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ABSTRACT

Global offshore oil and gas (OOG) production is rapidly expanding to meet increasing
energy demands. Since the offshore environment is sensitive, attention is increasingly
devoted to environmental issues associated with OOG operations. An Environmental
Management System (EMS) can be utlized to systematically manage all actvities in
OG operations that give rise to environmental impacts. However, there is limited
literature related to EMSs for OOG operations. This requires academics 1o ex:
EMS frameworks and propose an EMS exclusively for OOG operations. This

research was carried out to fill this gap.

‘Common EMS frameworks have the following limitations: (1) they are not very effective
to convey and interpret sufficient information for decision-ms 5

specified performance evaluation system to drive improvement; and (3) there is a burden
of extensive documenon, Therefc, il i esesry 1o revise: convenonal EMS

frameworks 0 overcome these limitations. The main aim of this study i to ntegrate Risk
-Informed -Making (RIDM) and Pollution va:nuon (P2) paradigms within
EMS, called and Pollution Prevention focused Environmental Management System
(RP2EMS). This framework also addresses the limitations of common EMS frameworks.

Moreover, quantitative tools are developed to implement the proposed framework. The
specific objectives of this research are: (1) development of an EMS framework; (2)
development of a methodology to prioritize envi ;

methodology for informed_environmental d
methodology for snvirormentl perormanco oveluton; ad (5 demonsoation of
developed jes through lated to perations.

As a preferred approach for_environmental protection, P2 is integrated into_the
conventional EMS framework. The risk informed decision-making is coupled with P2 in
this framework. This integration can reduce the effort and costs that are needed 0
develop wasi managemen syiens. A e st e pllulon prevenion and control
options are identified for important environmental issues. For cach option, a risk
csoment s caricd out, Based on the caleuliedrisks and reated atrbutes,the beter
options are selected using a suitable decision-making method. Implementation of the
wloed opoue. oqives tho pmper wguoect of mpousilly sd_pod
and a procedure for

the exceution of environmental management :mphumnu 2

Identification and_prioritization of the important environmental issues whlch -
susceptible 1o causing significant negative impacts are necessary under the constraint of
limited_resources. This study proposes a hybrid approach using the fuzzy nern

system (FIS) and fuzzy AHP for the prioritization of environmental issues in 00G
operations. In this approach, a five-level hierarchy is developed. The highest level of the




hierarchy corresponds to the goal — prioritization of the significance of environmental
issues, and the lowest level corresponds to environmental issues, whereas intermediate
levels correspond to major concerns (environmental risks) and sub-parameters of risk.
“The FIS is applied at the lower levels of the hierarchy 1o infer the major risk parameters
Subsequently, the scores representing the extent of risk are calculated. Fuzzy AHP is
used at the higher levels to synthesize the Significance Scores that will help to prioritize
environmentl issues.

To deal with the significant environmental issues, pollution prevention and other
sustainable waste management opnmu are mvtsngn:d The best options are selected
u.nng ‘multi-criteria decision-making. This rescarch proposes a game theoretical approach

solve multi-criteriaconflict n:snlmmn problem under constrained and uncertai
envimnmcms. Uncer
rough numbers. A mul ch
three groups of decision-makers (ic., operators, regulators and service engineers) are
involved. There are three major categories of criteia: (1) costs, (2) environmental risks,
and (3) technical feasibility. This game is solved using the generalized maximin soluti
coucept, With o sohuion (L, optmal welghts of (e crhre,th rough nicubers can
be aggregated to an expected payofT for each alternative. Finally, the weights of the upper
and lower limits of a rough number are employed to transform the expected payoffinto a
risp score, based on which all aternatives are ranked to idenify the best solution.

Environmental performance evaluation (EPE) s an essential part of EMS. A method is
developed 10 Wenity and defo spcifl nvioomenal prfrmncs ndicaos on &
casc-by-casebuss, which_conssts of five steps: (1) deso wironmental
& favorable

iles s o shieve the uizomes @) searching for propet
s or issues; and (5) generating a list of key indicators. Based on
thes stops,  qualty fmction deployment (QFD) approech s developed i dsermine ke
indicators and evaluate environmental performance. To handle uncertaintes in QFD, the
decision makers' evaluations are quantified using rough numbers. The output of the
proposed approach is mvvmmnenul performance indices. Using these indices, decision
‘makers can determine whether an improved performance has been achieved through an
EMS.

Thi smech provides an imovetes EMS framework i \nlcumcv persdigns of P2
and risk-inform man s

00G epmuons Al the pmpma appronches e valdaicd through mumerical
example
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Chapter 1

INTRODUCTION

This research was proposed to develop an innovative environmental management system

MS) framework, which not only integrates the paradigms of pollution prevention (P2)

and risk-informed decision-making (RIDM) but also overcomes the limitations of

existing EMS frameworks. Quantitative tools are developed to eflectively implement this

EMS. They include models for prioritization of environmental issues, environmental
decision-making and environmental performance evaluation related 1o offshore oil and
gas (OOG) operations. This dissertation focuses on this new EMS framework and these

developed models.

1.1 RESEARCH BACKGROUND

Energy plays a pivotal role in our daily lives. It is becoming increasing difficult to meet

the demand for energy worldwide. In order to find additional supplics, oil and gas
producers have been looking at more remote and difficult locations, such as offshore
arcas that contain large deposits of petroleum and natural gas. Both oil and gas account
for 58% of the global commercial energy supply while 45% of this resourc s produced
offshore (Salter & Ford, 2000). World offshore oil production reached 1.26 billion tons in

2003, or about 34.1% of the world's total oil production. Meanwhile, world offshore gas

production reached 685.6 billion cubic meters in 2003, or about 25.8% of total world gas




production (Koottungal, 2004). By the end of 2007, these figures increased to 38.5% and

29.6%, respectively (Eni, 2009a, b).

111 INTRODUCTION TO 00OG OPERATIONS

00G development offers several benefits, including local employment  throu
construction and servicing of the development sector, use of the product by local industry,
altemative energy sources, and increased revenue t0 the region (Curran ef al., 2006)

These benefits, however, may come at a cost to the natural environment. The rapid

expansion of oil and gas production in offshore areas has stimulated increased attention
1o environmental issues associated with OOG operations. The life eycle of 00G
operations (Figure 1.1) consists of four major stages: geological and geophysical survey,

exploration, development and production, and decommissioning,
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Figure 1.1 Life cyele of 00G operations




The geological and geophysical survey aims 1o identify major sedimentary basins and
their geological structures. A seismic survey is the most common method used for this
purpose. Using reflective properties of sound waves to various rock strata, the scismic
survey provides information based on which geological structures can be determined. For
example, a vessel tows an array of air-guns 10 release high pressure air cvery several
scconds, which produces sound waves. These waves are focused on the seafloor,

reflected by sub-sea features, and received by hydrophones.

Once a potential geological formation has been found, exploration activities are followed
1o confirm the hydrocarbon presence. Exploration wells are drilled for this purpose. If

formation contains commercially viable quantities of hydrocarbon, well tests are

conducted to help achieve the initial flow rate and reservoir pressure. If not, the field is
decommissioned to a safe and stable condition. When successful drilling is finished, more
wells are drilled for the appraisal of the size and extent of the ficld. Having established
the size of the oil field, production wells are drilled. The number of wells required to be
drilled for production is determined by the size of the oil field and its geological
propertics. In drilling activities, the major functions of a drilling rig are performed
through hosting, circulating, and rotating systems. The drill pipe, with a drill bit mounted
atiits end, rotaies to cut into rocks. Drilling fluids are circulated from tanks into the drill

pipe and collar and then to the drill bt

‘When crude oil and gas reach the surface, they are then directed to the central production




facility for separation and other processes. Key operations in O0G production include:

produced hydrocarbon separation, gas processing, oil and gas export, produced water

treatment and injection, and seawater lifting for cooling duty ant

Decommissioning of OOG installations includes the removal of platform facilities and
equipment when the hydrocarbon field becomes depleted. Any necessary cnvironmental
remediation should also be conducted at this stage, such as preventing fluids from leaking

and clearing the seafloor of any material and equipment.

1.2 ENVIRONMENTAL IMPACTS

Table 1.1 provides a summary of the environmental impacts that may be caused by 00G

operations. Table 1.2 summarizes the types of wastes generated in OOG operations. The

most intense and diverse environmental impacts are faced during the development and
production stage. Generally, the environmental impacts of OOG operations can be
divided into two broad categories ~ (1) chronic impacts caused by regular waste

le

discharge or atmospheric emissions, and (2) acute impacts caused by large

accidental blowouts or spills.



Table 1.1 Environmental impacts and their sources (Patin, 1999)

Sare et Sourees Type and Nature o Tmpacts
Geologica AeralSurvey = o e by o vl i ot
impacs

ey

on human and marine
iviogs

Seiamic survey Seismic equipment

Aeoutic soues, Shotern Qstiance
to marine organism and fish popul

Vessel operations

“Atmospheric and aquatic emissions from
Vessels,shortterm

Trcrease in rbidiy, distrbance on
bottom,discharge of drillng mud and
cutings

Test arling. Core and shallow
arilling, decp
driling

Sie slection and Gperstons

exploratory driling

Trmissions and Gscharges of polants,
disturbance to fisheies, accidental
blowouts

Plugging the welland _ Operations a-term impacts on benihic and peagie
abandonment habitas, bodiversity
Operatons Term and
production pipeline laying. ol el o ot o e
and pelagic bota
o Operations
and injction wels produced watr,accidental spillage,
impacts on fisheris, physical disturbance
Vessewaftc Vessel operations _ Operatonal emssions and GIscharges.
impacts on marine birds, mammas and
other organisms
Drsommisionns PRty peraions “Operational emissions and discharges,

val, plugging, use
o xplosv charges

impacts on fisherics, marine organisms if
explosive charges are used




Table 1.2 Wastes generated in O0G operations (Khan, 2006)
Seismic exploration _ Drilling Production Decommissioning.

Sounds Drilling fluids Produced water Abandoned

Human generated » Driling cuttings Treatment and S

wasts: sanitary compleion fluids Cut peces of
wastes, kitchen Fropeosd s ol structures
and food wastes, Storage displacement

Taundry wastes, water « Produced sand S
and sink and

shower drainage,
rash

Deck drainage

Ballast water Ballast ater
Deck drainage Well wument
Well treatment fluids

Naturaly oc

‘Nermallyo rdicacive maeras

radioactive materials
Cooling water (e

Desalintion brine Lot bl
e Water o st e
contol

Accidental dscharges
il sl chemia
spills, b

ccident
a..;y,.“c mw il
chemics

Howons ™

Human generated
wastes: sanitary wastes,
ichen and o vt

stes, and sink
e g,
wash

Human gneied
ar

Other industrial wastes:
Oer s

Serap metal, v
pallts, used
chicls nd pin,
andblasting it
e, coming.

and cooling water




“The following are descriptions of major waste streams in OOG operations:

a
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Produced water is water separated from oil or gas during O0G production. It
may include formation water, injection water and solutions of chemicals used to
separate oil-water mixtures. Produced water as a waste stream cannot be avoided
during 0OG production because it naturally occurs in sub-sea formations and

comes together with extracted oil and gas. The volume of produced water may

vary from site to site with the age of the site. Usually, the quantity of produced
water grows while a reservoir is becoming depleted. Produced water s the most
significant waste stream generated in OOG operations in both the volume and
quantity of pollutants. The volume and toxicity of produced water is a function of

many factors, e.g., formation age and completion/treatment chemicals. Much of

the produced water is quit similar to seawater.

