separately.
7.2.3

General success of the design process

Since no major changes were made to the System during the November 2010 HAZOP,
the design work can be considered to have been validated.

The HAZOP-inspired design process provided a framework to integrate “safety” or risk
reduction principles into the design from a very early stage. It instilled in the designers
the mind-set of prioritizing safety over all else, which is especially important when
designing a novel technology.

The design process was flexible enough to be used when the design was still in
‘conceptual’ stage, and could be applied to a more detailed design as it developed. It also
provided an excellent method of tracking results of design reviews and discussions. The
method also lent itself well to a team environment. An important improvement to the
design method would be to incorporate a structured approach to analyzing human factors.

Had the HAZOP-inspired design process not been used, the System design may be been
subject to more “ad-hoc” safety features to achieve risk reduction, as opposed to design
features that are inherently safe. Also, less attention would have been given to the
Control Philosophy and Operation Manual components of the design; these design
components are essential for risk reduction. For example, many alarms and interlocks are
design specifically to minimize the risks associated with abnormal behaviour identified in
the HAZOP-inspired assessments. The Operation Manual is a pivotal piece in reducing
human factor related risks.
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The design process successfully allowed risk reducing principles to be integrated into the
whole System. The “protection layers” approach to safety features lent itself well to
including hazard reduction AND consequence mitigation features.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS
A pilot-scale, continuous supercritical fluid extraction (SFE) system for the treatment of
drill cuttings was designed. The tangible products of the design include a P&ID, Control
Philosophy, Operation Manual and HAZOP analysis (the November 2010 HAZOP).

The HAZOP-inspired design process resulted in a System design which included several
risk reducing measures. It provided a framework to integrate “safety” or risk reduction
principles into the design from a very early stage, and instilled in the designers the mindset of prioritizing safety over all else, which is especially important when designing a
novel technology.

Integrating a focus on “safety” into the design process was an overall valuable experience
for the designer. Putting a greater emphasis on “safety” in the design courses of
undergraduate engineering programs may be valuable to students as well, and help to
demonstrate the importance of this aspect of engineering.

No major changes were made to the System during the November 2010 HAZOP. This
demonstrated that a reasonable effort had been made to anticipate and reduce risks.

Applying the “protection layers” approach to risk reduction showed that, in general,
hazard reduction AND consequence mitigation features created redundancy in safety
features, i.e. in the case of failure of one measure, another is in place to provide “backup”. This approach also indicated that further risk reduction could be achieved by
creating further independence between layers; the most important measures that may be
taken are:
•

restructuring the control system to separate safety and process control functions, and

•

continually implementing measures to reduce human factors

A proposed re-design of the control system, including separation of safety (SIS) features
from process control (BPCS) is presented in Figure 14. The Control Philosophy
discussion (sections 7.1.2 through 7.1.6) also identifies possible modifications to be made
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in case prescribed features can’t be achieved. Thus the Control Philosophy should be
regarded as a philosophy; it identifies ground rules and the design intent for the control
system. The design team must ensure that, when a feature is implemented differently than
as prescribed in the Control Philosophy, the spirit of the recommendation should be
maintained and the feature (as implemented) should achieve the original intent.

Operator training and maintenance of operating procedures will help to reduce human
factor related risks. Specific recommendations pertaining to the Operation Manual
include:
•

Presentation of the troubleshooting section with flow charts. Troubleshooting
procedures may also be improved by addressing combinations of abnormal
conditions, abnormal conditions are not likely to occur independently

•

Addition of procedures or guidelines to address operator task demand or workload, if
the operator finds an adjustment necessary

•

The addition of SOPs for tasks that are completed frequently or that require
adherence to a certain method. Also the design team should ensure all existing SOPs
are complete and appropriate.

As previously stated, “safety” must continue to be a priority as the project moves
forward. Therefore, the System must be properly built and implemented. System
implementation includes System testing, which is explained in section 6.11. The slurry
pretreatment loop (the “grinding loop”) should also be tested prior to use with the rest of
the System. Testing may be conducted as part of initial System testing, as described in
section 6.11.
As experience (through system testing or running experiments) is gained with the
System, the operator may find that mechanical improvements are also required. Special
attention should be given to the operation of instrumentation, outlets or valves.
Equipment on or part of EC-1101, LN-3000 or LN-5000 lines, should be monitored as
they may be compromised by solids in the slurry. Other improvements to the mechanical
design include:
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•

System exit lines were not yet sized to ensure skin-cutting velocities are not reached.
Calculations should be performed to ensure all flow rates are adequately low.

•

Verify fume hood capacity is 4 m3/min

•

Priority 1 alarms (environmental monitoring alarms) should not be adjusted to higher
than 15 minute exposure limits. There should be at least one alarm at the 8 hour
exposure limit, according to the Province of Alberta (2009).

•

Consider single check valve prior to P-3201, eliminate CV-3314, CV-3315, CV-3316

•

Consider eliminating BV-9993 if BV-9996 and BV-9994 are installed

•

LN-5002 should be extended to FT-3603 when rinse water tank used to receive used
rinse water, line should be fitted with a ball valve

•

The slurry pretreatment loop equipment should be renamed according to the
equipment identification code before it is implemented

As part of the ongoing effort to reducing the risk of the System, there should be a formal
review of the System after implementation, which includes the changes made to the
design (including the Control Philosophy, Operation manual, mechanical design, etc.).
Changes should be documented as specified in this Thesis. A HAZOP should be
completed on each flow path as it is commissioned for System testing. HAZOP analysis
should be completed on the entire System prior to it being commissioned and used for the
first experiment. These recommendations serve as guidance to the commissioners and
future operators of the System in continuing their efforts in risk reduction.

A quantitative risk assessment (QRA) was not undertaken due to anticipated challenges
in applying reliable probability data. Conducting a QRA would have produced results
that are been based on unfounded assumptions on the probability of equipment failure.
However, and the results of the November 2010 HAZOP and the “protection layers”
analysis showed that from a qualitative risk assessment perspective, more than reasonable
effort has been made to anticipate and reduce risks associated with the System, and the
design is operable. Thus, from the qualitative risk assessment perspective, the System has
been positioned to behave and operate in tolerably safe manner.

250

Safety must continue to be a priority as the project moves forward. There must be an
ongoing effort in identifying and reducing hazards as changes are made to the System, or
the System’s uses change. The operators and design team must continue to acknowledge
that a perfectly “safe” system does not exist. Thus, they should continue to exercise
caution when operating the System, and be critical of the design, the control system,
operating procedures and future adjustments to the design.
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DRAWINGS
Included in this section are:
Figure 16 - Piping and Instrumentation Diagram (P&ID)
Figure 17 - Lab Layout
Figure 18 - Lab Equipment
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RESULTS TABLES
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Table 45 - Valves
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Table 47– Flow Lines (Design Requirements for Pipes and Fittings)
Table 48 - Pressure Relief
Table 49 - November 2010 HAZOP Results

264

Table 45 - Valves

Valve ID

Type

Function

Service

Failsafe
Position: (O)pen
or (C)losed

Size

Minimum
Pressure
Rating

Solids? (Y/N)

Temperature
Range (oC)

BV- 1301

Safety relief valve

Pressure relief

CO2 and Slurry

N/A

1/4"

40 MPA

Y

-50 - 100

ASME Rated Relief Valve, Setpoint: 30 MPa

1/4"

40 MPA

Y

-50 - 100

ASME Rated Relief Valve, Setpoint: 30 Mpa

1"
4.8 MPa
3/8"
40 MPA
3/8"
40 MPA
3/8"
40 MPA
3/8"
40 MPA
3/8"
4.8 MPa
Supplied with Pump
1"
4.8 MPa
3/8"
40 MPa

N
N
N
Y
N
N

-50 - 50
-50 - 100
-50 - 100
-50 - 100
-50 - 100
-50 - 50

N
N

-50 - 50
-50 - 100

BV- 1302

Comments

Safety relief valve

Pressure relief

CO2 and Slurry

N/A

swing/spring check
swing/spring check
Safety relief valve
ball
ball
ball
Safety relief valve
ball
ball

Check flow direction
Check flow direction
Pressure relief
Isolation
Isolation
Isolation
Pressure relief
Drain
Drain

CO2
CO2
CO2
CO2
CO2
CO2
CO2
CO2
CO2

N/A
N/A
N/A
N/A
N/A
C
N/A
N/A
N/A

BV- 3301

ball

Isolation

Slurry

O

2 1/2"

1.4 MPa

Y

0-100

Pressure rating of 1.4 expected to be sufficient, review when P9999 is specified; Valve control automated with a process
interlock with System when in "Run " mode

BV- 3302

ball

Isolation

Slurry

O

2 1/2"

1.4 MPa

Y

0-100

Pressure rating of 1.4 expected to be sufficient, review when P9999 is specified; Valve control automated with a process
interlock with System when in "Run " mode

BV- 3303

Relief valve

Pressure relief

Slurry

N/A

2 1/2"

1.4 MPa

Y

0-100

BVCVBVBVBV-

Relief valve
swing check
ball
ball
ball

Pressure relief
Check flow direction
Isolation
Isolation
Isolation

Slurry
Slurry
Slurry
Slurry
water

N/A
N/A
O
C

3/4"
3/4"
3/4"
3/4"

40 MPa
40 MPa
40 MPa
40 Mpa
40 Mpa

Y
Y
Y
Y
Y

0-100
0-100
0-100
0-100
0-100

ball

Isolation

Water

O

2 1/2"

1.4 MPa

Y

0-100

3310
3311
3312
3313
3314

ball
ball
ball
ball
swing check

Isolation
Isolation
Isolation
Isolation
Check flow direction

Slurry
Slurry
Slurry
Slurry
Water

N/A
O
N/A
O
N/A

3/4"
3/4"
3/4"
3/4"
2 1/2"

40 Mpa
40 Mpa
40 Mpa
40 Mpa
1.4 MPa

Y
Y
Y
Y
Y

0-100
0-100
0-100
0-100
0-100

CV- 3315

swing check

Check flow direction

Slurry

N/A

2 1/2"

1.4 MPa

Y

0-100

CV- 3316

swing check

Check flow direction

Slurry

N/A

2 1/2"

1.4 MPa

Y

0-100

ball
ball
ball
needle
Safety relief valve
ball

Drain
Drain
Isolation
Metering
Pressure relief
Isolation

Slurry
Slurry
CO2 and Oil
CO2 and Oil
CO2 and Oil
Oil

N/A
N/A
O
O
N/A
N/A

2 1/2"
3/4"
3/8"
3/8"
1/4"
3/8"

1.4 MPa
40 Mpa
40 Mpa
40 Mpa
40 Mpa
40 Mpa

Y
Y
N
N
N
N

0-100
0-100
-50 - 100
-50 - 100
-50 - 100
0-100

CVCVBVBVBVBVBVBVBV-

2301
2302
2303
2304
2305
2306
2308
2309
2310

3304
3305
3306
3307
3308

BV- 3309
BVBVBVBVCV-

BVBVBVBVBVBV-

3318
3319
4301
4303
4304
4305

ASME Rated Relief Valve, Setpoint: 30 Mpa

Swageloc relief valve, Setpoint: 2 Mpa

Only needed if delivering slurry to P-3201 using P-9999;
Pressure rating of 1.4 expected to be sufficient, review when P9999 is specified
ASME Rated Relief Valve, Setpoint: 30 Mpa

Pressure rating of 1.4 expected to be sufficient, review when P9999 is specified; Valve control automated with a process
interlock with System when in "Run " mode

Potential for solids if water is recycled
Pressure rating of 1.4 expected to be sufficient, review when P9999 is specified
Pressure rating of 1.4 expected to be sufficient, review when P9999 is specified

Potential for solids
Potential for solids
ASME Rated Relief Valve, Setpoint: 20 Mpa
Potential for solids

Table 45 - Valves

Valve ID

BVBVBVBVBVBVBVBV-

5301
5302
5303
9993
9995
9996
9997
9998

Type

Function

Service

Failsafe
Position: (O)pen
or (C)losed

Size

Minimum
Pressure
Rating

Solids? (Y/N)

Temperature
Range (oC)

ball

Isolation
METERING?
Drain
Isolation
Isolation
Isolation
Isolation
Isolation

Slurry

O

1/4"

40 Mpa

Y

0-100

Slurry
Slurry
Slurry
Slurry
Slurry
Slurry

N/A
N/A
N/A
N/A
N/A
N/A

3/4"
2 1/2"
2 1/2"
2 1/2"
2 1/2"
2 1/2"

40 Mpa
1.4 MPa
1.4 MPa
1.4 MPa
1.4 MPa
1.4 MPa

Y
Y
Y
Y
Y
Y

0-100
0-100
0-100
0-100
0-100
0-100

ball
ball
ball
ball
ball
ball

Comments

Table 46 - Instruments

Instrument ID

LI-1401
PI-1402
TI-1403
PI-1404

LI-1405

LI-1406

TI-1407

TI-1408

TI-1409
PI-2403
FI-2404
PI-2405
PI-2406
TI-2407

Function

High slurry level guage
in EC-1101
Measures pressure in
EC-1101
Measures temperature
in EC-1101
Measures pressure in
EC-1101
Measures the slurry
level in EC-1101 (upper
operating range 16cm)
Measures the slurry
level in EC-1101 (lower
operating range 5cm)

Service

Operator interface:
(I)n-(f)ield or
(C)omputer

Measurement range

Minimum
Pressure
Rating

Solids?
(Y/N)

Temperature Rating
(oC)

Comments

CO2/Slurry

C

On/off

40 MPa

Y

-50 - 100 oC

Level switch

CO2/Slurry

C

0-40 MPA

40 MPa

Y

-50 - 100 oC

CO2/Slurry

C

-50 - 100 oC

40 MPa

Y

-50 - 100 oC

CO2/Slurry

IF

0-40 MPA

40 MPa

Y

-50 - 100 oC

Guage

Slurry

C

On/off

40 MPa

Y

-50 - 100 oC

Level switch

Slurry

C

On/off

40 MPa

Y

-50 - 100 oC

Level switch

IF

0-100 oC

ATM

N

ATM

Guage

IF

0-100 oC

ATM

N

ATM

Guage

IF

0-100 oC

ATM

N

ATM

Guage

Measures wall
temperature of ECSurface EC-1101
1101
Measures wall
Surface EC-1101
temperature of EC1101
Measures wall
temperature of ECSurface EC-1101
1101
Guages outlet pressure
CO2
of P-2201
Measures CO2 flow
rate entering EC-1101
Measures pressure
upstream of P-2201
Measures pressure in
LN-2002
Temperature in LN2002