Drilling wastes are one of the most substantial discharges during 00G
operations. These wastes are composed of drilling fluids and cuttings. Drilling
wastes may cause a number of physical changes 10 the local marine environment
near drilling rigs. The discharge of wastes will alter the local habitat by burying
the original sea floor, smothering the local benthic community, and providing
new substrate for colonization (Neff, 1987). Biological impacts of drilling wastes
are determined by their toxicity and dispersal properties; in addition, these
impacts are generally thought to be limited to within several kilometers of drilling

rigs (Davies ef al., 1984). However, other rescarchers have suggested impacts of
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up 10 10 km (Kenchington, 1997) and in broad areas around drilling rigs (Olsgard

& Gray 1995).

Flaring emission is emission from the combustion of waste gases in an open
flame. It oceurs during well testing, waste gas disposal and emergencics. Flaring
is a necessary practice in OOG operations because it can prevent damage and
convert toxic gas to less hazardous emissions. Gas flaring may take place during
various operations of 0OG production. During processing, waste emissions,
including hydrogen sulfide rich gases, are flared. Waste gases produced during
well testing are also flared. Generally, flaring emission is usually found at wells,
dehydrators, compressors and gathering pipelines. The cfficiency of flaring
determines the components of the emission. The flaring efficiency is a measure of
the effectiveness of how flares convert all carbons into COs. Ideally, high

efficiency flares only produce water and carbon dioxide, whercas low efficiency

flares may produce CO along with CO;. However, when waste fuel enters the
flares, many other by-products such as particulate matter, PAH, VOCs, NO, may

also be present in the flaring emissions

Venting emissions in OOG operations refer to any fugitive emissions due to the
venting of unused associated gas. The primary concem of venting emissions s
methane (CH) and non-methane volatile organic hydrocarbons (NMVOC). CH,

being a Green House Gas (GHG) has an impact equal to 21 times of the effect of
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Oil & gas spills have a long history in the OOG industry; however, spill
frequency and volumes have been declining over the years because of
improvements in operations, technology, and regulations despite an increase in

hydrocarbon production and transportation in offshore arcas (Anderson & LaBelle,

2000). Oil & gas spills usually occur due to equipment failure, operational
mistakes or even natural disasters in drilling, transporation and storage. Two
main spill scenarios of drilling operations are intense and prolonged hydrocarbon
gushing, which usually occurs in exploratory drilling and routine cpisodes of
hydrocarbon spills and blowouts. Spills during transportation are usually caused
by collisions, fires, explosions, and structural failures. Spills in storage oceur in
both above and underwater tanks. The environmental impacts of oil & gas spills
can be generally categorized as acute and chronic impacts. Acute impacts usually
oceur at the first stage of the spill and usually cause intoxication, death, physio-

biochemical disturbances or behavior responses in fish and marine mammals.

Marine organisms living at the sea surface, in inter-tidal zones, and in other

coastal habitats such as seabirds, juvenile salmon, and larvae are expected to be

affected most severely (GESAMP, 1993). The chronic impacts of spills usually
refer 1o the disturbance of reproduction of marine organisms, their population

changes or community structure changes. In gencral, the environmental impacts

are caused by various factors, such as the size of spill, location, timing, type of
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species and life-stage sensitivity

Deck drainage is the waste stream generated from natural precipitation, deck
washing, tank and facility cleaning. Deck drainage may contain various
contaminants, including detergents and dispersants used for washing, emulsified
oil and some other chemicals. The volume of deck drainage is proportional to the
size of the platform and its discharge rate is dependent on the frequency of wash-

down operation and natural precipitation.

Storage displacement water is water from oil storage cells used for displacing
crude oil during transfer to other containers, and its amount is directly
proportional to the size of the storage tank. The discharge rate complies with the
production rate of crude oil. On average, the oil content in the storage

displacement water is 300 mg/L. (Environment Canada, 1990), which depends on

the solubility of crude oil and its emulsifying charac

ENVIRONMENTAL REGULATIONS

The increasing awarcness of environmental issues has driven the establishment of

stringent regulations. The current OOG environmental regulatory framework is a result of

both international

s and national or provincial legislations, but the national legislation

is the main component of the framework. Figure 1.2 gives a general structure of the

environmental regulatory framework.
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MAJOR INTERNATIONAL TREATIES

The MARPOL73/78 Convention, United Nations Law of the Sea (UNLOS) 1982,
Convention of Prevention of Marine Pollution by Dumping of Wastes and other Matter
(1972) are the three main interational conventions associated with environmental
protection in the marine environment that deal with oil, noxious liquid substances,
harmful substances in packaged form, sewage and garbage from ships and dumping
activities. The provisions of these international treaties are very general and do litle for

operational obligations. Furthermore, all of these trea

regulate pollution from ships or
dumping and exclude. jurisdiction over pollution discharges caused by offshore

exploration and production.

REGIONAL AGREEMENTS

Considering the difficulties in reaching stringent legislations at a_global level and
propetics of trans-boundary marine pollution, the most plausible and acceptable solution
10 regulating all operational pollution discharges from OOG operations i to address this

issue at a regional level (Sergei & Jay, 1996)

UNEP Regional Seas Programme, 1992 Helsinki Convention in the Baltic Sea, 1992
OSPAR Convention in the Northeast Atlantic, Kiwait Regional Convention for
Cooperation in the Protection of Marine Environment (1978) in the Persian/Arabian Gulf,

and Barcelona Convention for Protection against Pollution in the Mediterrancan Sea

(1976) are five major regional agreements. In general, the regional agreements deal with



all operational pollution discharges from OOG operations in a more focused manner
because they are more easily implemented in comparison to. intemational treaties.
Regional agreements offer opportunities for custom-built regimes (a regime that is

ei &

administrated by nations in one region) and more stringent legislative standards (S

Jay, 1996).

SOFT LAWS
“Soft laws” refer 10 the declaration, action plans and guidelines. The United Nations
Environment Programme (UNEP), International Maritime Organization (IMO), Regional

Association of Oil and Natural Gas Companies in Latin America and the Caribbean

(ARPEL), Intemational Association of Oil and Gas Producers (OGP formally known as E
& P Forum), and the World’s Bank are major promulgators of environmental guidelines

for OOG operations. These environmental guidelines provide more specific information

jon and control technologies, and

about environmental management, pollution preve
environmental reporting in the 0OG industry. Table 1.3 summarizes the major

environmental guidelines currently used in the OOG industry



‘Table 1.3 Maj h issues
Falltion
Organization uidelines prevention/ control
managementPTOMEON S
Environmental Management n Oiland Gas
UNEPE&P forum g ploaion and Poduction (1997) X
UNEP Offshore Mining and Driling (1982) X
UNEP The Oil Sector Report (1999) X
- Guklins o he Remowl ofOffers x
Cuidlines o e wrnport i of
Mo and novious liguid x
sanees bk ol
Guidelines
) focusomresof i mrasrchre oo X
Guidelines forthe Development and Application
) of Health, x
Systems (1994)
0P (P Foum)  Exgraiond Prkcian s Mg .
E&P Forum Guidelines fo the Planning of
¢ Fluids Wastes and Associaed Cuttings from L3
Offshore Wells
Technologics
) olfhorecovironment (1996) X
) P ection (1 X
’ Environmental, Health, and Safety Guidelines for
The World Bark o fhare Oil and Gas Development (2007) ks 23
B A (‘:‘::A:;ln; e Do s rwment o =
Tsposal of
N

x A and D
Exlorion d roducion rling Wases
00




NATIONAL AND PROVINCIAL LEGISLATIONS
Existing legislations at the national and provincial levels can be categorized into two
modes: the statutory mode and comprehensive legislative mode. The statutory mode
‘means environmental aspects of OOG operations are regulated through multiple statutes.
In the comprehensive legislative mode, framework legislation, particularly for 00G
environmental issucs, is adopted. Table 1.4 summarizes major national regulations for

environmental issues of 0OG operations.

Provincial legislations are usually administrated by local agency. For example, in

ewfoundland and Labrador Offshore Petroleum

Newfoundland offshore area, Canada-]

Board is the local regulatory agency. Regulations at this level are more prescriptive.
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114 ENVIRONMENTAL MANAGEMENT FOR 00G OPERATIONS
In order to achieve regulatory compliance and even beyond-compliance, 00G operators
require more effective and efficient environmental management. Morcover, the functions
of environmental management have been transited from responsibility for assuring
regulatory compliance to maximizing the reduction of environmental burdens. This
transition is initiated by the recognition of environmental issues as part of the cost of
operating a business. 00G operators are currently developing ways 1o enhance their
environmental management process (c.g., Curran et al., 2006; Salem et al., 2009). It has
always been the focus of environmental managers and regulators in the OOG industry to
adopt a systematic approach (e.g., EMS) to reduce environmental burdens and improve
the environmental performance of OOG operations. EMS s a systematic approach to
environmental management, which requires a holistic view of the natural environment
and consists of mumerous complex subsystems (Petak, 1981). The International
Organization for Standardization (ISO) defines EMS as the part of overall management
system which includes organizational structure, planning activities, responsibiltis,
practices, procedures, processes and resources for developing, implementing, achieving,
reviewing and maintaining the organization’s environmental policy. Regulators have an

interest in efficient regulatory mechanisms and there is an expectation that the EMS

could facilitate this (Ammenberg & Sundin, 2005). Therefore, 0OG operators should aim

to develop EMSs which is properly designed and can be effectively implemented for
improvement of the environmental performance.  Although implementation of an EMS is

still voluntary in the OOG industry, an increasing number of 00G operators are actively




practicing it to manage environmental issues, reduce their operational costs, and improve
their public image. This trend encourages researchers to examine common EMS
frameworks and propose new frameworks which could help improve environmental

‘management in OOG operations. This research aims to fill this gap.

12 SCOPE AND OBJECTIVES

‘The main objectives of this research are:

(1) To explore a systematic approach for efle nmental management in
00G operations; and
(2 To design and construct quantitative tools for successful implementation of this

systematic approach.

“To accomplish the above objectives, the following tasks were planned:

(1) Developing a new EMS framework- Risk and Pollution Prevention focused

Environmental Management System (RP2EMS), which integrates paradigms of

pollution prevention (P2) and risk-informed decision-making;

() Developing for the prioritizat issues;
(3)  Developing the methodology for environmental decision-making; and

(4)  Developing the methodology for environmental performance evaluation.

The following are some topics related to OOG environmental issues which were not

included in this research:




(1) The methodology for ccological risk assessment of wastes in OOG operations;
(2)  The methodology for human health risk assessment of wastes in OOG operations;
and

(3)  The methodology for emergency planning in an EMS.