CO2

Gauge supplied with pump

IF

dual signal:
C mass flow rate: 0-4.5 GPM; Temperature:
400 psi
'-50 - 50 oC N

-50 - 100 oC

CO2

C

0-300 psi

400 psi

N

-50 - 100 oC

CO2

C

0-40 MPA

40 MPa

N

-50 - 100 oC

CO2

C

-50 - 50 oC

40 MPa

N

-50 - 100 oC

TI-3401

Measures slurry
temperature in FT-3601

Slurry

IF

0-100 oC

200 psi

Y

0-100 oC

TI-3402

Measures slurry
temperature in FT-3602

Slurry

IF

0-100 oC

200 psi

Y

0-100 oC

Slurry

C

On/off

200 psi

Y

0-100 oC

Slurry

C

On/off

200 psi

Y

0-100 oC

LI-3403
LI-3404

Measures level of slurry
in FT-3601
Measures level of slurry
in FT-3602

PI-3405

Measures pressure on
inlet side of P-3201

Slurry

C and IF

0-200 psia

200 psi

Y

0-100 oC

PI-3406

Measures pressure on
outlet side of P-3201;
On pump assembly

Slurry

C

0-40 MPA

40 MPa

Y

0-100 oC

FI-3407

Measures slurry flow
rate entering EC-1101

Slurry

dual signal:
C mass flow rate: 0-11 GPM; Temperature:
200 psi
0 - 100 oC Y

0-100 oC

LI-3408

Measures level of rinse
water in FT-3603

Rinse water

C

FS-3409

Closes when no flow in
LN-3302

Slurry

C

TI-3410

Measures temperature
of slurry in LN-3003

Slurry

C

0-100 oC

Oil

C

Separated CO2

C

LI-4401
PI-4402

Measures level of oil
collected in SC-4101
Measures pressure in
SC-4101

On/off

200 psi

Y

0-100 oC

Level switch or continuous

2 GPM minimum flow for pump 200 psi

Y

0-100 oC

Switch; max outlet pressure
of grinding pump to
determine pressure rating

40 MPa

Y

0-100 oC

On/off

40 MPa

N

-50 - 100 oC

0-40 MPA

40 MPa

N

-50 - 100 oC

Table 46 - Instruments

Instrument ID

Function

Service

TI-4403

Measures temperature
Separated CO2
in SC-4101

FI-4404

Measures flow rate of
CO2 leaving SC-4101

Separated CO2

TI-5401

Measures wall
temperature of LN5002 near the outlet

Treated Slurry

FI-5402

Measures Slurry flow
rate exiting EC-1101

Treated Slurry

PI-5403

Pressure in LN-5002

Treated Slurry

Operator interface:
(I)n-(f)ield or
(C)omputer

Measurement range

Minimum
Pressure
Rating

Solids?
(Y/N)

Temperature Rating
(oC)

C

-50 - 50 oC

40 MPa

N

-50 - 100 oC

dual signal:
C mass flow rate: 0-4.5 GPM; Temperature:
40 MPa
'-50 - 50 oC N

-50 - 100 oC

C

-50 - 100 oC

ATM

N

dual signal:
C mass flow rate: 0-11 GPM; Temperature:
40 MPa
0 - 100 oC Y
C

0-40 MPA

40 MPa

Y

ATM

-50 - 100 oC
-50 - 100 oC

Comments

Table 47 - Flow lines (Design Requirements for Pipes and Fittings)

Flow Line ID
LN2001
LN2002
LN3001a
LN3001b
LN3002
LN3003
LN3004
LN4001
LN4002
LN4003
LN4004
LN4005
LN5001
LN5002
LN9999

Service
CO2
CO2
Rinse Water
Slurry
Slurry
Slurry
Slurry
CO2 and Oil
CO2 and Oil
CO2 and Oil
CO2 and Oil
CO2 and Oil
Slurry
Slurry
Slurry

Size
1"
3/8"
2 1/2"
2 1/2"
2 1/2"
3/4"
3/4"
3/8"
3/8"
1/4"
1/2"
1/2"
TBD
3/4"
2 1/2"

Material
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS

Minimum
Pressure Rating
400 psi
40 MPA
200psi
200psi
200psi
40 MPa
40 MPa
40 Mpa
40 Mpa
40 Mpa
40 Mpa
40 Mpa
40 MPa
40 Mpa
200psi

Solids? (Y/N)
N
Y&N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Temperature Range
(oC)
-50 - 50
-50 - 100
0-100
0-100
0-100
0-100
0-100
-50 - 100
-50 - 100
-50 - 100
-50 - 100
-50 - 100
0-100
0-100
0-100

Table 48 – Pressure Relief
Orifice Area Sizing Minimum Orifice
Method
Area

Valve ID

Type

Service

Relief Pressure

BV-1301

Safety
relief
valve

CO2 and
slurry

30 MPa

DIERS ERM for
gassy flow [REF],
and Ouderkirk (XX)

0.091 cm2

BV-2303

Safety
relief
valve

CO2,
potential to
relieve slurry

30 MPa

DIERS ERM for
gassy flow [REF],
and Ouderkirk (XX)

0.031 cm2

2 MPa

Use a Swagelok
Valve:
SS-4R3A-SETA-NE
Spring:
177-R3A- K1-A

N/A

2.8 MPa or less

Area not
calculated. Use
relief valve
included in pump
assembly

N/A

Only used if
P‑9990 used to
TBD –
dependant on P- feed P‑32301.
9999 maximum
ASME sizing for
output
liquids (Equ’n 8.6
pressure
Malek, 2006)

N/A

BV-2307

BV-2308

Relief
valve

Relief
valve

CO2

CO2

BV-3303

Relief
valve

Slurry

BV-3304

Relief
valve

Slurry

BV-4304

Safety
relief
valve

CO2 and oil

30 MPa

ASME sizing for
liquids (Equ’n 8.6
Malek, 2006)

0.045 cm2

5 MPa

ASME sizing for
expandable gases
and vapour (Equ’n
8.2 Malek, 2006)

0.32 cm2
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Table 49 has been modified from the original November 2010 HAZOP Results table completed with M-I SWACO, a Schlumberger
Company. Changes include the omission of M-I SWACO business information, addition of the “Comments and Actions Completed”
column, addition of “Flow Line” numbers, addition of “Action” item numbers, and changes as explained in the “Comments and
actions Completed” column. Changes are further described in sections 6.9 and 6.10. Original content, structure, and wording have
been otherwise maintained. This table, as modified, has been included in this Thesis with the permission of M-I SWACO.
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Flow Line
1. FT-3601
to P-3201

Deviation
Low Flow

Cause
Low liquid level
in FT-3601
BV-3301 closed
CV-3315 fail
closed
Line plug
Line rupture
BV-3303 fail
open
BV-3302 open

Consequence

Safeguards

Inadequate
delivery to
process
Back flow of CO2
from EC-1101
Potential damage
to P-3201
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LI-3403
PI-3405
PI-3406
FI-3407
CV-3305

Action

Comments and Actions
Completed
1.1 To prevent
Comment on Safeguards:
damage to P-3201
Add CV-3305 to
due to low/ no flow,
“Safeguards” as it prevents
install flow switch on backflow of CO2 from ECsuction side of pump. 1101
On activation of
switch, P-3201 shut
1.1 Flow switch FS-3409
down.
shuts down P-3201 and P2201 upon activation (no
1.2 LI-3403 (low
flow)

Flow Line

Deviation

More Flow

Less Pressure
(more
vacuum)

More
Pressure (less
vacuum)

Cause

Consequence

Safeguards

Action

BV-3309 open
Slurry settlement
Slurry out of spec

Downtime
Loss of
containment

No apparent
reason for excess
flow
BV-3301 closed
CV-3315 fail
closed
Line blockage

Potential damage
to P-3201
Reduced slurry
delivery to system

PI-3405
PI-3406
FI-3407

1.3 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.

1.3 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)

Potential damage
to P-3201 if
delivery pressure
excess pump spec
or run dry
Loss of
containment

PI-3405
PI-3406
FI3407
Drip
tray

1.4 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.

1.4 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)

P-3201 failure
BV-9997 open
Line rupture
BV-3303 open
P-9000 active
Emptied tank

level) on activation
will shut down P3201.

Comments and Actions
Completed
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1.5 Determine
specification of
slurry pump
(maximum delivery
pressure)

1.2 LI-3403 (low level)
control interlocked to
change feed stream to rinse
water. LI-3411 (low-low
level) included to shut
down P-3201 and P-2201
upon activation (no feed
material)

1.5 No maximum feed
pressure specification
available for slurry pump
(P-3201). Slurry pump
will not receive
pressurized feed (feed
directly from tanks only)

Flow Line

Deviation

Cause

Consequence

Safeguards

Low
Temperature

Lower slurry
delivery
temperature

Change in
efficiency

High
Temperature

External heat
Over use of P9000

Change in
efficiency

TI-3401

Low Level

Rupture of tank
Flow return to
incorrect tank

Eventual shut
down

LI-3403

Action

Comments and Actions
Completed

None

273

1.6 Temperature
control will be
determined after
initial testing of the
system
1.7 Ensure LI-3403
shuts down P-3201
and P-9000
Alert operator with
visual and audible
alarm. Automatically
switch to rinse, wait
for operator to either
initiate shut down or
bring to other feed
tank if run is to
continue. Level
sensor control on FT3603 (rinse tank) will
shut down P-3201 if
low

1.6 Temperature control
determined during initial
testing of system

Comment on Action: P9000 will not be operated
during extraction. Change
Action to: Alert operator
with visual and audible
alarm. Automatically
switch to rinse, wait for
operator to either initiate
shut down or bring to other
feed tank if run is to
continue. Level sensor
control on FT-3603 (rinse
tank) will shut down P3201 if low
1.7 LI-3403 (low level)
alarmed and control
interlocked to change feed
stream. LI-3411 (low-low
level) included to shut
down P-3201 and P-2201
upon activation (no feed

Flow Line

Deviation

High Level

Cause

Incorrect routing
of rinse water

Consequence

Safeguards

Loss of
containment
Solvent to feed
out of spec

Drip pan

Drain

Action

1.8 Consider high
level switch

1.9 Add drain valve
immediately
upstream of P-3201
1.10 Introduce a 1
½” ball valve for
sample collection in
LN-3001a
(downstream of CV3315)

Sample

Flushing

1.11 Tank to be
partially filled with
flush water for clean
up
1.12 Design
configuration for
instruments to allow
for safe operation

Maintain

1.13 SOP
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Comments and Actions
Completed
material)
1.8. High level switch not
included. SOP only one
tank volume of feed in
system at once
1.9 Drain valve BV-3318
added upstream of P-3201
Comment on Action:
Sampling conducted from
tank (fitted with a sample
port). Assume feed tank a
homogenous CSTR as it is
mixed during extraction.
Resolution of PSD of slurry
unlikely to change during
extraction.
1.10. A sample ball valve
SV-3320 is included on FT3601.
1.11 Added to System
Cleaning SOP. See Control
Philosophy
1.12 Piping and
instrumentation configured
for safe operation. See
section 7.1.14
1.13 Working at heights

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
Working at heights

Corrosion

Erosion

2. P-3201 to
EC-1101

Low Flow

Contaminants in
feed stock

Loss of
containment

Abrasive
particulates
Tank agitator
Jet velocity of
returned slurry

Loss of
containment

P-3201
malfunction
VFD-3501
failure
Blockage in the
pipe
Flow line rupture
CV-3305 failed
closed
BV-3306 closed
BV-3304 failed
open
LN-3004 open
LI-1401 activated
FI-3407 choked
LI-1405 activated
Slurry settlement
Slurry out of spec

Suitable
material of
construction
Suitable
material of
construction

Out of spec
solvent to feed
ratio
Downtime
Release of CO2
through LN-5002
Loss of
containment

FI-3407
Calculated
flow rate from
P-3201
Pretreatment
Drip pans
containment

1.14 Appropriate
design
1.15 Appropriate
design

1.15 Erosion resistant
measures taken in design
and specifications of
equipment

2.1 Utilize the P3201 as means of
flow indication to
validate FI-3407

2.1 Validation of FI-3407
using P-3201 included in
Control Philosophy

2.2 Slurry viscosity
check
2.3 Sieve test to
determine maximum
particle size prior to
delivery to P3201
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Comments and Actions
Completed
SOP included in Operation
Manual
1.14 Corrosion resistant
specifications of equipment

2.2 and 2.3 Slurry viscosity
check and sieve test part of
slurry pre-treatment.

Flow Line

Deviation

Cause

Consequence

Safeguards

More Flow

VFD-3501
failure
LI-1406 activated

Out of spec
solvent to feed
ratio
Excess bed depth

FI-3407
Calculated
flow rate from
P-3201

Less Pressure

P-3201
malfunction
VFD-3501
failure
Blockage in the
pipe
Flow line rupture
BV-3304 failed
open
LN-3004 open
Low pressure in
EC-1101

Extraction
PI-3406
efficiency affected Drip pans
Reduced delivery containment
rate of slurry
Potential for
backflow of CO2
into slurry system

Discharge LN3003 into EC1101 blocked
P-3201
malfunction
VFD-3501
failure
EC-1101 higher
pressure
Slurry settlement
Slurry out of spec

BV-3304 opens
Extraction
efficiency affected
Increased delivery
rate of slurry or
no slurry delivery

More
Pressure

BV-3304
PI-3406
Pretreatment

Action
2.4 Utilize the P3201 as means of
flow indication to
validate FI-3407
2.5 PI-3406 to be
pressure transmitter
with alarm status on
low pressure

Comment on cause:
Blockage in pipe a high
pressure scenario.
Comment on Action: Low
pressure level alarm not an
appropriate safeguard.
Most valuable indication of
low pressure is low
pressure alarm for EC-1101

2.6 PI-3406 to be
pressure transmitter
with alarm and or
control action on
high pressure
2.7 Slurry viscosity
check
2.8 Sieve test to
determine maximum
particle size prior to
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Comments and Actions
Completed
2.4 Validation of FI-3407
using P-3201 included in
Control Philosophy

2.5 PI-3406 not alarmed for
low pressure. EC-1101
alarmed for low pressure
2.6 Action complete. See
Control Philosophy
2.7 and 2.8 Slurry viscosity
check and sieve test part of
slurry pre-treatment

Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed

delivery to P-3201
Low
Temperature

Lower slurry
delivery
temperature

High
Temperature

Excess cycles
through pump
Higher slurry
delivery
temperature
External heat
source (i.e. fire)

Change in
efficiency

FI-3407 if
equipped with
temperature
display

2.9 FI-3407 to
incorporate
temperature output
for control action

Comment on Action: Will
source double output flow
indication. “Control
action” is not determined
by temperature output on
FI-3407. Control action is
determined by extraction
temperature. If temperature
control is needed
(determined by EC-1101
temperature), operator to
manually change the
extraction temperature via
the CO2 temperature control
and/or slurry temperature
control, if included in the
design after System testing
2.9 FI-3407 includes
temperature output.
Temperature control
determined during initial
testing of system

Level
Drain

Not applicable
2.10 Drain valve to
be fitted to LN-3003.
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2.10 Drain valve BV-3319
included in design.

Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed

Blanking plug to be
fitted.
Sample
Flushing

Not applicable

Maintain

3. Inlet to
EC 1101
through to
collection
tank
FT3602
(LN-5002)

2.11 Rinse water
available from FT3603
2.12 Design
configuration for
instruments to allow
for safe operation

2.11 Rinse water made
available from FT-3603

2.13 SOP
Working at heights

2.13 SOP working at
heights included in
Operation Manual
2.14 SOP regular
inspection and replacement
as needed of flow line
included in Operation
Manual
2.15 SOP regular inspection
and replacement as needed
of flow line included in
Operation Manual

Corrosion

Chemical
composition of
cuttings

Potential stress
cracking of tube
Loss of
containment

Non
destructive
testing

2.14 SOP regular
inspection and
replacement as
needed of flow line

Erosion

Abrasive
particulates

Tube wall
thinning
Loss of
containment

Low transfer
velocities

2.15 SOP regular
inspection and
replacement as
needed of flow line

Low Flow

Insufficient
upstream supply
Blockage in EC1101
Pipes ruptured
Blockage in LN5002

Solvent/Feed ratio
incorrect
EC-1101 over full
Extraction
efficiency would
be affected
Loss of

FI-5401
LI-1405 & LI1401
PI-1402 & PI1404
FI-4404
Drip pan

No Action
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2.12 Piping and
instrumentation configured
for safe operation. See
section 7.1.14

Flow Line

Deviation

More Flow

Cause

Consequence

Blockage in LN5001
BV-3313 closed
BV-3311 open
BV-1302 failed
open
BV-1301 failed
open
LI-1405 & LI1406 activated
BV-4303
excessively open
(EC-1101
pressure low)
CO2 flow rate
inadequate
Blockage of FI5401

containment
Downtime
High CO2 flow
may entrain solids
and block
downstream
pipeline

Excessive
upstream supply
LN-5001
inadequate length
for flow
characteristics of
slurry
Rupture of LN5001 & LN-5002
LI-1406 activated
Change in flow
characteristics of
slurry

Out of spec
solvent to feed
ratio
Excess or
reduction bed
depth
Loss of
containment
EC-1101 emptied
and CO2
discharged to
slurry tanks
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Safeguards

Action

Comments and Actions
Completed

FI-5401
LI-1405 & LI1401
PI-1402 & PI1404
FI-4404
Drip pan

3.1 Consider
installing a throttle
valve downstream of
pipe section LN5001

3.1 Will query valve
suppliers for a valve for this
application. If available will
try. If none available will
proceed with restrictor
only.

3.2 Install pressure
gauge at transition
between LN-5001 &
LN-5002

Comment on Action 3.2:
Will install pressure gauge
immediately downstream of
restrictor to determine a
relationship between
pressure drop and restrictor

Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed
size
3.2 PI-5403 added between
LN-5001 and LN-5002

Less Pressure

More
Pressure

Blockage in EC1101
Pipes ruptured
Blockage in LN5002
Blockage in LN5001
BV-3313 closed
BV-3311 open
BV-1302 failed
open
BV-1301 failed
open
LI-1405 & LI1406 activated
BV-4303
excessively open
(EC-1101
pressure low)
CO2 flow rate
inadequate
Blockage of FI5401

Solvent/Feed ratio
incorrect
EC-1101 over full
Extraction
efficiency would
be affected
Loss of
containment
Downtime
High CO2 flow
may entrain solids
and block
downstream
pipeline

FI-5401
LI-1405 & LI1401
PI-1402 & PI1404
FI-4404
Drip pan

Blockage of LN5001 or LN-5002

Wear of discharge
pipeline and

PI-1402 & PI- 3.4 Install pressure
1404
gauge at transition
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3.3 Install pressure
gauge at transition
between LN-5001 &
LN-5002

Comment on Action 3.3:
Will install pressure gauge
immediately downstream of
restrictor to determine a
relationship between
pressure drop and restrictor
size
3.3 PI-5403 added between
LN-5001 and LN-5002
Comment on flow line 3
pressure deviations: Design
team would like this
element studied with
simultaneous CO2 and
Slurry flow being
considered

Comment on Action 3.4:
Will install pressure gauge

Flow Line

Deviation

Low
Temperature

High
Temperature

Cause

Consequence

Safeguards
BV-1301
BV-1302
FI-5401

Action

& between LN-5001 &
LN-5002

Comments and Actions
Completed
immediately downstream of
restrictor to determine a
relationship between
pressure drop and restrictor
size

discharge flow
lines
BV-3313 closed
BV-1302 & BV1301 malfunction
Blockage of FI5401
CO2 operating
pressure within
EC-1101 is high

reception tank

Lower temp of
slurry upstream
supply
Excess CO2
content
Delivery
temperature of
CO2 below set
point
High temp of
slurry upstream
supply
Delivery

Viscosity change
of slurry
Extraction may be
affected
Freezing the water
block LN-5001 or
LN-5002

TI-1407, TI1408, TI1409, TI-1403
TI-5402

3.5 Use TI-1403 as
alarm indication via
control system to
acknowledge low
CO2 temp

3.5 TI-1403 alarmed for
low temperature. See
Control Philosophy

Viscosity change
of slurry
Extraction may be
affected

TI-1407, TI1408, TI1409, TI-1403
TI-5402

3.6 Use TI-1403 as
alarm indication via
control system to
acknowledge high

3.6 TI-1403 alarmed for
high temperature. See
Control Philosophy

3.4 PI-5403 added between
LN-5001 and LN-5002
Comment on flow line 3
pressure deviations: Design
team would like this
element studied with
simultaneous CO2 and
Slurry flow being
considered
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Flow Line

Deviation

Cause

Consequence

Safeguards

temperature of
CO2 above set
point
External heat
source

Action
CO2 temp

High Level

EC-1101 blocks
midpoint
LI-1406
malfunction

Overfill of EC1101
Discharge of CO2
to slurry tanks
Discharge line
freezes

LI-1401
LI-1405
FI-5401
FI-4404

None

Low Level

LI-1405
malfunction

Discharge of CO2
to slurry tanks
Discharge line
freezes

LI-1406
FI-4404

None

Drain

Sample
Flushing

Comments and Actions
Completed
Comment on Action: Alarm
high temperature and shut
System down for unsafe
temperatures. See Process
Emergency Shutdown
Procedures. If temperature
high, but still safe, apply
more cooling. If
temperature decreases,
continue run

3.7 Drain valve with
plug to be fitted to
LN-5001 line

3.7 Drain valve BV-5303
added to LN-5001 or LN5002 at the lowest point in
the flow path

3.8 Rinse water
available from FT3603
3.9 Design
configuration for

3.8 Rinse water made
available from FT-3603

N/A

Maintain

282

3.9 Piping and
instrumentation configured

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
instruments to allow
for safe operation
3.10 SOP
Working at heights

Corrosion

Chemical
composition of
cuttings

Potential stress
cracking of tube
Loss of
containment

Non
destructive
testing

3.11 SOP regular
inspection and
replacement as
needed of flow line

Erosion

Abrasive
particulates

Tube wall
thinning
Loss of
containment

Low transfer
velocities

3.12 SOP regular
inspection and
replacement as
needed of flow line

Low Flow

4. From
CO2
Storage
Tank to EC1101

CO2 Low level
in storage tank
BV-2306 closed
CV-2301 failed
closed
P-2201
malfunction
VFD-2501
malfunction
CV-2302 failed
closed
BV-2305 open
BV-2307 &
BV-2303 failed

Incorrect solvent :
feed ratio
Extraction
efficiency affected
Slurry discharge
reduced
P-2201 run dry /
cavitate
P-2201 damaged
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FI-2404
PI-2403
PI-1404

No Action

Comments and Actions
Completed
for safe operation. See
section 7.1.14
3.10 SOP working at
heights included in
Operations Manual
3.11 SOP regular
inspection and replacement
as needed of flow line
included in Operation
Manual
3.12 SOP regular
inspection and replacement
as needed of flow line
included in Operation
Manual

Flow Line

Deviation

More Flow

Cause
open
BV-2304 closed
Delivery pipe
line plugged
Pipe rupture
Failure of
expansion joints
CO2 tank valves
incorrectly set
BV-4303
VFD-2501
malfunction
Leakage in LN2002
Loss of solid seal
in EC-1101

Consequence

Safeguards

Incorrect solvent :
FI-2404
feed ratio
PI-2403
Extraction
PI-1404
efficiency affected PI-1402
Slurry discharge
PI-4402
reduced
Uncontrolled/max
imum available
CO2 flow rate
through system

Action

4.1 To prevent
excessive CO2 flow
rates due to causes
listed then:
a) Compare FI2404 with
FI-4404 if
FI-4404 is
significantly
less than FI2404 system
to be stopped
b) If FI-4404
exceeds a
predetermine
d maximum
flow rate
system to be
stopped

Comments and Actions
Completed

Comment on Safeguards:
Add PI-1402 and PI-4402
Comments on Actions:
a) CO2 flow controlled by
pressure. Sensors will not
be accurate enough to
indicate a legitimate flow
problem. Monitor pressure
indicators in event of flow
discrepancy
b) This action already
included in Process
Emergency Shutdown
Procedures
Install a pressure transducer
upstream of P-2201.
Interlock shut down logics
for high pressure. Alarm
for high and low pressure
Do not take control actions
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Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed
previously recommended
4.1 a) Validation of FI-4404
with P-3201 RPM –based
flow measurement included
in Control Philosophy.
Discrepancy between
measurements alarmed as
per Control Philosophy
b) Previously included in
Process Emergency
Shutdown Procedures
PI-2405 installed upstream
of P-2201 and alarmed for
high and low pressures and
interlocked for shutdown

Less Pressure

CO2 Low level
in storage tank
BV-2306 closed
CV-2301 failed
closed
P-2201
malfunction
VFD-2501
malfunction
CV-2302 failed
closed
BV-2305 open
BV-2307 &
BV-2303 failed

Incorrect solvent :
feed ratio
Extraction
efficiency affected
Slurry discharge
reduced
Loss of
containment
CO2 expanded to
vapor form
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FI-2404
PI-2403
PI-1404

4.2 If CO2 storage
tank pressure gauge
is no accessible to
test rig fit a PI
upstream of P-2201

Comment on Action: Install
a pressure transducer
upstream of P-2201.
Interlock shut down logics
for high pressure. Alarm
for high and low pressure
4.2 PI-2406 installed
upstream of P-2201.

Flow Line

Deviation

More
Pressure

Low
Temperature

Cause
open
Pipe rupture
Failure of
expansion joints
CO2 tank valves
incorrectly set
PI-1404 & PI1402
Failure of VFD2501
Failure of
feedback signals
PI-1404 & PI1402
BV-2307 & BV2303 failed
closed

Lack of heating
of CO2 or change
phase state

Consequence

Safeguards

BV-2307 & BV2303 open
Loss of
containment
High release of
CO2

PI-1404
PI-2403
BV-2307 &
BV-2303
BV-2305
RV-2308

Extraction
None
efficiency affected
Unable to operate
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Action

4.3 Ensure suitable
environmental
monitoring of
immediate area to
detect low O2 or
high CO2 levels
Activation of the
sensors should
initiate emergency
shutdown of
equipment

Comments and Actions
Completed

4.3 Environmental
monitoring of Lab in place.
High CO2 and Low O2
detected. Sensors initiate
emergency shutdown. See
Process Emergency
Shutdown Procedures
4.4 BV-2306 to isolate
CO2 supply. Failsafe
position is closed

4.4 During any
emergency shutdown
procedure a failsafe
closed isolation valve
as close to source of
CO2 as possible will
shutdown CO2
supply
4.5 FI-2404 to be
4.5 FI-2404 specified as
specified as dual
dual output for flow and
output (flow and
temperature

Flow Line

Deviation

Cause

High
Temperature

Excess CO2
heating at P-2201
External heat
source

High Level
Low Level
Drain

N/A
N/A

Sample
Flushing

N/A

Consequence

Safeguards

at desired domain
point
Potential to freeze
water content
within slurry
system
Extraction
None
efficiency affected

Maintain

287

Action

Comments and Actions
Completed

temperature)

4.6 FI-2404 to be
specified as dual
output (flow and
temperature)

4.6 FI-2404 specified as
dual output for flow and
temperature

4.7 Fit a drain valve
fitted with plug
between P-2201 &
CV-2301

4.7 Drain valve BV-2309
added to LN-2001 between
P-2201 and CV-2301

4.8 Consider inline
strainer to offer
protection to process
from external
contamination in
CO2 deliver line
4.9 Design
configuration for
instruments to allow
for safe operation

4.8 Inline filter fitted in
LN-2001

4.10 SOP
Working at heights

3.10 SOP working at
heights included in

4.9 Piping and
instrumentation configured
for safe operation. See
section 7.1.14

Flow Line

Deviation

Cause

Consequence

Safeguards

Corrosion

4.11 SOP
maintenance
inspection
4.12 SOP
maintenance
inspection

Erosion

5. From
Inlet EC1101
through to
Inlet SC4101

Low Flow

More Flow

Action

Blockage in the
pipe LN-4001
and/or LN-4002
and/or LN-4003
Flow line rupture
CV-4302 failed
closed
BV-4301 closed
BV-4303 closed
Insufficient
supply of CO2
CO2 flow back
into the slurry
tanks
BV-1301 & BV1302 open

Out of spec
solvent to feed
ratio
Release of CO2
through LN-5002
Loss of
containment
Extraction
efficiency

FI-4404
FI-2404
Drip pans
containment

BV-4303 open
too much
High upstream
supply
BV-2305 open

Out of spec
solvent to feed
ratio

FI-2404
FI-4404
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5.1 Utilize the P2201 as means of
flow indication to
validate FI-2404

Comments and Actions
Completed
Operation Manual
4.11 SOP regular
inspection included in
Operation Manual
4.12 SOP regular
inspection included in
Operation Manual
Comment on Action: Crosscheck volumetric flow rate
from P-2201 with both FI2404 AND 4404 to ensure
both meters are working
properly
5.1 FI-2404 is validated by
RPM-based flow
measurement of P-2201

5.2 Utilize the P2201 as means of
flow indication to
validate FI-2404

Comment on Action: Crosscheck volumetric flow rate
from P-2201 with both FI2404 AND 4404 to ensure
both meters are working
properly

Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed
5.2 FI-2404 is validated by
RPM-based flow
measurement of P-2201

Less Pressure

More
Pressure

Low upstream
pressure
BV-4303 open
more than pump
can keep up with
Blockage in the
pipe
BV-1301 & BV1302 open
PI-1402 & PI1404 malfunction
CV-4302 failed
closed
PI-1402 & PI1404 malfunction
VFD-2501
malfunction

Extraction
PI-1402
efficiency affected Drip pan
Reduced
discharge rate of
slurry
CO2 expanded to
vapor form
Potential to freeze
water in slurry
Column blocked

No Action

Extraction
BV-1301
efficiency affected BV-1302
Increased
Drip tray
discharge rate of
slurry
BV-1301 open
BV-1302 open
Loss of
containment

5.3 Ensure suitable
environmental
monitoring of
immediate area to
detect low O2 or
high CO2 levels
Activation of the
sensors should
initiate emergency
shutdown of
equipment
5.4 During any

289

5.3 Environmental
monitoring of Lab in place.
High CO2, High O2 and
Low O2 detected. Sensors
initiate emergency
shutdown. Process
Emergency Shutdown
Procedures
5.4 BV-2306 to isolate
CO2 supply. Failsafe
position is closed.