1.3 ORGANIZATION OF THE THESIS

This thesis is organized into seven chapters. The organization of this rescarch is provided
in Figure 1.3. Chapter 1 provides an introduction 10 the research problem and gives the
scope and objectives of the proposed research. Chapter 2 reviews EMS frameworks and
significant paradigms in curent environmental management. Chapter 2 provides the
theoretical background of the proposed EMS framework - RP2EMS. Chapter 3 presents

the developed RP2EMS framework. Chapters 4 (0 6 present the developed quantitative

tools with illustrative examples. These three chapters are written as three journal arti

cither published or under review for possible publication. Chapter 4 develops a hybrid
approach for the prioritization of environmental issues in OOG operations using a fuzzy

ss. Chapter 5 develops  rough-set

archy proc

inference system and fuzzy analytic hi
based game theoretic approach for environmental decision-making in OOG operations.
Chapter 6 develops a roughset based quality function deployment approach  for
environmental performance evaluation for OOG operations. Chapter 7 provides the major
conclusions of this rescarch. Recommendations for future work are also included in this

chapter.

20
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Chapter 2

LITERATURE REVIEW

An Environmental Management System (EMS) can be considered as a structured

framework for managing significant environmental impacts in an organization. This

chapter reviews common EMS frameworks and identifies their limitations. Morcover,
paradigms of pollution prevention and risk informed decision-making arc also introduced

in this chapter.

21 COMMON ENVIRONMENTAL MANAGEMENT SYSTEM
FRAMEWORKS

With Total Quality Management (TQM) being a forerunner of the EMS (Christic & Rolfe,

1995; Aboulnaga, 1998), almost all EMS follows a Plan-Do-Check-Act cycle (as shown

by Figure 2.1).




&
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Figure 2.1 Plan-Do-Check-Act cycle
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Plan: senior i impact

Since senior management have a vital role o play at any time of change within their
organization, it is important to secure the senior management commitment for an EMS.
Furthermore, a stakeholder review should be conducted to collect information about the
expectations of an organization as well as thoughts on strategic issues regarding

environmental managemen.

Environmental impacts should be identified to provide a foundation to address exactly
what issues are going to be managed. The starting point s t0 establish the organization’s
scope of an EMS and to focus management effort on those aspects that are classified as

being significant. Then, relevant legislations need to be identified.

Environmental policy identifies the main environmental issues for the organization and
acts as a signpost for the actions that will be taken to manage and improve the
organization’s environmental protection program. Sheldon & Yoxon (2006) summarized
five key areas to be addressed when designing an environmental policy: atitude,
accuracy, awareness, resource and action. The objectives of an EMS can be general in
nature and may change from year (o year; however, they must indicate an overreaching

goal with respect 1o environmental impacts reduction.

Do: operations and documentation

Operations should then be conducted 10 avoid or reduce environmental impacts. Roles,



responsibilities, processes, resources and schedules should be prioritized at this step.

Documentation, the bulk of most EMSs, should include environmental policy, regulations

to which operations are subject, action plans for operations, and records of monitoring

and outcome measurements.

Check: management review and performance evaluation

purpo jew is to of an EMS
in mecting the organization’s objectives. This review can be conducted through
interviews with employees to determine their awareness for the implementation of an
EMS. Performance of the EMS should also be evaluated. Not only should the overall

performance of an EMS, but also its individual parts, be audited. Performance evaluation

can be conducted through both internal and external audits

Act: operation adjustment, training and communication

When deviations from environmental policy and objectives are identified, corrective
actions should be conducted to adjust the current operation. Communication and training
are conducted to improve the awareness of environmental issues across all levels of the

organization.

Training, providing more specific instructions on personal operational and monitoring
activities, aims to ensure that every employee is well-prepared for his or her jobltasks and

the related environmental impacts.




‘The significant role of communication in an EMS is to inform all employees of the

policy as well as th responsibility in implementing an EMS.

211 ISO 14000 BASED EMS

The most well-accepied EMS framework is based on ISO 14001 (ISO, 1996), which is

seen as an effective tool to implement an organization’s environmental strategies

(Lawrencee al., 2002) (Figure 2.2). This intemational standard framework is based on

the above PDC.

cle. It starts from an organization’s commitment to an environmental

policy. Then, the organization should establish an environmental management program to

develop, implement, review and maintain the environmental policy



‘Continual improvement

Management Environmental Policy
Review
Planning
Checking Implementation and
Operation

Figure 2.2 1O 14000 based EMS framework (IS0, 2004)




Two important documents for the ISO 14001 based EMS are SO 14001 and IS0 14004,
1S0 14001 specifies requirements for an EMS to enable an organization to develop and
implement a policy and objectives which take into account the legal requirements and
other requirements to which the organization subscribes, and information about

jgnificant environmental aspects. ISO 14004 (General guidelines on principles, systems

and supporting techniques) is the document that should be read first to leam the general
approach to an EMS and find many suggestions on how to design and implement such an

EMS,

212 THE ECO-MANAGEMENT AND AUDIT SCHEME (EMAS)

In Europe, most companies usually adopt the EMS framework defined by the Eco-

AS). The EMAS

Management and Audit Scheme (E framework is quite similar 10 the
1SO framework in components. The current legislation of EMAS is working to adopt the
1O framework as its basis (Matthew, 2001). The general framework of the EMAS is

shown in Figure 2.3, Table 2.1 shows the differences between the EMAS and the ISO

14001 based EMS,
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Figure 2.3 The EMAS framework (European Commission, 2008)
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213 THE COMPLIANCE FOCUSED EMS

Among studies conducted by the US. EPA to identify causes of observed non-
compliance of organizations® environmental issues, a significant number of cases show
that non-compliance arises from inadequately designed EMS frameworks. The National
Enforcement Investigations Center (NEIC) of the US. EPA has developed the
Compliance Focused EMS (CFEMS) to supplement, but not o replace the 1SO 14001
based EMS (Sisk, 2005). This CFEMS comprises the following twelve clements:

(1) Environmental poicy;

(2)  Organization, personnel and oversight of an EMS;

() Accountability and responsibility;

() Environmental requirements;

(5)  Assessment, prevention, and control;

©) i incidents and

(7)  Environmental training, awarencss, and competence;

® planning and

(9 Maintenance for records and documentation;
(10)  Environmental protection program;
(1) Continuing program evaluation and improvement;

(12)  Public involvement/community outreach.



The framework of the CFEMS (Figure 2.4) is essentially the same as the ISO 14001
based EMS. However, additional requirements are included to ensure that compliance is
attained to the largest extent. First of all, compliance with laws, regulations, and permits

becomes the primary goal of the CFEMS. Furthermore, a process is required to be

developed to implement and maintain ongoing intemal compliance monitoring.
Procedures 1o investigate and promptly correct non-compliance are required to be
established; moreover, intemal and external reporting of non-compliance is also

standardized within an organization. Finally, a program for periodic audits of facility

compliance wi requirements by independent auditors i al
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22 LIMITATIONS OF COMMON EMS FRAMEWORKS

(1) Not effective to convey and interpret sufficient information for decision-
making

A management system can be viewed as a t0ol 1o simplify the decision-making process

and improve its efficiency (Esquer-Perala, 2007). Petak (1981) advocated that decision

making is a critical factor affecting managerial performance and system effectiveness.

Therefore, an EMS should be able to help in informed decision making, i.¢. to identify

cost-effective and environmental friendly options.

However, common EMS frameworks are not very effective to convey sufficient and

useful information for g EMS that help
1o prevent deviation from predetermined objectives. EMS frameworks also put to0 much
emphasis on identifying and monitoring environmental impacts, and pay litle regard to

the organization and interpretation of related information for decision making.

() No specified environmental performance evaluation system to estimate
improvement

Performance measurement provides the critical information needed to evaluate an

organization’s current operations and implement adjustments to make improvements.

Nevertheless, common EMS frameworks promote either a prescriptive or conformance

based approach instead of a performance based approach, and, therefore, no specified

performance measurement and evaluation systems are found in common EMS



frameworks.

A prescriptive approach provides clear instructions to organizations and standardizes
organizational activities by documenting and controlling the processes. Although
prescriptive approach may help in administrating processes, it does not drive changes for
performance improvement. The common EMS frameworks also incorporate a
conformance based approach that assures the conformance of certain standards or
regulations. However, conformance based approach does not drive further performance
improvement when conformance is reached. This is the fundamental flaw in these

frameworks.

() Burden of extensive documentation

Another major limitation of EMS frameworks is the burden of extensive documentation.

These documentations define the activities or steps to be followed to fulfill the

requirements and personnel responsibility across the organization in an EMS. Proper
management of these documents is a challenge and involves a massive cost. The cost of
documentation may discourage small and medium-sized organizations from attaining

EMS certification (Carraro & Leveque, 1999).

2.3 ENVIRONMENTAL MANGEMENT PARADIGMS

2.3.1 POLLUTION PREVENTION (P2)

Pollution Prevention (P2) is defined as “The use of processes, practices, materials or




energy that avoid or minimize the ereation of pollutants and wastes without creating or
shifting new risks to communites, workers, consumers or the environment” (Wolnik &
Fisher, 2005). P2 is a preferred paradigm for environmental protection in many industries,
because it has numerous economic benefits (Zarker & Ker, 2008). P2 emphasizes source
reduction measures for all wastes generated at production areas for protection of the
environment. P2 approaches are considered as the most preferred options in the
environmental protection hierarchy as shown in Figure 2.5. Because P2 i a re-thinking of

the source of pollution for optimizing or redesigning the process to reduce or eliminate

the production of pollutants, no or less control or mitigation activities will be needed. P2

recognizes waste as inefficient in the system, and relies on the source reduction.
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Figure 2.5 Environmental protection hierarchy
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“Traditional pollution control options usually involve the use of complex treatment
technologies and large amounts of manpower, which increases compliance costs
(Hossain, 2009). On the contrary, P2 addresses environmental impacts more effectively
through the following six common  practices: (1) product or process design, (2)

equipment modification and process changes, (3) raw material substitution, (4) improving

Over last two decades, the U.S. EPA has taken steps towards environmental management
emphasizing P2 and promoting beyond-compliance performance (Zarker & Kerr, 2008).
P2 can serve as a vehicle to improve the efficiency of environmental management
because it will lead to benefits such as a reduction in the amount of labor and equipment
required for waste treatment, reductions in waste treatment and production costs,
improvement in_ business efficiency and profitability, reduction of regulatory non-
compliance costs, reduction of risk to workers and to the community, and improvement
of the organization’s public image. Finally, P2 can be used (o help promote the continual
improvement of environmental management through ongoing identification, evaluation,

‘and implementation of P2 opportunities.