Flow Line

Deviation

Cause

Consequence

Safeguards

Low
Temperature

Low CO2
delivery
temperature
Failure of water
bath temperature
Ruptured pipe

BV-4303 chocked
Loss of
containment
Pipe LN-4003
blocked
Freeze in water in
slurry
Blocked column

TI-1403
TI-1407
TI-1408
TI-1409

High
Temperature

Upstream supply
over temperature
External heat
source (i.e. fire)

Change in
extraction
efficiency

TI-1403
TI-1407
TI-1408
TI-1409

Level
Drain
Sample

Not applicable

Flushing

System design

Action
emergency shutdown
procedure a failsafe
closed isolation valve
as close to source of
CO2 as possible will
shutdown CO2
supply
5.5 Use TI-1403 to
provide system
control against
incorrect CO2
temperature

5.6 Use TI-1403 to
provide system
control against
incorrect CO2
temperature

None
5.7 No Sample
required until oil is
collected in SC-4101
No Action
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Comments and Actions
Completed

5.5 TI-1403 would provide
control basis for adjusting
CO2 water bath
temperature. Temperature
adjustments would be made
manually. Temperature
control determined during
initial testing of system
5.6 TI-1403 would provide
control basis for adjusting
CO2 water bath
temperature. Temperature
adjustments would be made
manually. Temperature
control determined during
initial testing of system

5.7 Sample when oil is
collected in SC-4101

Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed

5.8 Design
configuration for
instruments to allow
for safe operation

5.8 Piping and
instrumentation configured
for safe operation. See
section 7.1.14

5.9 SOP
Working at heights

5.9 SOP working at heights
included in Operation
Manual
Comment on Safeguard:
Type of non-destructive
testing should be specified

allows for
flushing with
CO2 post
extraction cycle
Maintain

Corrosion

Erosion

Chemical
composition of
extract can
potentially
contain carbonic
acid and chloride
or other soluble
salts

Potential stress
cracking of tube
Loss of
containment

Abrasive
particulates

Tube wall
thinning
Loss of
containment
BV-4303 may
experience
excessive wear

Non
destructive
testing

5.10 SOP regular
inspection and
replacement as
needed of flow line

5.10 SOP regular
inspection and replacement
of flow line included in
Operation Manual

Inline filter
installed on
discharge of
EC-1101 in
line LN-4001
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5.11 SOP regular
inspection and
replacement as
needed of flow line

Comment on Safeguard:
Inline filter to be fitted
downstream of the outlet
fitting on the lid of EC1101. Filter to consist of a
larger diameter line (eg.
¼”) with glass wool
inserted inside

Flow Line

6. Inlet to
SC-4101 to
CO2 & oil
outlet to
atmosphere

Deviation

Low Flow

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed
5.11 SOP regular
inspection and replacement
of flow line included in
Operation Manual

Low supply of
CO2/oil from
upstream system
Dry ice formed
from BV-4303
expansion
Leak in fittings
on separator
BV-4305 open
CO2 exiting from
BV-4304

Extract efficiency
affected

FI-4404
PI-4402
Audible leaks

6.1 FI-4404 on low
flow condition
(lower than set point
value) to provide
prompt to operator to
adjust setting of BV4303 or consider
increasing
temperature of water
bath

Comment on Causes: Add
Leak in fittings on
separator, BV-4305 open
and CO2 exiting from BV4304.
Dry ice formation at BV4303: only consider a
blockage if System pressure
is abnormal. See Process
Emergency Shutdown
Procedures for action.
Inconsistency in method as
blockage is a multiple
failure scenario

Separation
efficiency affected

6.2 If PI-4402
exceeds anticipated
normal working
pressure operator to
be prompted to
review setting of
BV-4303
If PI-4402 exceeds
70% of maximum
working pressure
consider automatic
system shut down
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Comment on
Consequences: Add
Separation efficiency
affected
Comment on Safeguards:
Add Audible leaks. On
Safeguard PI-4402: low
flow only an issue in this

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
6.3 Pipelines LN4003 and LN-4005
could be increased in
diameter to ease
discharge of the high
volume of CO2 gas
(pipe size 1 in up or
maximum possible
within existing
flange configuration
ensure 3rd party
certification of flange
is not compromised)

Comments and Actions
Completed
line specifically if pressure
is abnormal. Low flow
would be indicated by a
change in pressure within
the separator.
Comment on Action 6.1:
No action required. Low
flow only an issue if
coupled with pressure
deviation. Use pressure PI4402 to prompt operator on
action required. Low flow
indicated by FI-4404 could
indicate instrument or
control system failure.
Flow meter may not be
precise enough to show a
significant change in flow.
6.1 No action required.
Flow determined by
pressures. Water bath
temperature adjustment
driven by temperature in
SC-4401
6.2 PI-4402 interlocked for
system shut-down at a high
pressure indication (see
Control Philosophy).
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Flow Line

Deviation

More Flow

Cause

Increased flow
from supply

Less Pressure

Less supply
pressure
BV-4305 open
BV-4304 open

More
Pressure

More supply
pressure
Blockage in
LN-4404
Blockage in
LN-4405

Consequence

Safeguards

Potential increase
in SC-4101
pressure
Increased volume
of oil/water
Excess discharge
of atomized oil
BV-4304 opens
Environment
impact of
atomized oil
release
Loss of
containment of
collected oil
CO2 release via
BV-4304
BV-4304 open
Environment
impact of
atomized oil
release

294

FI-4404
PI-4402

PI-4402
FI-4404

PI-4402
FI-4404

Action

6.4 Design of SC4101 to consider an
alternate
configuration to
minimize amount of
entrained oil carry
through. Inlet pipe
may be positioned
towards bottom of
vessel to mitigate
short circuiting to
outlet pipe
6.5 SOP to ensure
correct status of BV4305 prior to start up

6.6 Checklist
6.7 If PI-4402
exceeds anticipated
normal working
pressure operator to
be prompted to
review setting of
BV-4303. Alarm if
pressure is above
normal working
pressure. Automate

Comments and Actions
Completed
6.3 3rd party certify only if
re-tapping fitting hole in
flange.
Comment on Consequence:
BV-4304 only a scenario in
high pressure
6.4 Inlet pipe positioned
toward wall of SC-4101to
minimize entrained oil
carryover

6.5 SOP included in
Operation Manual to
ensure correct status of BV4305 prior to start up
Comment on Cause: Add
Blockage in LN-4404 and
LN-4005
Comment on Consequence:
Add Environment impact of
atomized oil release
Comment on Action: Add
If PI-4402 exceeds
anticipated normal working

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
shutdown when
approaching 70%
design pressure, max
28 MPa. Set
Extraction vessel
likewise

Low
Temperature

Low supply
temperature

Collected water
may freeze in
SC-4101

TI-4403

High
Temperature

High supply
temperature

May result in loss
of light end
hydrocarbons
from collected oil

TI-4403
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6.8 Consider coil
pipe work in water
bath after BV-4303
to increase surface
area and elevate
temperature
6.9 Operators to
monitor TI-4403 if
high level reached
consider reducing
water bath
temperature

Comments and Actions
Completed
pressure operator to be
prompted to review setting
of BV-4303. Alarm if
pressure is above normal
working pressure.
Automate shutdown when
approaching 70% design
pressure, max 28 MPa
6.7 If PI-4402 exceeds
anticipated normal working
pressure operator is
prompted to review setting
of BV-4303. PI-4402
alarmed for when pressure
is above normal working
pressure. Shutdown
interlocked prior to 28 MPa
threshold reached
6.8 BV-4303 heated using
heat jacket

6.9 Operators monitor TI4403. High temperature
alarmed as in Control
Philosophy.
Comment on action: If

Flow Line

Deviation

High Level

Low Level
Drain

Cause

Excessive
extraction of oil
or water
Vessel not
emptied from
previous run

Consequence

Safeguards

Loss of
containment of oil
and/or water
through CO2
discharge line
LN-4005

Drip tray
LI-4401

Action

6.10 Drain protection
in fume hood and
Knock-out drum in
fume hood

Comments and Actions
Completed
operating temperature in the
SC-4101 is consistently
greater than 50oC, consider
insulating the separator to
mitigate contact with skin
Comment on Action: Add
Drain protection in fume
hood and Knock-out drum
in fume hood
6.10 Drain protection in
fume hood and knock-out
drum in fume hood added

N/A
6.11 Provision to be
made to ensure SC4101 can be
completely
evacuated of fluids
on shut down
6.12 Sampling of
extracted fluids will
be conducted post
drain down (method
as above)
6.13 In the event of
excess fines
collecting in
SC-4101 post
extraction cycle

Sample

Flushing
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6.11 Provisions to ensure
SC-4101 is completely
evacuated of fluids on shut
down are included in
Operation Manual
6.12 Sampling of extracted
fluids will be conducted
post drain down (method as
above)
6.13 Attaching a pumped
water supply to line LN4005 to allow backwash
of water and fines out of
LN-4004 added to

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
(system fully
depressurized)
consider attaching a
pumped water
supply to line LN4005 to allow
backwash of water
and fines out of LN4004
6.12 Design
configuration for
instruments to allow
for safe operation

Maintain

6.13 SOP
Working at heights
Corrosion

Chemical
composition of
extract can
potentially
contain carbonic
acid and chloride
or other soluble
salts

Potential stress
cracking of tube
Loss of
containment

Non
destructive
testing
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6.14 SOP regular
inspection and
replacement as
needed of flow line

Comments and Actions
Completed
Operation Manual

6.12 Piping and
instrumentation configured
for safe operation. See
section 7.1.14
6.13 SOP working at
heights included in
Operation Manual
6.14 SOP regular
inspection and replacement
of flow line included in
Operation Manual

Flow Line

Deviation
Erosion

7. From
FT-3601 to
Discharge
through
BV-9994
(Grinding
Loop)

Low Flow

More Flow
Less Pressure

Cause
Abrasive
particulates

BV-9998 closed
P-9000
malfunction
BV-9996 closed
BV-9994 closed
Pipe ruptured
Plugged line
Tank emptied
BV-9997 open
BV-9995 open
BV-3301 open
LI-3403
malfunction
No Cause
BV-9998 closed
P-9000
malfunction
BV-9996 closed
BV-9994 closed
Pipe ruptured
Plugged line

Consequence

Safeguards

Tube wall
thinning
Loss of
containment

None

No size reduction
of slurry
Unable to start
extraction process
Loss of
containment
Oversized slurry
delivered to P3201 potentially
resulting in
damage to this
pump

Drip pan for
containment
LI-3403

No size reduction
of slurry
Unable to start
extraction process
Loss of
containment
Oversized slurry

Drip pan for
containment
LI-3403
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Action
6.15 SOP regular
inspection and
replacement as
needed of flow line

7.1 SOP ensure
valves are in correct
state prior to stat up
7.2 Assuming LI3403 is interlocked
to P-9000 with time
delay off

7.3 SOP ensure
valves are in correct
state prior to stat up
7.4 Assuming LI3403 is interlocked
to P-9000 with time

Comments and Actions
Completed
6.15 SOP regular
inspection and replacement
of flow line included in
Operation Manual

7.1 SOP ensuring valves
are in correct state prior to
stat up included in
Operation Manual
7.2 Interlock LI-3411 to
P-9000 for shutdown
when grinding loop
implemented

7.3 SOP ensuring valves
are in correct state prior to
stat up included in
Operation Manual
7.4 Interlock LI-3411 to
P-9000 for shut-down

Flow Line

Deviation

More
Pressure

Low
Temperature
High
Temperature

High Level

Cause

Consequence

Safeguards

Tank emptied
BV-9997 open
BV-9995 open
BV-3301 open
LI-3403
malfunction

delivered to P3201 potentially
resulting in
damage to this
pump

BV-9996 closed
BV-9996 closed
Pipe blocked
Viscosity
change of slurry

Reduction in
grinding
efficiency
Potential damage
to P-9000

None

None

TI-3401

None

TI-3401

Low
temperature
supply
High supply
temperature
Excessive
cycling through
P-9000
External heat
source
FT-3602 contains
slurry and BV9995 open

Action
delay off

Loss of
containment

Drip pan for
containment

7.5 SOP required
clearly identifying
need for operators
to remain with
system during
grinding mode
None

7.5 Operators to remain
with system at all times,
including grinding mode
added to Operation
Manual

7.6 SOP to ensure
grinding is stopped
when desired
maximum particle
size is reached

7.6 Employ test (such as
sieve test) to determine
particle size quickly

7.7 SOP ensure
valves are in correct
state prior to start up

Comments on Cause:
Assumption that there is
only one full tank of slurry
in system at any time false.
Add FT-3602 contains
slurry and BV-9995 open

7.8 SOP ensure only
one tank volume of
material in system at
any time
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Comments and Actions
Completed
when grinding loop
implemented

Comment on Consequence:

Flow Line

Deviation

Cause

Consequence

Safeguards

Action

Comments and Actions
Completed
Add Loss of containment
Comment on Safeguard:
Add drip pan for
containment
Comment on Action: Add
SOP ensure valves are in
correct state prior to start
up. Add SOP ensure only
one tank volume of material
in system at any time
7.7 Verifying correct
position of valves included
in Start-up Checklist
7.8 Verifying one tank
volume of material in
system at any time
included in Start-up
Checklist

Low Level

System rupture
BV-9995 open
BV-9997 open
BV-3301 open

Loss of
containment

Drip pan
LI-3403

Drain

7.9 SOP required
clearly identifying
need for operators to
remain with system
during grinding
mode
7.10 No drain
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7.9 Operators to remain
with system at all times,
including grinding mode
added to Operation
Manual

7.10 Line to be flushed

Flow Line

Deviation

Cause

Consequence

Safeguards

facility this loop will
be flushed/cleaned
with rinse water
7.11 Samples will
be taken at discharge
from BV-9994
(flowing sample)
7.12 Tank to be
manually filled with
flush water. Flush
water to exit system
through drain valve
downstream of BV3303
Flush water to be
returned to FT-3603

Sample

Flushing

Maintain

Corrosion

Action

7.13 Design
configuration for
instruments to allow
for safe operation
7.14 SOP
Working at heights

Chemical
composition of
extract can

Potential stress
cracking of tube
Loss of

Non
destructive
testing
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7.15 SOP regular
inspection and
replacement as

Comments and Actions
Completed
with rinse water after each
run
7.11 A sample ball valve
SV-3320 is included on FT3601 to sample slurry.
7.12 Flushing procedure
included System Cleaning
SOP in Operation
Manual. Tank to be
manually filled and
flushed with rinse water
after each run. Flush water
to exit system through
drain valve downstream of
BV-3303. Flush water to
be returned to FT-3603or
other suitable flush water
containment
7.13 Piping and
instrumentation configured
for safe operation. See
section 7.1.14
7.14 SOP working at
heights included in
Operation Manual
7.15 SOP regular
inspection and replacement
of flow line included in

Flow Line

Deviation

Erosion

8. From
FT-3602 to
Discharge
through
BV-9993
(Grinding
Loop)

Low Flow

More Flow
Less Pressure

Cause
potentially
contain carbonic
acid and chloride
or other soluble
salts
Abrasive
particulates

BV-9998 open
P-9000
malfunction
BV-9996 closed
BV-9994 open
BV-9993 closed
Pipe ruptured
Plugged line
Tank emptied
BV-9997 open
BV-9995 closed
BV-3302 open
LI-3404
malfunction
No Cause
BV-9998 open
P-9000
malfunction
BV-9996 closed
BV-9994 open

Consequence

Safeguards

containment

Tube wall
thinning
Loss of
containment

None

No size reduction
of slurry
Unable to start
extraction process
Loss of
containment
Oversized slurry
delivered to P3201 potentially
resulting in
damage to this
pump

Drip pan for
containment
LI-3404

No size reduction
of slurry
Unable to start
extraction process
Loss of

Drip pan for
containment
LI-3404
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Action
needed of flow line

Comments and Actions
Completed
Operation Manual

7.16 SOP regular
inspection and
replacement as
needed of flow line

7.16 SOP regular
inspection and replacement
of flow line included in
Operation Manual

8.1 SOP ensure
valves are in correct
state prior to stat up
8.2 Assuming LI3404 is interlocked
to P-9000 with time
delay off

8.3 SOP ensure
valves are in correct
state prior to stat up
8.4 Assuming LI-

8.1 SOP ensuring valves
are in correct state prior to
stat up included in
Operation Manual
8.2 Interlock LI-3412 to
P-9000 for shut-down
when grinding loop
implemented

8.3 SOP ensuring valves
are in correct state prior to
stat up included in
Operation Manual

Flow Line

Deviation

Cause

Consequence

Safeguards

Pipe ruptured
Tank emptied
BV-9997 open
BV-9995 closed
LI-3404
malfunction
BV-3302 open

containment
Oversized slurry
delivered to P3201 potentially
resulting in
damage to this
pump

More
Pressure

BV-9996 closed
BV-9993 closed
Pipe blocked
Viscosity
change of slurry

Reduction in
grinding
efficiency
Potential damage
to P-9000

None

Low
Temperature

Low
temperature
supply
High supply
temperature
Excessive
cycling through
P-9000
External heat
source
FT-3601
contains slurry
and BV-9998
open

None

TI-3402

None

TI-3402

High
Temperature

High Level

Action
3404 is interlocked
to P-9000 with time
delay off

Loss of
containment

Add drip pan
for
containment

303

8.5 SOP required
clearly identifying
need for operators
to remain with
system during
grinding mode
None

8.6 SOP to ensure
grinding is stopped
when desired
maximum particle
size is reached

8.7 SOP ensure
valves are in correct
state prior to start up

Comments and Actions
Completed
8.4 Interlock LI-3412 to
P-9000 for shut-down
when grinding loop
implemented

8.5 Operators to remain
with system at all times,
including grinding mode
added to Operation
Manual

8.6 Employ test (such as
sieve test) to determine
particle size quickly

Comments on Cause:
Assumption that there is
only one full tank of slurry
in system at any time false.
8.8 SOP ensure only Add FT-3601 contains
one tank volume of slurry and BV-9994 open

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
material in system
at any time

Comments and Actions
Completed
Comment on Consequence:
Add Loss of containment
Comment on Safeguard:
Add drip pan for
containment
Comment on Action: Add
SOP ensure valves are in
correct state prior to start
up. Add SOP ensure only
one tank volume of material
in system at any time
8.7 Verifying correct
position of valves included
in Start-up Checklist
8.8 Verifying one tank
volume of material in
system at any time
included in Start-up
Checklist

Low Level

System rupture
BV-9994 open
BV-9997 open
BV-3302 open

Loss of
containment

Drip pan
LI-3404
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8.9 SOP required
clearly identifying
need for operators to
remain with system
during grinding
mode

8.9 Operators to remain
with system at all times,
including grinding mode
added to Operation
Manual

Flow Line

Deviation

Cause

Consequence

Safeguards

Action
8.10 No drain
facility this loop will
be flushed/cleaned
with rinse water
8.11 Samples will
be taken at discharge
from BV-9993
(flowing sample)
8.12 Tank to be
manually filled with
flush water
Flush water to exit
system through
drain valve
downstream of BV3303. Flush water
to be returned to
FT-3603

Drain

Sample

Flushing

8.13 Design
configuration for
instruments to allow
for safe operation

Maintain

8.14 SOP
Working at heights
Corrosion

Chemical
composition of
extract can
potentially

Potential stress
cracking of tube
Loss of
containment

Non
destructive
testing
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8.15 SOP regular
inspection and
replacement as
needed of flow line

Comments and Actions
Completed
8.10 Line to be flushed
with rinse water after each
run
8.11 A sample ball valve
SV-3321 is included on FT3602 to sample slurry
8.12 Flushing procedure
included in System
Cleaning SOP in
Operation Manual. Tank
to be manually filled and
flushed with rinse water
after each run. Flush water
to exit system through
drain valve downstream of
BV-3303. Flush water to
be returned to FT-3603
8.13 Piping and
instrumentation configured
for safe operation. See
section 7.1.14
8.14 SOP working at
heights included in
operations manual
8.15 SOP regular
inspection and replacement
of flow line included in
Operation Manual

Flow Line

Deviation

Erosion

9. FT-3602
to P-3201

Low Flow

Cause
contain carbonic
acid and chloride
or other soluble
salts
Abrasive
particulates

Low liquid level
in FT-3602
BV-3302 closed
CV-3316 fail
closed
Line plug
Line rupture
BV-3303 fail
open
BV-9995 open
BV-3309 open
Slurry settlement
Slurry out of spec

Consequence

Safeguards

Tube wall
thinning
Loss of
containment

None

Inadequate
delivery to
process
Back flow of CO2
from EC-1101
Potential damage
to P-3201
Downtime
Loss of
containment

LI-3404
PI-3405
PI-3406
FI-3407

Action

8.15 SOP regular
inspection and
replacement as
needed of flow line

9.1 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.
On activation of
switch, P-3201 shut
down.
9.2 LI-3404 (low
level) on activation
will shut down P3201.
9.3 SOP to ensure
water tank full prior
to start

Comments and Actions
Completed

8.15 SOP regular
inspection and replacement
of flow line included in
Operation Manual

Comment on Action: Add
SOP ensure water tank full
prior to start up
9.1 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)
9.2 LI-3404 (low level)
control interlocked to
change feed stream. LI3412 (low-low level)
included to shut down P3201 and P-2201 upon
activation (no feed
material)
9.3 SOP to ensure water
tank full prior to start up
included in Operation
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Flow Line

Deviation

More Flow

Less Pressure
(more
vacuum)

More
Pressure (less
vacuum)

Cause

Consequence

No apparent
reason for excess
flow
BV-3302 closed
CV-3316 fail
closed
Line blockage

Potential damage
to P-3201
Reduced slurry
delivery to system

PI-3405
PI-3406
FI-3407

Potential damage
to P-3201 if
delivery pressure
excess pump spec
or run dry
Loss of
containment

PI-3405
PI-3406
FI3407
Drip
tray

P-3201 failure
BV-9997 open &
P-9000 active
Line rupture
BV-3303 open
Emptied tank

Safeguards

Action

Comments and Actions
Completed
Manual

9.4 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.
9.5 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.

9.4 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)

9.6 Determine
specification of
slurry pump
(maximum delivery
pressure)
9.7 SOP ensure
water tank full prior
to start up

Low

Lower slurry

Change in

TI-3402
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None

Comment on Action: Add
SOP ensure water tank full
prior to start up
9.5 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)
9.6 No maximum
pressure specification
available for slurry pump
(P-3201)
9.7 SOP ensure water tank
full prior to start up
included in Operation
Manual

Flow Line

Deviation

Cause

Consequence

Safeguards

Temperature

delivery
temperature

efficiency

High
Temperature

External heat
Over use of P9000

Change in
efficiency

TI-3402

Low Level

Rupture of tank
Flow return to
incorrect tank

Eventual shut
down

LI-3404

High Level

Incorrect routing
of rinse water

Loss of
containment
Solvent to feed
out of spec

Drip pan

Drain

Action

9.8 Temperature
control(may require
external heat source
to lift temperature of
slurry) will be
determined after
initial testing of the
system
9.9 Ensure LI-3404
shuts down P-3201
and P-9000

9.10 Consider high
level switch

9.11 Add drain
valve immediately
upstream of P-3201
9.12 Introduce a
1½” ball valve for
sample collection in
LN-3001a

Sample
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Comments and Actions
Completed

9.8 Temperature control
determined during initial
testing of system

9.9 LI-3404(low level)
control interlocked to
change feed stream. LI3412 (low-low level)
included to shut down P3201 and P-2201 upon
activation (no feed
material)
9.10. High level switch not
included. SOP only one
tank volume of feed in
system at once.
9.11 Drain valve BV-3318
added upstream of P-3201
9.12 A sample ball valve
SV-3321 is included on FT3602

Flow Line

Deviation

Cause

Consequence

Safeguards

(downstream of CV3316)
9.13 Tank to be
partially filled with
flush water for clean
up
9.14 Design
configuration for
instruments to allow
for safe operation
9.15 SOP
Working at heights

Flushing

Maintain

Corrosion

Erosion

10. FT3603 to P3201

Less Flow

Action

Contaminants in
feed stock

Loss of
containment

Abrasive
particulates
Tank agitator
Jet velocity of
returned slurry

Loss of
containment

BV-3309 closed
Emptied tank
Line rupture
CV-3314 failed
closed
CV-3316 failed
open

Suitable
material of
construction
Suitable
material of
construction

Loss of
containment
No washout
capacity
P-3201 run dry

LI-3408
PI-3405
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9.16 Appropriate
design
9.17 Appropriate
design

10.1 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.
On activation of

Comments and Actions
Completed

9.13 Added to System
Cleaning SOP in Operation
Manual
9.14 Piping and
instrumentation configured
for safe operation. See
section 7.1.14
9.15 Working at heights
SOP included in Operation
Manual
9.16 Corrosion resistant
specifications of equipment
9.17 Erosion resistant
measures taken in design
and specifications of
equipment

Comment on Action: Add
SOP to ensure water tank
full prior to start-up
10.1 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no

Flow Line

Deviation

Cause

Consequence

Safeguards

CV-3315 failed
open
BV-3303 failed
open
Wash out solids
block line

Action
switch, P-3201 shut
down

Comments and Actions
Completed
flow)

10.2 LI-3408 (low
level) on activation
will shut down P3201.

10.2 LI-3408 (low level)
control interlocked to shut
down P-3201 and P-2201
upon activation (no feed
material)

10.3 SOP to ensure
water tank full prior
to start

SOP added to operation
manual to ensure water tank
full prior to start up
10.3 SOP to ensure water
tank full prior to start
included in Operation
Manual

More Flow
Less Pressure
(more vac)

No cause
BV-3309 closed
CV-3314 failed
closed
Blockage

No washout
capacity
P-3201 run dry

PI-3405

No action
10.4 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.
On activation of
switch, P-3201 shut
down
10.4 LI-3408 (low
level) on activation
will shut down P3201
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10.4 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)
10.4 LI-3408 (low level)
control interlocked to shut
down P-3201 and P-2201
upon activation (no feed
material)

Flow Line

Deviation
More
Pressure (less
vac)

Cause
Tank empty
Pipe rupture
BV-3303 failed
open

Consequence

Safeguards

No washout
capacity
P-3201 run dry

PI-3405

Action
10.5 To prevent
damage to P-3201
due to low/ no flow,
install flow switch
on suction side of
pump.
On activation of
switch, P-3201 shut
down.
10.6 LI-3408 (low
level) on activation
will shut down P3201.
10.7 SOP added to
operation manual to
ensure water tank
full prior to start up

Low
Temperature

Low supply
temperature

None

None

No Actions

High
Temperature

High supply
temperature
External heat
source
No cause
Tank rupture
Pipe rupture

None

None

No Action

Unable to flush
system

Drip pan
LI-3408

No Action
10.8 Control
interlock to shut

High Level
Low Level
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Comments and Actions
Completed
10.5 Flow switch FS-3409
shuts down P-3201 and P2201 upon activation (no
flow)
Comment on Action: ADD
SOP added to operation
manual to ensure water
tank full prior to start up
10.6 LI-3408 (low level)
control interlocked to shut
down P-3201 and P-2201
upon activation (no feed
material)
10.7 SOP added to
operation manual to ensure
water tank full prior to
start up included in
Operation Manual

Comment on Action: Add
control interlock to shut

Flow Line

Deviation

Cause

Consequence

Safeguards

Loss of
containment

down P-3201 and
P-2201 upon no
feed material

Drain

Sample
Flushing

Action

10.9 Drain valve to
be installed
downstream of BV3303
No Action
10.10 On drain out
of rinse water tank
manual wash down
10.11 Design
configuration for
instruments to allow
for safe operation

None

Maintain

10.12 SOP
Working at heights
Corrosion

Erosion

Contaminants in
feed stock
Abrasive
particulates

Loss of
containment

Suitable
material of
construction
Suitable
material of
construction

Loss of
containment
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10.13 Appropriate
design
10.14 Appropriate
design

Comments and Actions
Completed
down P-3201 and P-2201
upon no feed material
10.8 LI-3408 (low level)
control interlocked to shut
down P-3201 and P-2201
upon activation (no feed
material)
10.9 Drain valve BV-3318
added upstream of P-3201

10.10 Drain valve added to
FT-3603
10.11 Piping and
instrumentation configured
for safe operation. See
section 7.1.14
10.12 Working at heights
SOP included in Operations
Manual
10.13 Corrosion resistant
specifications of equipment
10.14 Erosion resistant
measures taken in design
and specifications of
equipment

Flow Line

Deviation

Cause

Consequence

Safeguards

11. P-3201
to FT-3601
& FT-3602
(Slurry
pump
bypass)

Action

Comments and Actions
Completed

11.1 Pump requires
a bypass line teed
directly off of main
outlet pipe to allow
trapped air to be
displaced under low
pressure on initial
prime.
This line to be fitted
with isolation valve
downstream of
primary pressure
safety valve. Bypass
line to return to
slurry source tank
BV-3304 blow off
ports to be piped
back to nearest slurry
tank (return line to be
larger pipe size to
minimize blockage
potential)

11.1 LN-3004 tees directly
off LN-3003 downstream of
safety valve, is fitted with
isolation valve and returns
to tanks FT-3601-3603.
LN-3004 allows trapped air
to be displaced under low
pressure on initial prime

Notes:
1. Consider methods of minimizing water consumption for clean down with the use of a settling tank to enable waste
solids to be separated from wash water.
2. Challenge may be faced with speed of settlement of cuttings in water phase. This may reduce efficiency of slurry
pump or result in blockage in suction pipe. Perform settlement test on slurry to determine time at desired
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maximum particulate size. If time is considered too short possible use of polymer to increase slurry viscosity
increasing settlement time.
3. To compensate for variation in slurry flow characteristics on discharge from extractor, fit a throttle valve
downstream of LN-5001. Additional consideration to be given to use this valve to directly control liquid plug level
in column against high and low level probes in this mode feed pump P-3201 would be ran at fixed volumetric flow
rate.
4. During upset conditions when CO2 is flowing back to slurry tanks, concern regarding expansion of liquid CO2 and
capacity of extraction system to handle volume of gas.
5. Start up suggestions:
a. Introduce a bypass line from CO2 tank directly into EC-1101. This line will allow a liquid pressurization of
EC-1101 up to CO2 source pressure (300 psig) in a controlled manner. This line to be fitted with throttle
valve to regulate rate of pressurization of EC-1101. During this mode BV-4301, BV-3311 and BV-3313 will be
closed. (Consider installing an isolation valve directly at outlet of EC-1101 on LN-5001)
b. Deliver slurry into EC-101 to ensure liquid/slurry plug at outlet of EC-1101 ie LI-1405 is activated. During
this mode the increase in vessel pressure as a result of the delivery of non compressible slurry will be
controlled to prevent max working pressure limits by opening BV-4301 and adjusting BV-4303.
c. System is now primed and ready to begin processing.
d. Initiate P-2201 to ensure CO2 delivery is active as slurry flow is started.
e. To begin the slurry flow BV-3311 or BV-3313 will need to be opened with simultaneous start up of P-3201.
f. System now in full operation mode. And balance of slurry discharge will become point of interest/control.
6. As an additional level of safety at least one analog pressure gauge to be fitted to ensure true system pressure can be
monitored.
7. Review need for CV-4302 it appears to provide no safety advantage as no pressures downstream of valve.
8. Consider using an inline filter to prevent particulate carry over from EC-1101. Filter to be positioned directly
downstream of BV-4301 to allow pressure isolation and filter clean out under active conditions.
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OPERATION MANUAL ATTACHMENTS
Included in this section are:
Figure 19 - Control Mode Flow Chart
Figure 20 - High Level Emergency Response
Figure 21 - Leak Response
Figure 22 - Abnormal Pressure Response
Figure 23- Other Abnormal Behaviour
Checklists (From Operation Manual Appendix A.6)
•

Operator Log

•

Start-up Checklist

•

Shutdown Checklist

•

Operation Checklist

•

Safety Checklist

•

Emergency Shutdown Checklist

316

Control Mode Flow Chart
Operator closes
control program

LEGEND
* 100% of Safety Critical alarms
enabled in all modes
** Excluding control system. See
section 6.8.10 for control system
power loss.

Operator logs into
control program

Monitoring Mode
- System monitoring
- 66%* of alarms enabled
- Start-up, Shutdown and Emergency Shutdown
actions available
- Manual control via operator interface enabled
- 89% Safety interlocks enabled
- NO process interlocks enabled

Operator initiates
start-up sequence,
switches to “Run”
mode

Part of ANY operation scenario
Part of normal operation
Part of Emergency Shut-down
procedure
Part of Emergency Shut-down
procedure where critical Safety
features are required

Kill Switch used, power loss to
equipment** or emergency
shutdown automatically by
Priority 1 alarm
interlock.