232 RISK INFORMED DECISION-MAKING (RIDM)
The Sustainable Development Agenda (1990) has motivated the development of
environmental management decision-making tools, among which RIDM is one novel

development (Pollard er al., 2008). The U.S. Nuclear Regulatory Commission (NRC)




defines RIDM as an approach to decision-making in which insights from probabilistic

risk analyses are considered with other engineering insights. RIDM is mostly applied in

arcas such as cstablishing maintenance programs, optimizing inspection policies and

justifying plant modi

jons, and revising technical specifications (Christou &

Mattarelli, 2000; Simola & Pulkkinen, 2004). Fiy

re 2.6 shows a general RIDM process.
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Figure 2.6 The RIDM process (NRC, 2004)
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Risk informed decision approaches may be seen as utility or right-based decision
methods (Ersdal & Aven, 2008). Multi-attribute analysis and cost-benefit analysis are
examples of ilty based methods. The right-based methods (e.g., constrained risk and
zero risk) use risk acceptance criteria, which implies an acceptable risk level. The
calculated risks are compared o this level. The risks are usually related to human health

and the ecological environment,

RIDM has been employed in recent years for the management of environmental issues
such as the redevelopment of Brownfield sites, restoration of chemically affected soil and
groundwater, and decision-making related to wetlands and surface waters impacted by
pollutants (Arulanantham & Feldman, 2003). RIDM has been the subject of great interest
in environmental management because it is able to encode and incorporate the
uncertainties of environmental risks inherent along with other useful information.
Moreover, RIDM allows  environmental management to address the uncertainties
associated with the process and identify areas that may be over/under designed. Therefore,
the RIDM paradigm has the potential to be used as a tool in properly managing
environmental risks and improving overall environmental management within an

organization.




Chapter 3

PROPOSED FRAMEWORK

This chapter presents a novel EMS framework. It intcgrates paradigms of pollution
prevention and risk informed decision-making and addresses the limitations of common
EMS frameworks. Furthermore, the uniqueness of the proposed framework is highlighted

through a comparison with other EMS frameworks in the literature.

3.1 RISK AND POLLUTION PREVENTION FOCUSED
ENVIRONMENTAL MANAGEMENT SYSTEM (RP2EMS)

301 THE RATIONALE

“Traditionally, Pollution Control and Mitigation is used as a preferred approach in an EMS.

“The proposed EMS framework (Figure 3.1) integrates the concept of pollution prevention

(P2) due to the following reasons

(1) P2isa widely accepted and a preferred approach for environmental protection (all

1 ly be viewed as t solutions);

(2) P2 can hamess environmental management in two ways:
(@)  Environmental management is implemented from a more holistic
perspective;

(b)  Less effort and investment are needed to develop/operate waste treatment



@

)

Systems when wastes are eliminated or minimized at their sources, which
reduces the costs of environmental management;
P2 can be the key for effective EMS because the majority of environmental
aspects are unregulated and it can help to identify problems as well as
opportunities (Chu, 2003);
P2 can be casily integrated with EMS because it is also based on a similar cycle of

continuous improvement.

The implementation of P2 needs systematic planning, integrated practice, evaluation and

corrective actions that are similar to an EMS framework; therefore, the most cffective

way is to integrate P2 concepts into the EMS's continuous cycle of planning,

implementing and operating, evaluating, and improving environmental performance.

With this integrs

n, P2 alternatives would be routinely considered at the start through to

the end of an environmental management process and will help minimize environmental

impacts within the organization. P2 is proposed to be implemented through the risk

informed decision-making (RIDM) paradigm for the following reasons:

(0]

@

RIDM provides a mechanism of quantifying environmental impacts and

evaluating various solutions by reporting associated risks;
A consensus on the concept of sustainable development (Clayton & Radcliff,

1996) highlights the importance of managing risk.
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Figure 3.1 The framework of RP2EMS.




312 PROPOSED FRAMEWORK

As shown in Figure 3.1, the starting point is defining the system boundary of the EMS.
Will it consider all of the four stages of OOG operations (i.c., geological and geophysical
survey, exploration, development and production, and decommissioning) or only a
specific stage? This decision influences the subsequent identification of environmental
issues and P2 options. Having prioritized the environmental issues, all applicable legal
requirements need to be identified. This is important, as regulatory compliance is the
bottom line that an EMS aims to achieve. The visions, values, and goals of stakeholders
and other decision makers constitute the basis for establishing pollution prevention and
control strategies, lists of attributes that will be evaluated in decision-making, and a
procedure for how to perform decision-making processes. The next step i to identify P2
opportunities applicable to the identified significant environmental issues and generate a

list of alternative pollution protection options

A risk informed decision-making method is used 1o select the suitable alternatives.
Implementation of the selected altematives requires the proper assignment of
responsibility and good communications during operations. Moreover, emergency
planning is also required to help to achieve short and long term responses and recovery
during an unexpected emergency event. Finally, the environmental performance of the
current operation is evaluated. Based on the results of environmental performance
evaluation, decision makers need to identify opportunities for improvements and update

their current environmental management strategies.



‘The framework provides guidance and a procedure for the exccution of environmental

management focusing on P2. The aim is 10 achieve a certain level of consistency in

environmental management involving uncertainties and confidence in reaching more

desirable outcomes. Quantitative tools were developed and discussed in Chapters 4 t0 6

for the following major steps:

a

@

Prioritization of environmental issues: to develop the environmental policy of an
environmental management system (EMS), it s always a challenge for decision
makers 10 identify the significant environmental issue through prioritization. The
challenge results from lack of information and uncertainty in the decision making
process. Integrating fuzzy inference system (FIS) with fuzzy AHP, the proposed
‘approach enables the decision makers to account for the impacts of uncertainty in
determining the overall priority. Additionally, by implementing FIS at the lower

levels of the analytic hierarchy, the computation is simplified, the problem of

the

ia chy becomes

consistency is resolved and adding or deleting crit
easy o operate in the algorithm, thus, the limitations of conventional fuzzy AHP
methods are climinated. Finally, this approach generates a crisp numerical score,

based on which priorit

tion of the environmental issues can easily be
accomplished.

Environmental decision-making: an innovative approach s developed to support

perations. Game theory

decision-making in environmental management of OC
is introduced to model decision-making by different groups of players with

conflicting preferences on decision objectives/criteria. Additionally, uncertain




)

32

qualitative and quantitative data are transformed into rough numbers using rough
set theory. In this way, the subjective selection of membership functions and a-cut
i fzzy set-based games are avoided. The multi-criteria game is solved using the
generalized maximin solution concept. Aggregating those rough numbers with the

optimal weight of cach eriterion (i.., solution of the game), a total expected

payoff (in rough number form) is obtained for each altemnative. Finally, weights of
the upper and lower limits are introduced to tun the expected payoff into a crisp
score. By comparing these scores, the best altemative can be identified.

Environmental performance evaluation: adopting QFD to implement a novel
scheme to identify the specific indicators on a case-by-case basis, the proposed
approach provides a transparent process for EPE. It is also the first time that QFD
coupled with rough sets has been explored for EPE. Moreover, by implementing
rough set theory, the approach enables decision makers to account for the impacts
of incomplete and vague information in the evaluation process. Finally, this
approach generates crisp indices, based on which environmental performances

can casily be compared and potential improvements could be proposed.

1SO 14000 BASED EMS

1SO 14001 based EMS is the most widely accepted and applied system. Figure 3.2 shows

the differences between the RP2EMS and ISO 14001 based EMS.
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Figure 3.2 Comparison between the RP2EMS and ISO 14001 based EMS




3.3 OTHER EMS FRAMEWORKS
In the following section, three recently proposed EMSs, which also involve P2 concepts,

are reviewed in comparison to RP2EMS.

LIFE CYCLE ASSESSMENT (LCA) INTEGRATED EMS

LCA is gaining popularity as a method that assists the quantification of environmental
impacts and evaluation of the optimization altematives throughout the life cycle of a
process, product or activity in an EMS (Azapagic, 1999). Since life cycle thinking is
critical to enable the identification of opportunities that exist to minimize environmental

impacts at every stage of producti

, the integration of LCA and EMS can intemalize
environmental issues throughout the life cycle of production into corporate thinking at all
levels (Sangle, 2005). Khan ef al. (2002) proposed a methodology (Figure 3.3) for
effective EMS based on LCA that characterizes, quantifies and interprets environmental
impacts so that it can help to identify problems and opportunities in reaching
environmental improvement and also evaluate implemented or proposed options for
process change/modification, raw material changes, ctc. Lewandowska ef al. (2011)
‘summarized major limitations of this system:

(1) Time consumption;

@ Impossible to aspects with quali h and

(3)  Arisk that LCA may not capture all environmental impacts well.
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Figure 3.3 A systematic procedure to develop LCA integrated EMS (Khan ef al., 2002)



PRODUCT ORIENTED EMS (POEMS)

POEMS focuses on the continuous improvement of a product’s eco-efliciency (ecological
and economic) along its life cycle through systematic integration of eco-design in the
organization’s strategies and practices (Rocha & Brezel, 1999). POEMS is a logical
extension of current, often primarily named facility-oriented EMS (Rene ef al., 1999)
Ammerberg & Sundin (2005) advocated that POEMS resulted from the integration of
concept design for the environment (DfE) and the EMS. DIE employs design approaches
10 reduce overall environmental impacts of a product, process, or practice. A POEMS has
two parts:

(1) Integration of environmental aspects into the product development process; and
(2)  Integration of the product development process into the management system of an

organization.

Product-specific. environmental review or product profiling is one significant step in
POEMS. One challenge in POEMS is to investigate potential improvements based on
product profiling information and develop procedures for the DIE activities. The DIE
activities should be performed at the operational level based on the defined procedures
and use as much product profiling information as possible. Lastly, in order to provide a
solid base for reaching continuous improvement, revisions of existing procedures and

products are conducted to identify improvement opportunities.

POEMS can reveal the environmental impacts caused by the organization's operations




and aims to reduce these impacts. However, it may be out of control of one organization

because co-operations between organizations (¢.g., producers and actors) are needed at

cach stage of product life cycle (Rene et al., 1999).

INTEGRATED EMS (IEMS)

The U.S. EPA relcased IEMS through its DIE. Program. The DIE approach to developing

an IEMS has six main steps (U.S. EPA, 2000):

(0]
@)
)

@

)
©

Identify and compare alternatives to evaluate trade-ofs and information gaps:
Use the DIE’s Substitute Tree to evaluate altematives (Figure 3.4);

Use the Pollution Prevention Hierarchy to evaluate and rank approaches (Figure
33);

Integrate environmental consideration into day-to-day decision making that
includes cost and performance to provide environmental solutions to promote

competitiveness;

@ for i and
Work in partnership with stakeholders; engage participation and support of

employees and open communication.
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Figure 3.4 Substitute tree (U.S. EPA, 2000)
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Figure 3.5 Pollution prevention hierarchy (U.S. EPA, 2000)




IEMS emphasizes environmental and human health risk reduction, pollution prevention,

and proper resource management through technical methods that integrate cleaner

technologit methods. Chu izes two goals of IEMS:
(1) To ensure that an EMS drives continuous environmental improvement; and

(2)  Tomake the EMS easicr for operators.

Table 3.1 shows the differences between proposed and existing EMS frameworks to

highlight the novelty of the RP2EMS.
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Chapter 4

PRIORITIZATION OF ENVIRONMENTAL ISSUES USIN!

FUZZY INFERENCE SYSTEM AND FUZZY ANALYTIC

HIERARCHY PROCESS

PREFACE
This work has been published: Yang, M., Khan, F., Sadi, R. (2011). Prioritization of
environmental issues in offshore oil and gas operations: A hybrid approach using fuzzy
inference system and fuzzy analytie hierarchy process. Process Safety and Environmental

Protection, 89 (1), 22-34.

“The first author (Ming Yang) formulated the rescarch problem, constructed the approach,
executed the case study, and developed the first draft of the manuseript. The co-authors
| (Drs. Faisal Khan and Rehan Sadia) supervised the work, critically reviewed the

developed approach and suggested revisions of the manuscript.



4.1 INTRODUCTION
An EMS can be utilized to systematically manage all activities in 00G operations that
cause environmental impacts. A key component of an effective EMS is the environmental

policy, i, a short written statement by the operators setting out their intent and

commitments to deal with environmental issues. Identification of the significant
environmental issues that cause the major negative impactsis necessary when insufficient
resources exist 1o implement an EMS. The environmental policy should provide clear
guidance to ensure that the available resources are directed towards the significant issues
that must immediately be addressed by the EMS. Prioritization will help by sorting out
this issue. The process of the prioritization involves preferences and attitudes towards
multiple criteria/attributes. This process is usually subjected to a scarcity of information
and uncertainties due to human interpretation. Therefore, prioritization of environmental

issues in OOG operations is a complicated problem that necessitates the application of a

robust decision support technique. This chapter aims to propose a novel approach for the

K




42 MULTI-ATTRIBUTE DECISION-MAKING (MADM)
TECHNIQUES FOR PRIORITIZATION
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), outranking
method, and analytic hierarchy process (AHP) are the three most frequently used multi-
attribute decision-making (MADM) techniques for prioritization (Bozbura ef al., 2007).
TOPSIS was developed by Hwang & Yoon (1981 to achieve the rankings of the
altematives based on the shortest distance from the positive-ideal solution (PIS) and the
farthest distance from the negative-ideal solution (NIS). The outranking method
determines which altematives are preferred 10 the others by systematically comparing
each criterion instead of building complex utlity functions (Brans ef al., 1984). AHP,
developed by Saaty (1980) based on mathematics and psychology, is the most popular
method for decision-making. AHP helps to turm a complex problem under study into a

hierarchical structure consisting of a goal and subordinate features. The procedure for

using the AHP is given as follows:
(1) Use a hierarchy to model the decision problem that consists of the decision goal,
available options, and criteria for assessing these options;

(2)  Obtain priorities of the elements of the hierarchy by pair-wise comparisons of the

elements at each level of the hierarchy by means of a nominal scale;
(3)  Synthesize these priorities to obtain priority for the hicrarchy;

(4)  Check the consistency;

(5)  Finalize the decision based on the results from this process.



Saaty (1996) also developed a more general form of AHP - analytic network process
(ANP) 10 release the mutual dependencies and feedback effect of the eriteria. The ANP
can be used as an effective approach in situations where the interactions among the

elements of a system form a network structure (Saaty, 1996).

Once objective information is available, the probability theory is used to deal with

randomness in conducting decision analysis. However, most of the decision analyses in

the real world are performed with subjective or uncertain information. The uncertainty

results from the qualitative definition of linguistic expressions. To solve this problem,
Bellman and Zadeh (1970) made the first attempt at establishing a conceptual framework
based on the fuzzy set theory. With the assistance of experts’ knowledge, fuzzy logic that

is @ multi-valued logic derived from fuzzy set theory is applied to deal with vagueness in

human perceptions and thoughts (Beskese ef al., 2004). Fuzzy logic (Zadeh, 1965
extension of Boolean logic and is now commonly used for complex computer-aided
decision-making. In classical (Boolean) logic, whether the element belongs to the set or
notis clearly defined using 0 or 1. While in the case of fuzzy logic, whether the elements
belong o the set is not definite. In order to express this mathematically, any value within
the interval [0, 1] can be used to represent the degree of belongingness (membership) of
each clement to the set. This concept can be simply represented by the following
expression:
B X (0]

If the membership ux(x) is close to 1, it refers to a greater degree of belongingness of the




element x to the set A. If the degree is close to 0, the degree of belongingness of x to A is.

small,

The fuzzy version of AHP is preferred in the prioritization of environmental issues in
00G operations due to the following two reasons. First, when pair-wise comparison is
used, no measurement scale for each criterion/attribute needs to be explicitly defined

(Spires, 1991), which eases prioritization for decision makers. Second, Klir & Yuan

(1995) identified three types of uncertainties: (1) vagueness (lack of sharp distinction), (2)
non-specificity (two or more altematives are unspecified), and (3) discord (disagreement
in selecting altematives). Fuzzy logic theory is one of the best techniques to
quantitatively deal with vagueness type uncertainty that dominates in the process of
prioritization. A typical example was given by Tesfamariam & Sadiq (2006) to use fuzzy
AHP in risk-based environmental decision making. Nevertheless, the studies by
Buyukozkan ef al. (2004) and Wang & Chen (2008) on different fuzzy AHP methods
indicated four limitations:
(1) The computational requirement s tremendous, especially at the lowest level of
hierarchy where numbers of alteratives are compared in a pair-wise manner

based on each sub-criterion or atribute;

@ i y 3 be used;
(3)  Adding or deleting riteria or attributes in the analytic hierarchy is not easy o

operate in the algorithm;




(4)  The number of the pair-wise comparisons increases with the number of criteria.
‘When the comparison ratios are given by fuzzy numbers, inconsistent ratios are
‘more likely to be expected in real world cases.

In order to eliminate the above limitations, a hybrid approach for prioritization using the

fuzzy inference system (FIS) and fuzzy analytic hierarchy process (FAHP) is proposed in

this chapter. In the literature, FIS has never been implemented in conjunction with fuzzy

AHP 1o structure a methodology for prioritizat

4.3 FUZZY ANALYTIC HIERARCHY PROCESS (FAHP)

Since decision makers are not explicit in their preference during comparisons; therefore,
it is generally very common to find expert judgments using interval values. FAHP was
originally proposed by Van Laarhoven & Pedrycz (1983). Some environmental
applications of FAHP have recently been reported to prioritize the factors in cleaner
production implementation (Tseng ef al., 2009) and o assess the eco-vulnerability (Li ef
al,, 2009). Recent years have also seen the application of the fuzzy analytic network
process (FANP) in the environmental decision-support (Promentilla ef al., 2008; Liu &
Lia, 2009). Table 4.1 summarizes five frequently used FAHP methods that have

significant differences in their theoretical structures




‘Table 4.1 Summary of FAHP methods in the literature (Bozbura et al., 2007)
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The above summary indicates that Chang’s extent analysis method (Chang, 1996) is

relatively casir to implement and therefore is used in our approach. Chang’s method

uses triangular fuzzy numbers (TFNs) rather than trapezoidal or Gaussian fuzzy numbers.

Figure 4.1 shows these three commonly used fuzzy numbers. In the proposed approach,

TFNs are also used due to the following reasons:

(0]

@

(&)

TFNs are intuitively easy to apply and calculate and also prove to be effective in
the decision analyses (Kahraman ef al., 2004; Chang ef al., 2007);

When  interval-valued assessments are employed, decision makers usually
provide narrower ntervals than their actual perceptions may authorize in order to
avoid providing imprecise information. TFNs can effectively solve this problem
by enabling decision makers to provide a supporting set of fuzzy numbers as the
interval that certainly contains the unknown ratio of the relative importance

(Ramik & Korviny, 2010);

TFNs provide the potential for representing and reconciling conflicts in group

decision making because “a” (the lowest possible value), “c” (the largest
possible value), and “b” (the most possible value) can be interpreted as the
‘minimum, maximum and the geometric mean of the decision makers’ judgments

(Ramik & Korviny, 2010).
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Figure 4.1 Representations of triangular, trapezoidal, and arbitrary fuzzy numbers




“The outlnes of the Chang’s method are provided as follows:
Let X ={x,x,..x,} be an object set and U = {t,4,..4, | be a goal set. Each object is
taken to do an extent analysis for cach goal (g). Then, for each object, m extent analysis

values can be achieved:

MMM, =1, 2,..., m) where all M] (= 1.2,...,m) are triangular fuzzy numbers
that have thre parameters (i.c., a- the lowest possible value, b- the most possible value,

and c- the largest possible value). Figure 4.2 presents the steps of this method.
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Figure 4.2 Steps of Chang’s extent analysis method




44 FUZZY INFERENCE SYSTEM (FIS)

The FIS is also known as a fuzzy rule-based system or fuzzy expert system. An FIS is a

way of formalizing the reasoning process of human language using fuzzy logic. The
operational mechanism of an FIS is that the system formulates suitable rules, and based
upon the rules, inference is made using fuzzy IF-THEN rules and fuzzy reasoning. A

standard FIS consists of four blocks that include a fuzzification interface, a knowledge-

erface.

base to define rules and fuuzzy sets, a decision-making unit, and a defuzzification i

Below is a summary of each block:

(1) Fuzsification interfce transforms crisp inputs into degrees of belongingness o

predefined li i tants) based on

() Knowledge-base contains a rule base defining a number of fuzzy IF-THEN rules
and a database defining fuzzy sets used in the fuzzy rules;

(3)  Decision-making unit performs the interface operations of the rules using fuzzy
reasoning, the sieps of which are presented in Figure 43, and the most widely
used t-norm operators in fuzzy set theory are listed in Table 4.2;

() Defuszification interface transforms the results from fuzzy values into erisp values,




Cisp Namiers

Superimposing hrough membership
functions

Fuzy Sets

Outputy
(erisp)

Fuzzy Rules: I Then

Figure 4.3 Steps involved in fuzzy reasoning



“Table 4.2 Commonly used t-norm operations in fuzzy set theory (Novak & Pedryc:

Min operator min (3, b)
Product opsrator b

Bounded operator max 0, 056-1)

Drastic operator aif b=l

7,={64f a=1

0,otherwise

1988)



There are two major fuzzy inference methods: Mamdani and Sugeno inference method.
The main difference between these two methods is that Mamdani uses fuzzy sets as the
rule consequent, while Sugeno employs lincar functions of input variables as the rule

consequent (Sivanandam ef al., 2007).

In the literature, FIS has been implemented for fault detection (White & Lakany, 2008;
Nan et al., 2008), supporting customers” requirements (Juang ef al., 2007), modeling
streamflow (Katambara & Ndiritu, 2009), assessing water quality (Ocampo-Duque ef al.,
2006), and other areas. Very few papers have been found in which FIS is proposed for
risk assessment. Elsayed (2009) developed an FIS 10 infer risk from two input variables
(., consequence and likelihood). In the proposed approach, FIS is implemented to infer

consequence and likelihood, respectively, instead of risk.

4.5 THE PROPOSED METHODOLOGY

451 ANALYTIC HIERARCHY FOR THE PRIORITIZATION OF 00G
ENVIRONMENTAL ISSUES

There are varieties of environmental issues triggering various ~environmental

risks/impacts in OOG operations (Table 4.3). “Significance is the most frequently used

word to describe risks/impacts and also provides a basis for regulatory and policy
decisions (Shepard, 2005). Therefore, the prioritization of environmental issues can be
equivalently performed in the prioritization of the significance of those issues in terms of

environmental risks. To measure environmental risk, consequence and likelihood are two



important parameters of which there are sub-parameters such as severity, geographical
scale, duration, likelihood with respect 1o exposurc, and toxicity or mechanism
assessment. Thus, a five-level analytic hierarchy (Figure 4.4) has been designed to serve

the goal of prioritization of the significance.