Run Mode
- For running experiments
- 100%* of alarms enabled
- Shut-down and Emergency Shutdown actions
available
- Automated control of pumps via process interlocks
- Manual control of valves
- 100% Safety interlocks enabled

Operator
initiates
controlled
shutdown

Safety Interlock shuts the
System down, or emergency
shutdown initiated manually via
VI on operator interface

Emergency Shutdown Mode
- Shuts down equipment
- *66% of Alarms enabled
- NO manual control
- NO process interlocks
- Operator must confirm completion of a checklist
(depending on shutdown) to exit Emergency Shutdown mode

Operator confirms
completion of Emergency
Shutdown Checklist in order
to exit Emergency Shutdown
mode

Safety Checklist
is complete. Approval to
continue in Safety mode from
designated Emergency Supervisor is
acknowledged by the control
program

Safety
- For troubleshooting after major emergency shutdown
- 66% of Alarms enabled
- Emergency Shut-down available
- CO2 and water flow only
- CO2 and water flow rates to be limited to 7.8L/min
- Pressure to be limited to 2 MPa
- Manual control via operator interface

Operator confirms
completion of Emergency
Shut-down Checklist in order
to exit Safety Mode
Figure 19: Control Mode Flow Chart

High Level Emergencies
- Anywhere in System

Lab Emergency Shut-Down
(Kill Switch)

Leave the Lab immediately and ensure signage clearly
indicating emergency in Lab and prohibiting entry

Report the scenario to Selma, and to
University Facilities Supervisor

HIGH LEVEL EMERGENCIES:
- Leak is a Jet
- Noise suggesting extreme instability
- Evidence control system is not working
- System is pressurized and highly unstable – large fluctuations in
pressure, slurry level and pump flow
- CO2 or Slurry pump is still running, pressure in System increasing, no
exit flow occurring (observed and as indicated by FI-4404 or FI-5401)
- Any evidence of structural failure on the slurry flow path support
- Fire in lab or building
- O2 or CO2 alarm in lab activated
- Any other System or building emergency requiring immediate lab
occupant evacuation

Maintain surveillance system from auxiliary
control computer (monitoring activities continue,
and video feed from lab)

When safe to enter, complete Safety Checklist
to operate System in Safe mode

VERIFY
that the Vessel is NOT pressurized
- control system and gauges indicate
no pressure
- depressurization from System
outlet(s) was observed
- rinse water flow rates in = out
(vessel not filling)
- Pressure decreasing

Figure 20 – High Level Emergency Response

VESSEL AT PRESSURE

VESSEL NOT AT PRESSURE
Action depends on cause

Open as per Vessel opening protocol to release pressure
- Rinse the Vessel to ensure rinse water
flow rates in = out and blockage is cleared
- Secure pumps, investigate and correct cause of abnormal
condition before conducting more experiments
- Inspect and replace damaged equipment before conducting
more experiments
If spill or environmental release occurred, follow proper
reporting procedures

LEAK RESPONSE
- Leak is a JET
- from a pressurized, nonfitting area
-noisy, pipes may rattle
- potential to cause harm to
lab occupants or lab
equipment

HIGH LEVEL
EMERGENCY

See HIGH LEVEL
EMERGENCY
PROCEDURES

LEAK DESCRIPTION

- Leak in a pressurized area
at fitting
- not a jet
- slowly escalating or
potential to escalate
- if CO2: noisy and icy
- if slurry: continuous

CO2 LEAK
-assumes some CO2
still exiting via F-4404
- Separator pressure
normal

Immediately start controlled
shutdown sequence

Stop CO2 pump
immediately (do not
wait for clean slurry
lines)

If CO2 leak around
separator (fittings
or attached lines)

Hear/observe
depressurization

Open BV-4303 to
accelerate
depressurization.
Do not touch
components until
they are at a safe
temperature to
touch

Continue to rinse
the Vessel. Use
clean rinse water
flow only, do not
start CO2 flow

MEDIUM LEVEL
EMERGENCY

- Non-pressurized or
pressurized area at fitting
- Slurry: slow drip leak
- CO2: not noisy, small
amount of ice
- No evidence of escalation
- not multiphase

May keep
operating if
very slow, 1
drip per
minute, or
amount of ice
small and not
increasing

SLURRY OR
MULTIPHASE
-and/or around
fittings of vessel

Shut down System using the
'Emergency Shut-down' VI

May
conduct
controlled
shut down

Open BV-4303 to accelerate
depressurization until the leak is controlled
(i.e. only bubbling)

Hear/observe
depressurization

If slurry pipes
upstream of the
Vessel are leaking
AND the vessel is
not pressurized
more than 5 MPa

Close BV-4303 to
push rest of slurry
out the vessel

If leak is in Slurry
outlet line, continue
to depressurize

-Complete Emergency Checklist
- Shut down control system
- Secure pumps

Ensure System completely
depressurized and safe

- Shut down control system
- Secure pumps
- Inspect and replace damaged equipment
before conducting more experiments

LOW LEVEL
EMERGENCY

-Complete Emergency Checklist
- Shut down control system
- Secure pumps

Remove damaged
section and prepare
a rinse water
receiving vessel

Rinse Vessel.
Use clean rinse
water flow only,
do not start CO2
flow

Open top of Vessel as per Vessel
opening protocol.
Using a water hose, rinse the Vessel
and slurry exit lines with clean water

Figure 21 – Leak Response

If spill or environmental release
occurred, follow proper
reporting procedures

ABNORMAL PRESSURE RESPONSE
- System is pressurized AND
- Large fluctuations of
pressure, pump flow and
slurry level, and/or
- Pumps running, high/
increasing pressure and NO
EXIT FLOW at FI-4404 or FI5401, and/or
-Other evidence of
instability

HIGH LEVEL
EMERGENCY

See HIGH LEVEL
EMERGENCY
PROCEDURES

PRESSURE
SCENARIO

- Sudden unexpected
increase or decrease in
pressure
- Evidence control system
functioning correctly

Blockage in CO2 flow
path
- Low CO2 Exit flow
(at F-4404)
- Flow at pump
(CO2 pump RPM > 25%
normal)

Blockage in Slurry flow
path
Low slurry exit flow
(at F-5401)
- Flow at pump
(Slurry pump RPM >
25% normal)

MEDIUM LEVEL
EMERGENCY

Immediately start controlled
shutdown sequence
- Ensure rinse water flowing
at LESS THAN 7.8 L/min

Immediately start controlled
shutdown sequence
- Ensure rinse water flowing
at LESS THAN 7.8 L/min

Stop CO2 pump
immediately (do not
wait for clean slurry
lines)

Stop CO2 pump
immediately (do not
wait for clean slurry
lines)

Hear/observe
depressurization

Open BV-4303 to
accelerate vessel
depressurization

Still
pressurized

NOT pressurized
Open 4305 to help
release pressure if
needed
NOT pressurized

If CO2 delivery line
post CO2 pump
blocked
- Vessel depressurized
Open BV-2305 to
accelerate line
depressurization
Vessel depressurized
but local CO2 line is
pressurized

Open 4305 to help
release pressure if
needed

Check that the Vessel is
NOT pressurized
- depressurization from
System outlet(s) was
clearly observed
- rinse water flow rates
in = out
(vessel not filling)
- Pressure decreasing

Loosen fitting on
pressurized flow line to
relieve pressure

Hear/observe
depressurization

If vessel still
pressurized

When System
depressurized

- Shut down control system
- Secure pumps
- Inspect and replace damaged equipment
before conducting more experiments

Figure 22 – Abnormal Pressure Response

Still
pressurized

If slurry delivery line
post slurry pump
blocked
- Vessel depressurized
- Open BV-3307 to
accelerate line
depressurization
Vessel depressurized
but local slurry line is
pressurized

Loosen fitting on
pressurized flow line to
relieve pressure

- Shut down control system
- Secure pumps
Open as per Vessel opening protocol to release
pressure
- Using a water hose, rinse the Vessel to ensure
rinse water flow rates in = out and blockage is
cleared

If spill or environmental release
occurred, follow proper
reporting procedures

Other Abnormal
Behaviour Response
- Incorrect equipment function
- Continued release of CO2 from LN-5002
- High temperature, approaching 85 oC

Shut down System using
the 'Emergency Shutdown' VI

Use Kill Switch if VI does
not work

Hear/observe
depressurization

-Complete Emergency Checklist (and Safety Checklist
if the Kill Switch was used)
- Shut down control system
- Secure pumps
- Inspect and replace damaged equipment before
conducting more experiments

Rinse Vessel. Use clean rinse water
flow only, do not use equipment if
failure is expected

Figure 23 – Other Abnormal Behaviour

Operator Log
Listed below is information to be included in the operator’s log:
•

Date

•

Start-up time

•

Complete System use (Y/N); components used (detail)

•

Experiment (Y/N); Maintenance/Testing (Y/N), other (detail)

•

Pre-start-up check complete (Y/N, notes)

•

Shut-down time

•

Reason for shut-down

•

Shutdown check complete?

•

Operator(s) and assistant names

•

Other lab occupants present (Y, how many/N)

•

Experiment conditions
o Slurry description (notes)
o Slurry flow rate
o CO2 flow rate
o Extraction pressure
o Extraction temperature
o Separator pressure
o Separator temperature
o Calculate CO2 used (note CO2 supply pressure start, CO2 supply pressure
end, mean CO2 supply temperature during run)

•

Observations (notes)

•

Near misses and events (notes)

•

System safely shut-down and secure? (Y/N)

•

Safety Checklist complete and filed with this Log (if applicable) (Y/N)

•

Emergency Checklist complete and filed with this Log (if applicable) (Y/N)
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Start-up Checklist
Conduct lab walk-around to look for and resolve potential hazards. In particular, ensure:
•

Environmental monitoring active

•

Fume hood ventilation on

•

No trip hazards

•

No blocked corridors/access points

•

Entrance way clear

•

Resolve loose connections, dirt build-up, corrosion, erosion, instability or any other
issues that may affect the integrity and performance of all fittings, instrumentation,
and support structures

Check equipment and material status. Ensure:
•

Rinse tank is full of clean water

•

Maximum one slurry tank-full total volume of slurry material is in the System (either
in the feed tank and/or receiving tank)

•

Sufficient CO2 supply

•

Operators notes from most recent use that the System was safely shut down, rinsed
and secured; equipment malfunctions, incidents/events, and other observations during
the run

•

Ensure restrictor line (LN-5001) being used is clear of obstructions , dirt, corrosion,
and erosion; and otherwise in good working condition and properly installed in
system

•

Ensure sufficient heating and/or cooling fluid to process heating cooling facilities

•

Auxiliary laptop on and ready in case of emergency requiring evacuation

Valve equipment positions prior to start-up:
•

BV-2305 Closed

•

BV-5301 closed

•

Open BV-5302 to appropriate size for rinse water flow

•

BV-2404 open

•

BV2306 open
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•

BV-3306 closed

•

BV-3307 open

•

BV3308 open

•

BV-3309 open

•

BV3301 closed

•

BV-3302 closed

•

BV-3313 open

•

Drain valves closed

When control system is on, check status of all equipment for “Ready”
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Shutdown Checklist
Valve positions post shutdown:
•

BV-2306 close

•

BV-3301 closed

•

BV-3302 closed

•

BV-3301 closed

•

BV-3309 closed

•

BV-5302 completely pen

•

Drain valves closed

Control System shutdown checks:
•

Data properly saved

•

Control system/computer shut-down and/or secure

•

Remote laptop shut down and/or secure

Post-shut down equipment checks:
•

Pump power off

•

Heating/cooling power off

•

System rinsed and drained

•

Close drain valves after drainage

•

Clean dirt/ice other off equipment

•

CO2 Supply Secure

•

Cooling heating equipment, including pump cooling, off (as per manufacturer’s
instructions)

•

Feed/other materials safely stored (feed tanks too)

•

Rinse tank full with clean water (except when anticipating won’t be used for a long
time)

•

Fume hood ventilation off (University of Alberta Central Control must be able to turn
it on if needed. If not, keep it on)
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After shutdown, conduct walk-around of lab to look for and resolve potential hazards:
•

No trip hazards

•

Corridors free

•

Equipment/tools put away

•

Operation log completed and properly filed

•

Secure the lab
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Operation Checklist
Scan system conditions on operator interface for at least one (1) minute every five (5)
minutes:
•

All system pressures

•

Slurry level

•

CO2 and slurry delivery flow rates

•

CO2 and slurry exit flow rates

•

Physical observation of CO2 and slurry flow exiting System

Every 10 minutes check:
•

PI-1404 for consistency with other System pressures indicated on operator interface

•

Temperature gauges on vessel/separator for consistency with System pressures
indicated on operator interface

•

Conduct sampling from the slurry feed tank as required by experimental plan

Do a walk-around and look for abnormalities with the System, including:
•

Ice/snow build-up, changes in build-up

•

Slurry drips, changes in drips

•

Irregular noise or vibration in piping, valves, mixers or other equipment

•

Pumps for irregular noise/vibration

•

Proper heating/cooling fluid flow of heating/cooling equipment, as per
manufacturer’s instructions

Changes in behaviour
•

If any “changes” in System conditions and/or behaviour is observed or indicated,
document and monitor these and related conditions more frequently and for a longer
duration

•

Follow troubleshooting steps in Operation Manual section 6.7.14 if abnormal
behaviour occurs
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Safety Checklist
Ensure the following:
•

Environmental monitoring equipment working

•

Control system working

•

Fume hood working and on

•

Spills/releases managed

•

Walk-around to inspect damage on equipment
o evidence of corrosion or erosion
o weak spots
o good connections on fittings
o ice or hot spots that may affect System function during troubleshooting
o leaks or drip areas noted and inspected
o support structure OK
o connections to control board of all equipment OK
o power supply to all equipment good

•

Reporting procedures have been properly followed

List possible causes
•

Document possible causes. Do this even if it is known that a certain piece of
equipment has failed. Think of other possible failures, related and unrelated

•

Consider events/conditions leading to emergency shut-down

•

Make/follow a troubleshooting strategy for listed causes, however conduct full
inspection of equipment as well

Troubleshooting guidelines
•

Do not use equipment that has failed and/or may be a hazard if used again. Replace
this equipment before troubleshooting

•

Check flow through all flow lines

•

Check function of all pumps

•

Check function of heating equipment
328

•

Check function of other equipment: valves, mixers, etc.

•

Conduct trials to both confirm AND reject suspected causes of failure (above)

•

Do not exceed pressure of 2 MPa

•

Do not exceed 7.8 L/min flow of any material; use CO2 and rinse water flow only
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Emergency Checklist
•

System depressurized

•

System drained

•

Environmental monitoring OK

•

Pumps off

•

Heating/cooling facilities off

•

Spills environmental releases managed

•

Reporting procedure properly followed, if applicable

•

Alarms documented

•

System behaviour prior to shut down documented

Ensure System not used again until passed inspection/repairs
•

Signage clearly/visibly posted if System/equipment not to be used

•

Failed Equipment tagged and/or secured

•

Selma notified of event, failed equipment, inspection/repairs needed
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CONTROL PHILOSOPHY TABLES
Included in this section are:
Table 50 - Data Collection from Instruments
Table 51 – Alarms
Table 52 - Interlocks
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Table 50 - Data Collection from Instruments
Instrument ID

VFD-2501

Service

(CO2)

System Parameter
Measured

Unit

Use pump data and fluid
Controls CO2 pump motor
density for conversion to
frequency - Revolutions
mass flow rate: kilograms
per minute (RPM)
per second (kg/s)

LabVIEW
Interface Display

Recording via
LabVIEW

Numerical

Write to file

VFD-3501

(Slurry)

Controls slurry pump
motor frequency Revolutions per minute
(RPM)

LI-1401

Slurry

High-High slurry level (240
cm from bottom) switch in
EC-1101

On/(off)

As Alarm

Write to file

PI-1402

CO2/ Slurry

Pressure in EC-1101

Megapascals (M Pa)

Numerical

Write to file

TI-1403

CO2/ Slurry

Temperature in EC-1101

degree Celcius (o C)

Numerical

Write to file

PI-1404

CO2/ Slurry

Pressure in EC-1101

Megapascals (M Pa)

None

None

Slurry

EC-1101 Slurry level
detection at 16 cm from
bottom

On/(off)

Red Light (slurry
detected) /Green
Light (no slurry
detected)

Write to file

LI-1406

Slurry

EC-1101 Slurry level
detection at 5 cm from
bottom

On/(off)

Green Light
(slurry
detected)/RedLig
ht (no slurry
detected)

Write to file

TI-1407

EC-1101

Wall temperature of EC1101

degree Celcius (o C)

None

None

Manual in-field
recording

TI-1408

EC-1101

Wall temperature of EC1101

degree Celcius (o C)

None

None

Manual in-field
recording

TI-1409

EC-1101

Wall temperature of EC1101

degree Celcius (o C)