‘Table 4.3 Environmental issues in OOG operations (adapted from Patin, 1999)

Seismic survey.

High energy wave

Severe iological damage to larvae and fry
dul fish

Electro survey Adificialelectrica fields  May cause death of fish and other marine
organisms
Drilling for explorati il i
production discharge impacts on marine lving things due (o
hydrocarbon pollution
e Tong term
discharge adultfish
Airemission Local, regional or gobal climate change
very
discharge severe
s W living waste Lite disurbance t
discharge mer
Air emission Local, regional or global climate change
Transportation Noise Lite distrbance because it takes place in
isolated offshore areas
Air emission Local, regional or global cimate change
Tiving things, locally o regionally
Instalation and Air emission Local, regional or global climate change

living things,localy or regionally




L2
MrConars

Sibpuamten

Torteny Avsesm et (TA]

Figure 4.4 A hierarchy used for the prioritization of OOG environmental issucs




452 THE HYBRID APPROACH
A panorama of the hybrid approach is given in Figure 4.5. Pair-wise comparisons need to
be operated at each levelhierarchy in fuzzy AHP methods. This requires extensive

‘computations, most of which are done at the lowest level where comparisons are made in

between each altemative on each sub-criteri For example, in
approach, if there are 10 issues (at level 5) to be prioritized in the above hierarchy, for
each of the 15 sub-criteria/attributes (at level 4), 100 (10x10) comparisons are required.
After these comparisons have been completed, 1500 (15x10) sets of fuzzy triangular
numbers need 1o be processed for weights' vectors. Thus, FIS is proposed o be

implemented at the lower levels of the hierarchy to simplify the computation and can

casily be coded in Matlab. Morcover, the number of se. comparisons  is
significantly reduced in this approach, which also resolves the problem of consistency of

the conventional FAHP methods. As another advantage of combining FIS with fuzzy

AHP, adding or deleting sub-criteria or attributes becomes easy o operate. What needs to
be done is just writing new rules instead of rewriting an algorithm in the traditional
approach. This advantage allows decision-makers 1o adjust the system based on the
current situation without any difficulty. Lastly, this combination does not degrade the

ability of the system to handle imprecise and vague information in the process of

prioritization.
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Figure 4.5 The hybrid approach for the prioritization of environmental issues




his hare provided as follows:

(1) AtLevel S and 4 in the hierarchy (Figure 4.4)
To infer “consequence” and “likelihood of occurrence”, two independent FISs are
developed. They have the same structure but different input and output variables (Table
4.4). There are various methods that can be applied to generate membership functions
that include intuition, inference, rank ordering, fuzzy clustering, neural network, genetic
algorithms, and inductive reasoning (Sivanandam ef al., 2007). To generate membership
functions of the input variables, fuzzy c-means is proposed because of its simplicity and
robustness, while membership functions of the output variables could be defined by a
‘group of experts. Fuzzy c-means is one of the fuzzy clustering methods which determine
not only which cluster an object belongs to but also to what degree this object belongs to
the cluster. This method aims to minimize the weighted within-class sum of squared
Euclidean distance. Specifically, it minimizes an objective function that represents the
distance from any given data point to a cluster center weighted by that data points

‘membership grade. This can be expressed using the following equation:

S wraem @y

T vy

where vy = (i), k=1, 2....K, @ =1, 2..., p denotes the values of the centroid of a cluster k,

X =(xia) 2..., p is the ith objective with respect to p variables, and

d*(x,, ) is the square Euclidean distance between x, and vi. The m denotes the degree of
fuzziness of the clustering chosen from [1, 5], In order to obtain the solution U and v

1, Picard iteration of the is conducted:




@

Stdte. /s,

200 “y
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It i easy to use [center, U] = fem (data, cluster_n) to compute the centers and degree of
belongingness (U) to these centers in Matlab. If a Gaussian shape is assumed and
recognized 1o be appropriate for membership functions of all input variables, then the I
identified centers can be directly used as the “means” of those Gaussian membership
functions. The standard deviations of the datasets consisting of scores representing
experts” ideas (as values of x-axis) and degree of belongingness (as values of y-axis) can
be used as the standard deviations of those Gaussian shape membership functions. The
required datasets can be achieved by distributing questionnaires (c.g., see Appendix I) to
a number of experts for their judgments expressed using an integer score in the range
[0,100]. Take “Severity” as an example, each of the 20 experts is assumed o assign 5
integers € [0, 100] (where O represents the “least significant” and 100 represents the

“most significant”) to the § categories of waste streams. Thus, a dataset consisting of 100

be achieved for g e ip function of “Severity”




‘Table 4.4 Input and output variables of FIS to infer parameters of risk

FiSTor Variabic Type  Variabie Name Turzy Sets (inguisic constans)
Consequence _Input Severty Tow, moderat, high
Tocal regional, global
Duraton Shor, moderate, 1ong
Guput Comsequence Very stight, SHght, medium, serios, very
Tikelihood of _Toput Fxposre Uncommon. common. frequent
C Toxcity Awessment Uncommon, common, frequent
Cuipt Likelihood of Occurrence__ Very low,Tow, medam, high. very igh




Having defined the membership functions, fuzzy rules can be developed by

environmental and operational experts in the OOG industry and management teams.

In this study, since there is no lincar relationship existing between input and output
variables, the Mamdani fuzzy method is used. The soft computational operators

employed by the Mamdani method are listed as follows:

- And Operator: ‘min’ (i.e., conjunctive logic)

Or Operator: ‘max” (i., disjunctive logic)

- Implication Method: ‘min’ (i.c., conjunctive logic)

Aggregation Method: ‘max” (i.c., disjunctive logie)

Defuzzfication Method: ‘cenr

The mechanism of the Mamdani inference method is as follows:

1) first the inputs are

the rule, a

fuzzified 1o get their membership values, If there is more than one input i

fuzzy operator (t-norm operator) should be applied 1o achieve a single membership value

(2) then implication method (min) is applied 1o reach cach rule’s conelusion (3) the fuzzy

aggregation method is used to combine the conclusion of each rule into a single fuzzy set
(4) finally, the deffuzzification method is applied to transform the conclusions into crisp

numbers.



For illustrative purposcs, considering one environmental issue (c.¢., drilling wastes
discharge) is 1o be processed using the above defined two FISs to infer the consequence
and likelihood of occurrence with respect to RME, RHH, RCC (defined at level 2 in

Figure 4.4), first experts need to develop input row matrixes, as shown in Table 4.5.



Table 4.5 A

‘matrix

60_30 70 9 60

3020 20 30

10

issue.




After defining the membership functions and rules, by running the two FISs

independently, crisp numbers representing the extent of consequence and likelihood of
oceurrence, respectively, can be oblained:

For RME - 60.5 and 67.2, For RHH - 34.0 and 35.0, For RCC - 25.9 and 35.0

(@) AtLevel 3 in the hierarchy
‘As commonly defined in the literature, risk can be calculated as a product of consequence.

and likelihood of oceurrence. Scores representing the extent of these two parameters are

the outputs of the two FISs discussed above. Following the previous example, scores

representing the extent of RME, RHH, and RCC induced by the issue are calculated:

60.5%67.2 = 406, 34.0x35.0 = 1190, 25.9x35.0 = 907

() AtLevels2and 1 in the hicrarchy
Varieties of fuzzy scales arc found in the literature (Erensal et al., 2006; Leung & Cao,
2000) to convert the linguistic seale into a fuzzy scale. The triangular fuzzy conversion

scale used in the proposed approach is given in Table 4.6. Questionnaires (see Appendix

ise

1) are needed to get the evaluations. An example of converted results of pair-

‘comparisons is given in Table 4.7.




‘Table 4.6 Triangular fuzzy conversion scale (Bozhura & Beskese, 2007)

Just cqual L) L)
(2.132) @312)

Weakly more_imporant 1322) n231)

Strongly more imporant 0n257) @/512203)
@523) B2812)
(62372) Q115215




‘Table 4.7 An example of converted results of pair-w

RME RHH Ree
RME  (1.11) 0.32.2) 02,1,37)
RHH  (1,23.1) L 0,32.2)

L

RCC @3.12)




The weights” vector of RME, RHH, and RCC can be obtained using Chang’s extent
analysis method. For example, based on the numbers given in Table 4.7, the values of
fuzzy synthetic extent, with respect to RME, RHH, and RCC, were calculated as follows:

Sy =(5/2,712,9/2)®(2/25,3/28,6/43) = 0.200,0375,0.628)

S =(5/2,19/6,4)8 (2/25,3/28,6/43) = 0.200,0.339,0.558)

Sue =(13/6,8/3,4)® (2/25,3/28,6/43) = (0.173,0286,0.558)

‘The degrees of possibility were calculated as follows:

V(SuesSui) =1.000 V(S < Sran) = 0.909
V(Sauie> Srec) =1.000 V(Sauie < Sice) = 0.800
V(S Sec) =1.000 V(S <Swec) = 0870

‘The minimum of the degrees of possibility was obtained:
MinV(Spoe»S) = 1000
MinV(SuunS) = 0909

MinV(SgecsS:) = 0.800

The weights® vector was worked out based on the above values:

W= (d (RME), d (RHH), d (RCC)) " = (0.369, 0.336, 0.295)

Finally, for the issuc of drilling wastes discharge, the Significance Score (SS;) can be
synthesized using the calculated scores representing the extent of risks and their weights:

0.369%4066 +0.336x 1190 + 0.295x907 = 2168

Similarly, for cach environmental issue, such a score can be obtained. The issue with the




highest score i the most significant one that needs to be highlighted in the environmental

policy of an EMS,

4.6 A CASE STUDY

Considering an offshore operator s planning 1o develop an EMS aiming to achieve better

environmental performance, decision makers need o prioritize 11 environmental issucs

(given below) to sort out the significant one to be immediately addressed by an EMS:

a

@

)

)

®

©)

)

Produced waer discharge - the largest waste stream in volume but causes limited
environmental impact;

Drilling waste discharge - may cause physical changes and biological impacts on
the marine environment and organisms near the rigs;

Deck drainage discharge - may contain various contaminants including detergents
and dispersants used for washing, emulsified oil and some other chemicals;
Storage displacement water discharge - is polluted by crude oil;

Flaring emissions - produces green house gases (GHG) that account for climate

e he air that 00G breathe;
Waste gas emissions - may be composed of methane (CH), non-methane volatile

organic 0C), and VOC); may

be toxic to humans;
Chemical use and exposure - such as biocides that may be toxic to marine

organisms and humans;



)

©)

10

an

il spill (drilling accidents) - intense and prolonged hydrocarbon gushing; may
cause acute impacts such as intoxication, death, physio-biochemical disturbances

or behavioral responses in fish and marine mammals, and chronic impacts such as

the disturbance of reproduction of marine organisms, population changes or
community structure changes;

Ol spill (transportation accidents) - caused by collisions, fires, explosions, and
strueture failures; the same impacts as described in the above issue;

Physical disturbance (scismic survey) - seismic disturbance may destroy fish
bladders, larvae and disrupt traditional migration paths of fish and marine
‘mammals;

Decommissioning and rehabilitation - might affect the local fish population; in
some cases, explosives are applied to remove whole platforms, which may cause

injury or even death to fish o marine mammals.