None

None

Manual in-field
recording

LI-1405

Use pump data and fluid
density for conversion to
mass flow rate: kilograms
per second (kg/s)

Numerical

Write to file

Other recording
method

Manual in-field
recording

Table 50 - Data Collection from Instruments
Instrument ID

Service

System Parameter
Measured

PI-2403

Pure CO2

Inlet pressure to P-2201

FI-2404

Pure CO2

TI-2404

Pure CO2

PI-2405

Pure CO2

PI-2406

Pure CO2

TI-2407

Pure CO2

TI-3401

Slurry

TI-3402

Slurry

LI-3403

Slurry

LI-3404

Slurry

PI-3405

Slurry

PI-3406
FI-3407
TI-3407

LI-3408
FS-3409
TI-3410

LabVIEW
Interface Display

Recording via
LabVIEW

Other recording
method

None

None

Manual in-field
recording

Numerical

Write to file

Numerical

Write to file

Megapascals (M Pa)

Numerical

Write to file

Megapascals (M Pa)

Numerical

Write to file

degree Celcius (o C)

Numerical

Write to file

Slurry temperature in FT3601

degree Celcius (o C)

Numerical

None

Manual in-field
recording

Slurry temperature in FT3602

degree Celcius (o C)

Numerical

None

Manual in-field
recording

On/(off)

As alarm

Write to file

On/(off)

As alarm

Write to file

Megapascals (M Pa) or
pounds per square inch
(psig)

None

None

Megapascals (M Pa)

Numerical

Write to file

Kilograms per second
(kg/s)

Numerical

Write to file

degree Celcius (o C)

None

Write to file

On/(off)

As alarm

Write to file

open/closed

As alarm

Write to file

degree Celcius (o C)

Numerical

Write to file

CO2 mass flow rate
through P-2201
Temperature of CO2
entering P-2201
CO2 pressure in LN-2001,
inlet to P-2301
CO2 pressure in LN-2002,
output of P-2301
Temperature of CO2 in LN2001

Low Slurry level switch in
FT-3601 (at 20 litres in
tank)
Low Slurry level switch in
FT-3602 (at 20 litres in
tank)
Pressure in LN-3302, inlet
to P-3201

Pressure in LN-3003,
output of P-3201
Slurry flow through LNSlurry
3002, entering P-3201
Slurry temperature
Slurry
through LN-3002, entering
P-3201
Low-Low level on rinse
Rinse water water tank FT-3603 (at 7
litres in tank)
Slurry flow detection
Slurry
through LN-3002
Slurry temperature
Slurry
downstream of P-3201
Slurry

Unit
Megapascals (M Pa) or
pounds per square inch
(psig)
Kilograms per second
(kg/s)
Temperature: degree
Celcius (o C)

LI-3411

Slurry

Low-Low level of slurry in
FT-3601 (at 7 litres in tank)

On/(off)

As alarm

Write to file

LI-3412

Slurry

Low-Low level of slurry in
FT-3602 (at 7 litres in tank)

On/(off)

As alarm

Write to file

Manual in-field
recording

Table 50 - Data Collection from Instruments
Instrument ID

Service

System Parameter
Measured

Unit

LabVIEW
Interface Display

Recording via
LabVIEW

LI-4401

Oil

Oil level in SC-4101

On/(off)

As alarm

Write to file

PI-4402

CO2

Pressure in SC-4101

Megapascals (M Pa) or
pounds per square inch
(psig)

Numerical

Write to file

TI-4403

CO2

Temperature in SC-4101

degree Celcius (o C)

Numerical

Write to file

FI-4404

CO2

Mass flow rate of CO2
leaving SC-4101

Mass flow rate: kilograms
per second (kg/s)

Numerical

Write to file

TI-5401

Treated
Slurry

Wall temperature of LN5002 near the outlet

degree Celcius (o C)

Numerical

Write to file

FI-5401

Treated
Slurry

Mass flow rate of slurry
through LN-5002

Mass flow rate: kilograms
per second (kg/s)

Numerical

Write to file

Notes:
"As alarm":
Alarm display only. See ALARMS Spreadsheet
Manual in field recording frequency TBD

Other recording
method

Table 51 - Alarms
Alarm ID

Service

EAH1 - CO2-1

Lab air

EAH1 - CO2-2

Lab air

EAH1 - O2-1

Lab air

EAL1 -O2-2

Lab air

Condition

Detects unsafe CO2
concentrations in the
lab. Signals to
Universtity of Alberta
central control
Detects unsafe CO2
concentrations in the
lab. Displays outside of
lab entrance
Detects unsafe O2
concentrations in lab.
Displays outside of lab
entrance
Detects unsafe O2
concentrations in lab.
Displays outside of lab
entrance

Faulty Signal

Priority

Alarm SetPoint

Alarm Level Operator interface Display Visual

Operator interface operator
prompt

Activation Mode
Safety

Emergency

Monitoring

Run

1

5000 ppm

High-High

Flashing Red (large)

Unsafe CO2 concentration.
Evacuate lab immediately

Y

Y

Y

Y

1

5000 ppm

High

Flashing Red (large)

Unsafe CO2 concentration.
Evacuate lab immediately

Y

Y

Y

Y

1

[O2] > 23 %
V/V

High

Flashing Red (large)

Unsafe O2 concentration. Evacuate
lab immediately

Y

Y

Y

Y

1

[O2] <19.5 %
V/V

Low

Flashing Red (large)

Unsafe O2 concentration. Evacuate
lab immediately

Y

Y

Y

Y

2

Faulty signal

High

Flashing Red (large)

Faulty Signal. Emergency shut-down

Y

Y

Y

Y

LAH2-1401

Slurry

High-High slurry level
(240 cm from bottom)
switch in EC-1101

2

Slurry
detected

High-High

Flashing Red (large)

High slurry level. Emergency shutdown

Y

Y

Y

Y

PAH2-1402

CO2/ Slurry

Pressure in EC-1101

2

P>27 MPa

High-High

Flashing Red (large)

High extraction pressure.
Emergency shut-down

Y

Y

Y

Y

PAH3-1402

CO2/ Slurry

Pressure in EC-1101

3

22<P<27 MPa

High

Flashing Orange

Y

Y

Y

Y

N

N

N

Y

N

N

N

Y

Low extraction pressure. Monitor
system conditions
Low extraction pressure.
Emergency shut-down

PAL4-1402

CO2/ Slurry

Pressure in EC-1101

4

4<P<6 MPa

Low

Yellow

PAL2-1402

CO2/ Slurry

Pressure in EC-1101

2

P<4 MPa

Low

Flashing Red (large)

TAH4-1403

CO2/ Slurry

Temperature in EC-1101

4

60< T<85 oC

High

Yellow

Decrease extraction temperature

Y

Y

Y

Y

High extraction temperature.
Emergency shut-down

Y

Y

Y

Y

TAH2-1403

CO2/ Slurry

LAH4-1405

Slurry

LAL4-1406

Slurry

Temperature in EC-1101
EC-1101 Slurry level
detection at 16 cm from
bottom
EC-1101 Slurry level
detection at 5 cm from
bottom

2

T>85 oC

High-High

Flashing Red (large)

4

Slurry level
above 16 cm

High

See Instrument Data Aquisition
Spreadsheet; NO AUDIBLE

N

N

N

Y

4

Slurry level
lower than 5
cm

Low

See Instrument Data Aquisition
Spreadsheet; NO AUDIBLE

N

N

N

Y

FAHL4-2404

Pure CO2

CO2 mass flow rate
through P-2201

4

+/-30% of flow
indicated by
P-3201 RPM
based mass
flow rate
calculation

PAH3-2405

Pure CO2

CO2 pressure in LN2001, inlet to P-2301

3

300 <P<350
psi

High

Yellow

CO2 mass flow rate measurements
not consistent at FI-2404. Monitor
system conditions

N

Y

Y

Y

Flashing Orange

Decrease CO2 Feed pressure

Y

Y

Y

Y

Table 51 - Alarms
Alarm ID

PAL3-2405

Service

Pure CO2

Condition

Priority

Alarm SetPoint

Alarm Level Operator interface Display Visual

CO2 pressure in LN2001, inlet to P-2301
CO2 pressure in LN2001, inlet to P-2301
CO2 pressure in LN2001, inlet to P-2301

2

P>350 psi

High-High

Flashing Red (large)

2

P<125 psi

Low-Low

Flashing Red (large)

3

125>P>150 psi

Low

Flashing Orange

Operator interface operator
prompt

Low CO2 available
High CO2 delivery pressure.
Emergency shut-down
Low CO2 available. Emergency shutdown

Activation Mode
Safety

Emergency

Monitoring

Run

N

N

N

Y

Y

Y

Y

Y

N

N

N

Y

PAH2-2405

Pure CO2

PAL2-2405

Pure CO2

PAH2-2406

Pure CO2

CO2 pressure in LN2002, output of P-2301

2

P>27 MPa

High-High

Flashing Red (large)

High CO2 pump pressure.
Emergency shut-down

Y

Y

Y

Y

PAH3-2406

Pure CO2

CO2 pressure in LN2002, output of P-2301

3

22<P<27 MPa

High

Orange flashing

High CO2 pump pressure

Y

Y

Y

Y

TAL3-2407

Pure CO2

3

T<31 oC

Low

Flashing Orange

Increase CO2 temperature

N

N

N

Y

TAH3-2407

Pure CO2

3

T>85 oC

High

Flashing Orange

Decrease CO2 temperature

Y

N

N

Y

Temperature of CO2 in
LN-2001
Temperature of CO2 in
LN-2001

Table 51 - Alarms
Alarm ID

Service

LAL4-3403*

Slurry

LAL4-3404*

Slurry

PAH2-3406

Slurry

PAH3-3406

Slurry

Condition

Low Slurry level switch
in FT-3601 (at 20 litres
in tank)
Low Slurry level switch
in FT-3602 (at 20 litres
in tank)
Pressure in LN-3003,
output of P-3201
Pressure in LN-3003,
output of P-3201

Priority

Alarm SetPoint

Alarm Level Operator interface Display Visual

Operator interface operator
prompt

Activation Mode
Safety

Emergency

Monitoring

Run

4

No slurry
detected

Low

Flashing Orange

Change slurry feed stream or
initiate controlled shut-down

Y

Y

Y

Y

4

No slurry
detected

Low

Flashing Orange

Change slurry feed stream or
initiate controlled shut-down

Y

Y

Y

Y

2

P>27 MPa

High-High

Flashing Red (large)

High Slurry pump pressure.
Emergency shut-down

Y

Y

Y

Y

3

22<P<27 MPa

High

Orange flashing

High slurry pump pressure

Y

Y

Y

Y

Yellow

Slurry mass flow rate
measurements not consistent at FI3407. Monitor system conditions

N

N

N

Y

FAHL4-3407

Slurry

Slurry flow through LN3002, entering P-3201

4

+/-30% of flow
indicated by
P-3201 RPM
based mass
flow rate
calculation

LAL2-3408

Rinse water

Low-Low level on rinse
water tank FT-3603 (at 7
litres in tank)

2

No water
detected

Low-Low

Flashing Red (large)

No rinse water available.
Emergency shut-down

Y

Y

Y

Y

FAL2-3409

Slurry

Slurry flow detection
through LN-3002

2

No flow

Low-Low

Flashing Red (large)

No slurry/rinse water flow.
Emergency shut-down

N

N

N

Y

TAH3-3410

Slurry

Slurry temperature
downstream of P-3201

3

T>85oC

High

Flashing Orange

Decrease slurry temperature

Y

Y

Y

Y

LAL2-3411*

Slurry

2

No slurry
detected

Low-Low

Flashing Red (large)

No slurry available. Emergency shutdown

Y

Y

Y

Y

LAL2-3412*

Slurry

2

No slurry
detected

Low-Low

Flashing Red (large)

No slurry available. Emergency shutdown

Y

Y

Y

Y

Low-Low level of slurry
in FT-3601 (at 7 litres in
tank)
Low-Low level of slurry
in FT-3602 (at 7 litres in
tank)

Table 51 - Alarms
Priority

Alarm SetPoint

Oil level in SC-4101

3

75% full

High

Flashing Orange

Pressure in SC-4101

2

P>4.5 MPa

High-High

Flashing Red (large)

Pressure in SC-4101

3

4<P<4.5 MPa

high

Flashing Orange

Alarm ID

Service

Condition

LAH3-4401

Oil
Separated
CO2
Separated
CO2
Separated
CO2

PAH2-4402
PAH3-4402
TAL3-4403

FAHL3-4404

FAHL4-4404

FAHL3-5401

FAHL4-5401

Separated
CO2

Separated
CO2

Treated
Slurry

Separated
CO2

Temperature in SC-4101

Mass flow rate of CO2
leaving SC-4101

Mass flow rate of CO2
leaving SC-4101

Mass flow rate of slurry
through LN-5002

Mass flow rate of slurry
through LN-5002

Alarm Level Operator interface Display Visual

Operator interface operator
prompt

Activation Mode
Safety
Y

Emergency
Y

Monitoring
Y

Run
Y

Y

Y

Y

Y

High separation pressure

Y

Y

Y

Y

Y

Y

Y

Y

Empty separator
High separation pressure.
Emergency shut-down

3

P<16 oC

low

Yellow

Increase temperature of heating
jacket at BV-4303

3

<25% of flow
indicated by P2201 RPM
based mass
flow rate
calculation

low

Flashing Orange

CO2 in >>> CO2 out. Check system
pressures and slurry level.
Physically observe CO2 flow from
Seperator. Monitor condition

N

N

N

Y

4

+/-30% of flow
indicated by
P-3201 RPM
based mass
flow rate
calculation

Yellow

CO2 mass flow rate measurements
not consistent at FI-4404. Monitor
system conditions

N

N

N

Y

3

<25% of flow
indicated by P3201 RPM
based mass
flow rate
calculation

Flashing Orange

Slurry in >>> Slurry out. Check
system pressures and slurry level.
Physically observe slurry exit of LN5002. Monitor condition

N

N

N

Y

4

+/-30% of flow
indicated by
P-3201 RPM
based mass
flow rate
calculation

Yellow

Slurry mass flow rate
measurements not consistent at FI5402. Monitor system conditions

N

N

N

Y

Notes:
In-field display and sounds are as described in the Control Philosophy
* Only the alarm on the 'feed' tank to be used during an experiment (therefore, either LAL4-3403 and LAL2-3411; OR LAL4-3404 and LAL2-3412 active)

Table 52 - Interlocks
Target
Associated sensor
device

Condition

Interlock Type

Default State

Set Point

Activation Mode

Associated Alarm
Safety

Emergency

Monitoring

Run

Lab air

Detects unsafe CO2
concentrations in the
lab. Signals to
Universtity of Alberta
central control

Hardwired

Pumps stop,
emergency shutdown

5000 ppm

EAH1 - CO2-1

Y

Y

Y

Y

CO2 - 2

Lab air

Detects unsafe CO2
concentrations in the
lab. Displays outside
of lab entrance

Hardwired

Pumps stop,
emergency shutdown

5000 ppm

EAH1 - CO2-2

Y

Y

Y

Y

O2 - 1

Lab air

Detects unsafe O2
concentrations in lab.
Displays outside of lab
entrance

Hardwired

Pumps stop,
emergency shutdown

[O2] > 23 % V/V

EAH1 - O2-1

Y

Y

Y

Y

O2 - 2

Lab air

Detects unsafe O2
concentrations in lab.
Displays outside of lab
entrance

Hardwired

Pumps stop,
emergency shutdown

[O2] <19.5 % V/V

EAL1 -O2-2

Y

Y

Y

Y

Faulty Signal

Monitoring
Instrument Signal

Faulty

Safety

Error

Faulty Signal

Y

Y

Y

Y

LI-1401

Slurry

High-High slurry level
(240 cm from bottom)

Safety

Slurry detected

LAH2-1401

Y

Y

Y

Y

PI-1402

CO2/Slurry

Pressure in EC-1101

Safety

P>27 MPa

PAH2-1402

Y

Y

Y

Y

PI-1402

CO2/Slurry

Pressure in EC-1101

Safety

P<4 MPa

PAL2-1402

N

N

N

Y

TI-1403

CO2 and Slurry

Temperature in EC1101

Safety

T>85oC

TAH2-1403

Y

Y

Y

Y

PI-2405

Pure CO2

CO2 pressure in LN2001, inlet to P-2301

Safety

P<125psi

PAL2-2405

N

N

N

Y

PI-2405

Pure CO2

CO2 pressure in LN2001, inlet to P-2301

Safety

P>350psi

PAH2-2405

Y

Y

Y

Y

PI-2406

Pure CO2

CO2 pressure in LN2002, output of P2301

Safety

P>27 MPa

PAH2-2406

Y

Y

Y

Y

PI-3406

Slurry

Pressure in LN-3003,
output of P-3201

Safety

P>27 MPa

PAH2-3406

Y

Y

Y

Y

CO2 - 1

P-2201 via
VFD-2501
AND P-3201
via VFD3501

Service

Pumps stop,
emergency shutdown
Pumps stop,
emergency shutPumps stop,
emergency shutdown
Pumps stop,
emergency shutdown
Pumps stop,
emergency shutdown
Pumps stop,
emergency shutdown
Pumps stop,
emergency shutdown
Pumps stop,
emergency shutdown
Pumps stop,
emergency shutdown

Table 52 - Interlocks
Target
Associated sensor
device

Service

Condition

Rinse water

Low-Low level on
rinse water tank FT3603 (at 7 litres in
tank)

FS-3409

Slurry

Slurry flow detection
through LN-3002

LI-3411*

Slurry

LI-3412*

Slurry

PI-4402

Separated CO2

LI-3408

P-2201 via
VFD-2501
AND P-3201
via VFD3501

Low-Low level of
slurry in FT-3601 (at 7
litres in tank)
Low-Low level of
slurry in FT-3602 (at 7
litres in tank)
Pressure in SC-4101

Interlock Type

Safety

Default State

Set Point

Safety

Emergency

Monitoring

Run

LAL2-3408

Y

Y

Y

Y

No flow detected

FAL2-3409

Y

Y

Y

Y

No slurry detected

LAL2-3411

N

Y

Y

Y

No slurry detected

LAL2-3412

N

Y

Y

Y

P>4.5 MPa

PAH2-4402

Y

Y

Y

Y

Pumps stop,
emergency shut- No water detected
down

Permissive Pumps stop,
active when Pemergency shut3201 is
down
"Running"
Pumps stop,
Safety
emergency shutdown
Pumps stop,
Safety
emergency shutdown
Pumps stop,
Safety
emergency shutdown

Activation Mode

Associated Alarm

Table 52 - Interlocks
Target
Associated sensor
device

LI-3403*

Service

Slurry

Condition

Low Slurry level
switch in FT-3601 (at
20 litres in tank)

Interlock Type

Default State

Set Point

Activation Mode

Associated Alarm
Safety

Emergency

Monitoring

Run

Process

Action: OPEN
BV-3309 CLOSE
BV-3301 and
3302
(Automatically
switch to rinse
water cycle,
prompt operator
to either initiate
shut down or
bring other feed
tank online)

No slurry detected

LAL4-3403

N

Y

Y

Y

No slurry detected

LAL4-3404

N

Y

Y

Y

N

N

N

Y

BV-3301,
BV-3302,
and BV3309

P-2201 via
VFD-2501

LI-3404*

Slurry

Low Slurry level
switch in FT-3602 (at
20 litres in tank)

Process

Action: OPEN
BV-3309 CLOSE
BV-3301 and
3302
(Automatically
switch to rinse
water cycle,
prompt operator
to either initiate
shut down or
bring other feed
tank online)

PI-1402

CO2/Slurry

Pressure in EC-1101

Process

See Control
Philosophy

See Control
Philosophy

LI-1405

Slurry

Process

See Control
Philosophy

See Control
Philosophy

LAH4-1405

N

N

N

Y

LI-1406

Slurry

Process

See Control
Philosophy

See Control
Philosophy

LAL4-1406

N

N

N

Y

P-3201 via
VFD-3501

EC-1101 Slurry level
detection at 16 cm
from bottom
EC-1101 Slurry level
detection at 5 cm
from bottom

Notes:
* Only the interlocks on the 'feed' tank to be used during an experiment (therefore, either the interlocks associeated with LAL4-3403 and LAL2-3411; OR LAL4-3404 and LAL2-3412)

APPENDIX 1: PRESSURE RELIEF DEVICES
Pressure relief devices (PRDs) provide protection against overpressure only. A common
PRD is a pressure relief valve (PRV). They do not provide protection against other
abnormal conditions, such as fire, etc. In general, there are three types of PRDs:
reclosing (discussed below), vacuum, and non-reclosing (such as a rupture disc) (Malek,
2006). For the work completed in this Thesis, only non-reclosing will be discussed.

Reclosing PRVs include (Malek, 2006):
•

Safety relief valves (SRVs): characterized by rapid opening, or opening in proportion
to the increase in pressure over the opening pressure, depending on the application.
These are used for liquid or compressible fluid service

•

Relief valves (RVs): characterized by gradual lift proportional to the increase in
pressure over opening pressure. These are used in liquid systems, and thermal
expansion applications. Also used for pump systems and pressure overspill devices

•

Safety valves (SVs): characterized by rapid opening. These are used in compressible
gasses applications, such as steam and air. Discharge area determined by position of
disk, disk lifts to full position automatically, no change in discharge area

Pressure Relief Valve Sizing Methodology
DIERS (Design Institute for Emergency Relief Systems) developed methods for sizing
pressure relief valves for two-phase flow. However, the DIERS methodology has been
described as “complex” and “a formidable undertaking for the uninitiated” (Boicourt,
1995).

One of the most critical steps in sizing a PRV is defining a “worst credible case”, by
completing a HAZOP, Fault tree or other safety analysis. Failure to define the “worst
credible case” may result in an improperly sized relief device (Boicourt, 1995).

In the DIERS methodology, systems are categorized by the way that pressure, which
activates the relief device, is produced. The three categories are:
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•

Tempered: Increase of pressure is the result of vapour pressure of volatile
components, caused by an increase of temperature (due to chemical reaction or fire).
Vapour pressure is typically characterized by an “Antoine” type reaction

•

Gassy: Increase in pressure is caused by the generation of non-condensable gasses
(for example, N2 or CO2). Prior to generation of gasses, the pressure increase in the
system is described by ideal gas laws, as it is due to heating of gas in the headspace of
the vessel

•

Hybrid: The vapour pressure of volatile components (driven by increasing
temperature, caused by chemical reaction or fire), up to the point where the noncondensable gasses are generated, causes the pressure in a hybrid system

Though the System does not perfectly fit any of the system definitions, it best suits
“gassy”. Pressure build-up in our system, which would result in relief opening, would
most likely be due to the generation of CO2 via uncontrolled pumping from the CO2
pump. Alternatively pressure build up could occur due to uncontrolled pumping of slurry
into the vessel

During operation, the EC-1101 contains supercritical CO2 and slurry. The “system”
(within the vessel), can be described as a multi-component system. In a high pressure
upset scenario where pressure relief occurs, the system may vent these components
(which have different phases) simultaneously through the relief device. In the System’s
case, multiple or two-phase flow through a relief device occurs by way of two different
mechanisms:

1. As the CO2 in the headspace of the vessel passes through the relief device, it is
subject to a pressure change (from pressure level within the vessel to
atmospheric). When the vessel pressure is greater than 7.4 MPa (CO2 critical
pressure), the CO2 within the vessel is supercritical and contains dissolved
hydrocarbons (HC). Therefore, the CO2 being relieved will change phase from
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supercritical to a gas and the oil will condense into a liquid as it passes through
the relief device. Thus there will be supercritical CO2, gaseous CO2 and liquid oil
passing through the relief device.

2. Liquid swelling during pressure relief can be expected because, as the pressure of
the EC-1101 decreases to below the critical point, the supercritical CO2 held
within the vessel (and the small amount dissolved in the slurry) may flash to a
gas, thus producing bubbles within the slurry. As described in DIERS (Fisher, et
al., 1992), “each bubble occupies volume and displaces the liquid surface
upwards”. If a sufficient volume of CO2 is still present within the vessel and
slurry when this phase change occurs, and the bubbles raise the liquid surface to
the height of the relief device, two-phase flow will occur.

For “gassy” systems, vent sizing must coincide with peak gas volume generation rate
(which can occur late in the venting period). Due to the assumption of peak gas venting,
the vent size estimates for this system class is very large. Accounting for overpressure at
peak gas volume generation conditions does not significantly affect the vent size, as it
does with vapour systems (Fauske H. K., 2006). Therefore, it is assumed that EC-1101
vents at the relief device’s set point.

Since we do not have prototypic “vapour disengagement” characterization data available,
we assume the vapour-liquid mixture entering the relief device is homogenous, and that
venting occurs at peak gas generation. The DIERS program conclusions deemed this
most conservative assumption of mixture characteristics when there is no prototypic data
available on mixture conditions (Fauske H. K., 2006). DEIRS report made the theoretical
suggestion that venting a two-phase mixture early, before the peak gas venting pressure
conditions are reached, can lead to venting unreacted liquid thus decreasing estimated
vent size. Because our system components do not “react” to produce gas, venting slurry
or supercritical CO2 “early” does not affect the peak gas generation conditions, thus
assuming a homogenous mixture and peak gas generation is appropriate and
conservative.
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The max gas generation rate is assumed to be the maximum pumping capacity of the
pump(s), depending on the PRV.

When experimental gassy venting data are unavailable, DIERS suggests a conservative,
worst case by assuming 2-phase homogeneous venting coinciding with peak volume
generation (Fauske H. K., 2006):
)=

*+,-. /0 1%234
5

(Equation 6)

Where:
•
•

A is the vent area based on homogeneous two-phase flow (m2)

6+78 is the peak gas volume generation rate (m3/s)

•

9l is the reactant density (kg/m3)

•

α is the initial free board volume, which is the proportion that the “gas” occupies and

•

G is the homogeneous gas-liquid mass flux (kg/m2s)

The above equation assumes that the gas is generated by the reacting liquid due to runaway chemical reaction or excess heating, and that the gas is as a result of the “liquid”
space within the vessel (numerator term of the equation). However, in our system, it is
the supercritical portion that is “gas generating”. Since in our system, we are concerned
with the generation of CO2 gas (via excess pumping) we will change the numerator to
6+78 9:;& 1<4

(Equation 7)

Gas generation from excess pumping will displace the “alpha” (headspace) in the vessel.
Calculations were performed using three different assumptions for <.
•
•

9 is the density of CO2

< is the “headspace” over total vessel volume. This is assumed to be the volume of
CO2 in EC-1101/ total volume of EC-1101
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The homogeneous gas-liquid mass flux, G, was calculated using two methods and the
results were compared: DIERS Equilibrium rate-model (ERM) (Huff, 1992), and a
method proposed for PRV sizing for fire scenarios (Ouderkirk, 2002)

The ERM Method for Calculation of homogeneous gas-liquid mass flux, G
The ERM Method uses the following equation to calculate homogeneous gas-liquid mass
flux, G. Equations are cited from Huff (1992):
= 2& =

>?
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&

+ CDF G H$ IJ K
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(Equation 8)

From the above equation, it can be noted that this model assumes the gas is
incompressible and does not flash as it exits the PRV. The liquid component is what
flashes. The first term following the ‘=’ is for the gas, the second term is for the flashing
fluid.

The EC-1101 system is opposite, where the “liquid” will not change phase, and the
supercritical fluid with undergo phase change to a gas at ambient conditions.
Thus, for the purposes of our system, the above equation will become:
= 2& =

1%2>40
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(Equation 9)

where:
•

(1-X) is the mass fraction of liquid (slurry) in the vessel

•

vl is the specific volume of the liquid phase (slurry) at 30 MPa and several
temperature conditions

•

k is the isentropic expansion factor (Cp/Cv), proportional to the extra heat needed to
maintain a fluid pressure while heating it to a desired temperature (i.e. it is the work
done on the surroundings from expanding a fluid while adding heat
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•

P is the pressure in the system when the flow is “choked”. When the flow is “choked”
maximum relieving velocity is achieved, even when pressures downstream of the
relief valve are decreased. Choking pressure was not calculated. Relief pressure was
assumed, this is a conservative estimate

•

Vfg is the specific volume change of the SC CO2 as it changes phase during relief

•

Hfg is the change of enthalpy as the SC CO2 changes phase during relief

•

Cp specific heat capacity of SC CO2 at 30 MPa and the temperatures tested

•

T is the temperature in the system (40, 60 and 80 oC were used)

The homogeneous gas-liquid mass flux, G, at the three different temperatures were also
calculated for three different SC CO2 volume scenarios:
•

Operating: slurry level at 10 cm from bottom

•

Vessel full: slurry at 245 cm from bottom

•

Midway: Between operating and full, slurry at 125 cm from bottom

The Ouderkirk (2002) Method Calculation of homogeneous gas-liquid mass flux, G
This method is used to determine the maximum orifice area, which may not occur at the
maximum mass flux (or the maximum volumetric flux) during a fire situation.

In the example case, heat is added by a fire or another external source. Since the system
is supercritical, temperature rises until heat input is zero. The method uses a dynamic,
iterative model to account for the rising temperature and a potentially increasing relief
rate and orifice area. This model is controlled by the increase in temperature of the vessel
contents. Relief rate is calculated based on fluid’s physical properties and heat input, the
relief area is determined assuming isentropic orifice flow.

The method was carried out to determine the maximum homogeneous gas-liquid mass
flux, G. At maximum mass flux, choked flow conditions occur. If maximum flux is
calculated using Ouderkirk (2002), the relieving fluid may enter 2-phase region. Thus if
this methods indicates 2-phase flow is indicated, the “G” value calculated using ERM is
used in the orifice calculation.
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The major departure from the method is that no external heat source was modeled. The
basis of this assumption is explained in section 7.1.9.

Results
A description of the results is given below.

BV-1301 (vessel valve):
•

Using Ouderkirk (2002), relief diameters at 30 MPa and 40 and 80 oC, were 0.29 and
0.34 cm respectively

•

Using 2-phase ERM method at 30 MPa and 40 and 80 oC, relief diameters were 0.32
and 0.44 cm respectively

Using Ouderkirk (2002) at 40oC, gas-liquid mass flux almost peaks. Thus, relief diameter
should be at least 0.32 cm. A minimum 0.34 cm diameter orifice is recommended.

BV-2303:
•

Using Ouderkirk 80 oC "G" from above, relief diameter is 0.08cm

•

Using 2-phase ERM 40oC, relief diameter is 0.18 cm

•

Using 2-phase ERM 80oC, relief diameter is .27 cm

The difference in size compared to the previous valve is mainly due to the smaller mass
flow rate (CO2 flow only). The Ouderkirk (2002) calculation showed that 2-phase flow
will occur at 40 oC, so already the 2-phase ERM for 40 oC is the lower limit of the orifice
size. As for the previous valve, the 80oC ERM might be very conservative, although
there is only a very small size difference between the previously mentioned "lower" limit
and this "very conservative" estimate. Therefore, a minimum 0.2 cm diameter orifice is
recommended.
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BV-4304:
Because this valve vents gaseous CO2 at 5 MPa, the 1-phase expanding fluid method is
used (Malek, 2006). The relief diameter is larger than the 6.35 mm outlet size of the SC4101. Therefore, more than one valve is needed to achieve the relief requirement. This
was sized at 40 oC, a conservative estimate.

BV- 3304:
The 1-phase liquid sizing method (Malek, 2006) is used. A minimum 0.24 cm diameter
orifice is recommended.
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