The proposed approach was coded and implemented following the steps given in Figure

4.6. The input mat

es mentioned at step 3 for inferring the consequence and likelihood

of occurrence of Risk to Marine Eco-system (RME), Risk to Human Health (RHH), and

Risk 1o Climate Change (RCC), respectively, are provided in Table 4.8. The matrixes

‘mentioned at step 4 for generating membership functions of input variables were obtained

from questionnaires filled out by 20 hypothetical experts (hence forth referred 10 as

experts). Table 4.9 provides the membership functions of output variables defined by a

group of experts. Table 4.10 gives part of the rule base (mentioned earlier in step 6) used




in this numerical application. These rules were developed based on the author's own

knowledge.

For step 11, the pair-wise comparison matrix is established (see Table 4.11). The

following steps given in Figure 4.2, weights’ vector can be calculated,




Figure 4.6 The i procedure of
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‘Table 4.9 Membership functions of output variables

Tinguisic Shape of Membersiip  Parameters
very slight trapezoid [001525]
aht rapezaid [EEERED]
e rapezoid L]
Seron ezl CRALED]
Seryseros pezod 579 100 1007

T veniow aperoid o1
Tow ropezod EESED]
e o LA
Tigh rapezoid G575 8590
ey igh raperaid 5590 100 100]

W T eyt rapezeid oS
aht rapezod 1075 30407
e apezaid 507055 631
Srions pezid 5565 708]
Very serion peraid 7085 100 1007

0 vaylow ezl OS]
o rapezoid 1535 30 50]
e peroid CERE]
[ peroid LD
ey gh operond 5790 100 1007

WC T veysign apezoid S
e rapezond F153050]
et rapezoid EELH]
ertow apezod L]
ey seron apezaid 6075 100 1007

0 veyiow apezaid 0TS E
peraid (EESED]
e ezl 05065 73]
igh rapezoid LD
ey i ezl 7590 100 1007




Table 4.10 Rule base used in the numerical application

E Rake S GS D = c
T Tow Tocal __short - Very slightly
7 Tow ol moderate S Very sightly
3 Tow Tol Tong. > Sightly
T Tow Tegional _short. > Sightly
g Tow Tegional _ moderate = Sightly
7 moderaie local _long. > medm
H moderate __regional _short > medm
W Toderate_ regional _moderate S medm
s oderate  regional _long =3 medim
T Toderate _global__short S edim
7 Tigh Tegional _ moderate S edium
£ Tigh Tegional _Tong - Very serious
£ Tigh obal _ short S Serions
3 Tigh Jobal__ moderatc = Very serous
7 Tigh b Tong > Very serons
Rue E 0y > o
T uncommon _Uncommon S venlow
B ommon_common S medum
v Trequent _frequent S veyhah

R




Table 4.1 Pair-wise comparisons for major concems

RME R Rec
RME (011 ez
RAH  (172,25,1) LD
RCC 02231 2250 ()




Table 4.12 summarizes all of the results achieved in this example. The results show that
flaring emissions should be the significant issue that should immediately be addressed by

the EMS. This application clearly presents how the proposed h can be performed

and validates the approach.

The results of the proposed approach are quite dependent on the data or information used
for the computation, which is determined by experts” preference, attitude and knowledge.
For example, changes in experts” preferences in pair-wise comparisons of RME, RHH,
and RCC, assignments of values in the input matrixes of the FISs, and rule base will lead
to different rankings of environmental issues. Therefore, it is important that agreement
has been reached among with a group of experts with similar preferences to ensure that

qualified results can be achieved.

‘The proposed approach needs 1o be validated in real-world cases and work on this
direction is in progress. For example, in the recent BP oil spil in the Gulf of Mexico the
approach can be applied to support the development of a prioriy st of responses to
‘minimize damage to the environment. A derivate of the proposed approach is one in
which FISs are implemented at Level 2 and 3 of the hierarchy (see Figure 4.4). The
outputs of the FIS at Level 3 go as the inputs of the FIS at level 2 and finally to infer the

Significance Score. This derivative approach has been implemented in the same case and

the same rank of issues was achieved. This provi ing and validation

of the proposed approach.




Rmposip 1w R TP S80S

imgstp SSeeip TP

(Conims stos) s>uegustp [eorsiud
Srmstp e paapoxd
CE ==

51 (uaptooe Surup) s 1o
1 Smgsip e SR
8 T (aproow vonewodsuen) 165 10
SM % 01 O W% 0150 5N IS TLOTL 50
o Ty eE0m osro-m
21005 SouwuBlS BN HHY awd sauss] mwsmBoIAg

wonwondde eIy a4 J0 SHNSY TI'H AL



Chapter 5

ENVIRONMENTAL DECISION-MAKING USING ROUGH

SET-BASED GAME THERETICAL APPROACH

PREFACE

‘This work has been submitted for possible pul n: Yang, M., Khan, F., Sadiq, R.,
Amyotte, P. A rough set-based game theoretical approach for environmental decision-

. Environmental Modeling and Software.

making: a case of offshore oil and gas operat

(Submitted on May 19, 2011),

‘The first author (Ming Yang) identified the rescarch problem, developed the approach,

executed the case study, and drafted the manuscript. The co-authors (Drs. Faisal Khan,
Rehan Sadi, and Paul Amyotte) supervised the work, critically reviewed the developed

approach, and provided valuable comments to improve the manuseript.

97




5.1 INTRODUCTION

To deal with the significant environmental issues that can be identified using the
proposed method in Chapter 4, pollution prevention (P2) and other sustainable waste
management altematives are developed. There is an enormous drive and enthusiasm in
the offshore oil and gas (0OG) industry to implement environmentally friendly
technologies and develop sustainable waste management strategies. The selection of the
altemate  strategies often involves conflicting objectives, such as minimizing
environmental degradation while maximizing economic profit. In these situations,

decision-makers need to find an optimal solution based on uncertain information. It can

become even more complicated when decision-makers with different

involved, such as operators, regulators and service engineers. Each group may have
different preferences on decision objectives or criteria. Moreover, the decisions of one
group may affect or be affected by the decisions of other groups. One of the appropriate
approaches to deal with this type of multi-criteria conflict resolution problem is game

theory (GT).

Most of the literature on the development of offshore environmental decision support

tools ignore conflicting preferences and interdependency between multple decision
makers due to their competing interests (e.g., Falck ef al., 2000; Suslick & Furtado, 2001;
Chen & Fu, 2003; Sadiq et al., 2004; Sadiq ef al., 200S; Yang et al., 2010). GT provides
an effective platform that can be adopted o address the above limitation due o the

following reasons:




(1) GTis able to simulate different aspects of the conflict between different groups
of decision makers on economic benefits, the need to protect the environment,
and technical feasibility; and

(2) A GT-based approach does not require a large amount of information that is

often unavailable in envi ion pr seek possi

Game theoretical concepts have been applied to a number of fields, such as water
resource management (Raquel ef al., 2007; Kerachian ef al., 2010; Madani & Lund,
2011), transportation planning (Xiao & Yang, 2007), analysis of land and property
development (Pak & Brieva, 2010; Samsura er al,, 2010), and process integration (Chew
et al., 2009). However, there is limited literature on the application of GT to offshore

environmental problems.

Considering the lack of information and/or uncertainty in games, fuzzy set theory has
been introduced in game theoretical approaches (Butnariu, 1978; Butnariu, 1980; Vijay er
al,, 2005; Kacher & Larbani, 2008; Borkotokey, 2008; Kerachian ef al., 2010). The
solution to fuzzy games requires defuzzification of the fuzzy numbers by a-cut (Chen &
Larbani, 2006; Larbani, 2009). The subjective determination of a-cut and membership
functions of fuzzy parameters is a imitation of fuzzy-based game theoretical approaches.
In the current study, rough set theory is proposed to handle uncertainty in a game because:
(1) Rough set theory is also capable of approximating vague descriptions using the

‘boundary region of a set; and




(2 Rough set theory does not require any preliminary or additional informa

about data like membership function or the value of possibility in fuzzy set

theory (Pawlak, 1985)

This chapter aims to develop a rough set-based game theoretical approach for offshore

environmental decision-making. According to the authors’ knowledge, this is the first

application of game theory coupled with rough set theory for solving environmental

decision problems.

52 GAME THEORY

Game theory, proposed by Von Neumann and Morgenstern (1944), is a mathematical

analysis of interactions among rational and intelligent agents. Game theory attempts to
mathematially define behavior in strategic situations. I these situations, an individual's
success in making choices depends on the choices of others (Myerson, 1991). A game is

teraction that involves two or more players. It usually contains a set of players,

available strategies, and specifications for payoffs for all combinations of strategies. Four
forms are used o represent games, which include extensive, normal, characteristic
function, and partition function forms. The extensive form represents a game in a tree

consisting of decision nodes (i.c., possible states of a played game). The normal form

represents a game in a matrix which shows the players, strategies, and payoffs. The

payofT for each coalition is used instead of individual payoff in the characteristic function

form. In the partition function form, the payoff of a coalition depends not only on its
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members, but also on the way the rest of the players are partitioned, which is ignored in

the characteristic function form.

Games are categorized into (a) cooperative games in which players focus on coalition
formation, and (b) non-cooperative games in which players do not make binding
agreements as the choice or coordination of their strategies (Larbani, 2009). In
cooperative games, a Pareto optimal solution needs to be found by the players. It is a
coordinated strategy that leads to the best payofT (i., no player can improve hisfer
payoff without lessening others). The most common concepts to solve cooperative games
are the Von Neumann stable set, the Shapley value, the nucleolus, and the Nash
bargaining solution (Maali, 2009). In non-cooperative games, the Nash equilibriu is the
‘most common solution. Equilibrium is reached when no player can unilaterally deviate
from his or her selected strategy to enhance the payoff. Since a non-cooperative game is a
more realistic. representation of environmental decision-making, this will be further
discussed. A non-cooperative game is usually defined using a set of players, strategy
profiles, and payofs under the following assumptions

(1) Al players are rational;

() Nocoalitions are formed between players;

(3) Al players know all the available information of the game.

In environmental decision-making, it is often the case that more than one attribute should

be considered. In this sense, the proposed approach should be developed based on a




multi-criteria non-cooperative game. Multi-criteria games analyze decision problems
when several eriteria are considered by groups of decision makers. The fist publication

teria normal form game was Blackwell (1956). Since then, different

s of multi-criteria games have been introduced (Li, 1998; Cubiotti, 2000). An

n-person multi-crieria game where all players consider the same set of criteria can be
defined as follows:
G=(.5) @
where 7= {1,..., ) is the set of players, and S is the set ofall easible payoffs that can be
represented by the following matrix,

X e
s={i o0
where !, represents the payofT assigned by the 1 player with respect to the m” criterion.
‘The maximin solution concept is often used 1o solve the above class of games. This
concept aims to maximize the worst value under each criterion (Femandez & Puerto,
1996). The idea behind it s that each player may compromise on those outcomes whose
minimum value can not be improved simultancously with respect 1o each criterion
(Marmol ef al,, 2007). Hinojosa & Marmol (2005) proposed a generalized maximin
solution as an extension of the solution concept developed by Puerto ef al. (1999) for n-

person multi-criteria games. They characterized the generalized maximin solution as the

solution of a vector optimization problem that is given below. This solution concept is

adopted in the proposed methodology.
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max 7,7 )

4270 Vil

where x € S, 2 s the minimum payoff vector.

53 ROUGH SET THEORY

Rough set theory, first introduced by Pawlak (1982), is a generalization of classical set
theory for handling vagueness and ambiguity. It expresses indiscemnibility between
objects by employing a boundary region of a set. This boundary region usually has

precise values of lower and upper approximations. The lower approximation i the union

of all objects that can be positively (ic., unambiguously) classified as belonging to the

the upper approximation is the union of all objects that can possibly be

target set wi
identificd as members of the target set (.., equivalence classes that have non-empty
intersection with the target set). Figure 5.1 is a graphical representation of the above
statement. Typical applications of rough set theory are in arcas such as attributes
reduction (Wu, 2008; Wang ef al., 2008) and rule extraction (Tsumoto, 2004; Wang &
‘Wang, 2009). Recently, rough set theory has also been applicd to environmental decision
support (Hu & Lu, 2009; Bai & Sarikis, 2010). I the current study, a concept known as
rough number (Zhai et al., 2009) is used to handle the imprecise data in the game. The

outline of the concept is deseribed in Figure 5.2.




inerseofl bjects

Upper appronimation

Boundary region

Figure 5.1 A rough set environment (adapted from Bai & Sarkis, 2010)



Rough Sets
A Defnitions

1 Loverapprmtinof

G)= A% o

2 Upperappromation ofC,
HC)=UXUIANC)
3 Boundaryregionf ;.

BO)=UX U/ AN)C)
= (XUl AN >CIAX U AN <G|

9
) Xismatiry dstof
 Alsastofnasesmt dses i wivese 4=(6,C,-G)
@ G<G=.<G, GeAlsizn)

Rough Numbers (RN): RV =[lim(C),lin(C)]

A Basic notons

B. Arithmeic operations

ioveri
LT arjrearc)
A et nover it

(€

2 Uperinit
Q- AN EC)
N, i the mber of et npper it s

 Boundry e
BC)- ()

1. Addtion

R, =l ]

2 Muliplaion

Rkl ]
xRl )

Whee e lwerand upper s,
Fiacor
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54 THE PROPOSED METHODOLOGY

The proposed methodology (Figure 5.3) is designed in four main stages in addition 10 the

initiation and ending stages:

[0}
@

Setting up the decision-making problem;
Processing the data;
Developing and solving the game; and

Identifying the best altemative,

Each of these four stages comprises several sub-steps. A stcp-by-step description of this

‘methodology is presented below,
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Figure 5.3 The proposed methodology
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5.4.1 INITIATION STAGE

Step 1 First, a decision-making team is established. This team includes three groups of

decision-makers who have different prefercnces:

(1) Operators who run the company and are usually cost oriented;

(2)  Regulaors who are from regulatory agencics and may give priority to
environmental issues;

(3)  Service engineers who are offshore facilities service providers and may care

more about technical feasibility.

542 STAGE1

Step 2: The decision-making team should gather and study background information to
define the problem. Three key elements of the problem nced to be identified:

(1) Goalobjectives;

() Attributesleriteria that must be evaluated;

() Available altenatives.

Step 3: Based on the identificd attributes/eriteria, the team needs to collect data to assess
the alternatives. These data can be cither qualitative or quantitative. In the proposed
methodology, qualitative evaluations are made using the “9-point scale” assessment (1,
very bad; 3, bad; 5, moderate; 7, good; 9, very good). Quantitative data may be collected
from various sources (e.g., operators who have implemented the technology or strategy).

All data are converted into an information table. Table 5.1 gives an cxample of part of
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such a formulation. It summarizes the qualitative evaluations of three service engineers,

while the quantitative data are collected from three different sources.
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‘Table 5.1 Basic information

A A A

Technical

Ease of operaion 7

99 157 7191

feasibility
Efficiency (%)

68 M ss 6 M8 80

10



5.4.3 STAGE2
Qualitative and quantitative data are processed separately. Rough set theory is proposed
to deal with the uncertainty associated with subjective information. The arithmetic

averaging operator is used for aggregation.

Step 4: Qualitative evaluations made by each group of decision-makers are processed
independently. For example, the evaluations of a group of three service engineers on
alternative- A; with respect to “ease of operation” in Table 5.1 can be treated in the
following way:
m Rough number calculation:
a) The evaluation by service engineer #1:
lim(7)= R(C) =7
Tim(7) = (R(C)+ R(C,)+ R(C,))/3=(T+9+9)/3=8
RN (7) = [lim(?).im(7)] = [7,8]
b) The evaluation by service engineer #2 : RN (9) = 8, 9]
©) The evaluation by service engineer #3 : RN (9) = [8, 9]

@ Aggregation: ({7, 8] +[8, 9] +[8,91)/3 = [(7+ 8+ 8)/ 3, (8+ 9+ 9)/ 3] = [8,9]

Step 5: Considering different units of quantitative data, Lee et al. (1991) proposed to

‘normalize the actual data of each attribute into an index value - 5, () using the best (BES)

or the worst (WOR) value (Figure 5.4). When BES=WOR, 5, (¥) equals to 1. All

quantitative data are transformed into S, ()



Step 6: This step aims to tune index values into the same scale as that of the qualitative

data. Table 5.2 presents the manner in which these index values ar defined.
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Table 5.2 The qualitative scales used to define the index values

Index value Assessment scale

0S50<02 o 1 verybad

02<80<04 o 3bad

04550 <06 o S moderate

0650 <08  T.g00d

0851 o 9vengood



Step 7: Rough numbers are calculated based on the data achieved in step 6. To illustrate

sieps 5-7, the efficiency data in Table 5.1 can be processed as follows:

() Calculate index values: §, = o—o2

4,8=05,5,=0,5=01,
89-55 ’ e

§602,5=09,5=1,5=07;

() Define index values in qualitative scales:

§1=0.6 > 7, good; §; = 0.4 > 5, moderate; §

.5 «» 5, moderate;
S4=0 > 1, very bad; S5 = 0.1 1, very bad; 8= 0.2 ¢ 3, bad;
§7=0.9 9, very good; Sy = 1 +»9, very good; 5= 0.7« 7, good

() Calculate th ted bers for cach alternati

For A2 [5, 6]; For A3 [1, 2]; For A5 [8,9]

At this point, all data have been prepared for the analysis in the next stages.

5.4.4 STAGE3

Step 8: A three-player and k-criteria bargaining game is defined in matrices. The three

players are the three groups defined in the initation stage:
(1) Player 1 (7))~ a group of operators;
@ Player 2 (P2) - a group of regulators;

(3)  Player3 (Py)-a group of service engineers.

The k criteria may fall into three major categories including costs, environmental risks




(i.¢., human health and ecological risks), and technical feasibility.

Assume these three players consider the same set of k criteria to evaluate a st of n

alternatives, 4 = {Ax}, (V= 1...., n). We also assume that all criteria are to be maximized.

Morcover, the three players are assumed to be equally important in making the decision.

Thus, the game can be represented by a set of payoff matrices, M = {My}, (N = 1,..., n).

For cach Ay, there is a My

xlal xa; wal
xa) xia; xa
LRI T
Xl Kl
EORT N e
CRVOREE AN Iy
where
() @/ (1= Nk /=1,2,3) reprosens cither of the following:
) The qualitative evaluation by the /* player with respect to the i* criterion;
b)  The quantitative data with respeet to the i* criterion.
{a/ } are those aggregated rough numbers obtained in stage 2.
@ the feasible weight of the i” criteri d by the /* player,

which can_be achieved by mutual agreement among players.

(3)  x/a/ represents the feasible payoff of the j* player with respect to the i” crit




(4) s rare the number of criteria associated with cost, environmental issues, and

technical feasibility, respectively; 7+ +1 =k

‘The reasons why /s introduced to tune / 1o model the feasible payoff are:

(1) g is obtained

(2)  The conflictin this game is the determination of the relative importance (weights)

of each criterion in making the decision.

Step 9: The objective of this step is 1o develop an optimization model based on the
‘maximin criterion 1o solve the game. This solution concept is adopted from Hinojosa &
Marmol (2005). From a conservative perspective, players will select a feasible outcome
that can ensure its minimum payofl vector is as good as possible. Therefore, they

riteria optimization model that aims to maximize the vector of payoffs

proposed a mul
‘with respect to each criterion. Based on this idea, the following ‘model can be developed:

5

0<x/<1 kj=1,23;




Hoal o xl Va1,
sl Vs,

B> 2w Vuslon ¥

Extra consirains.

where

N S BN A e RS B

BYYEr L, r s YW s+l rbs 4G

e r s, VW r st L rbs+

(1) 2,...., zis the non-dominated minimum payoff vector.

@) r,s,t have the same definitions as in My.

(3)  The last three constraints are esigned to show the preferences of each player

with respect to each of the three categories of criteria, e.g, x! >x!, x}>x.

show that operators (P;) may consider costs as more important than

environmental issues and technical feasibility. More specific constraints can also.

be used, ez, x, > 3! indicates that operators consider costs to be more than

three times the importance of environmental issues.

(4)  Extra constraints are added when players have some uncertain requirements

related 1o the weights, e.g., 0.1<x, <0.3,03<x} <04.

Step 10: LINGO 9.0 is used to solve this optimization model; it is a software tool

developed to efficiently build and solve various optimization models. Since a/ is a

-variable,

will be solved using LINGO:

can be simplified t itable model that

=6
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st:oxzzVi=123%

Wz V=123

kj=123%
Wl E A VU L, VY= Lt V= s L as

Rl >V BV L+, VWS Lt S

R R VU= L, ¥V 45, VWS rds+ L, r s 4
Extra constrais...

where

(1) 2", ....z'is the non-dominated minimum vector.

(2)  r.stare defined in the same way as in My,

The above multi-objective optimization model can be solved using a weighted sum

method in LINGO. This method scalarizes the multiple objectives into a single objective:

by multiplying cach objective with a weight. In this case, all objective functions are

reated as equal to solve the optimization model.

Finally, {x"} (i.c., the optimal solution of the game) are obtained. Thus, the conflicts

between three different groups of players i.¢., operators, regulators and service engineers)

are resolved. The best alternative will be identified in the next stage.
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5.4.5 STAGE4

Step 11 For cach alternative, the total expected payoffs (TEP) of the three players can be

obtained:

Tere $3 5l %)

where
(1) " isthe optimal solution achicved in stage 3.
@ ais defined in the same way as in My

Step 12: Since TEP is a rough number that is not easy to compare, we introduce the
weights @ and 1- (€2 € [0, 1)) to calculate the expected score (ES) of each alternative:
ES= Qx A +(1-Q)x A" )

where 4" and A" represent the upper and lower limits, respectively, of TEP.

The determination of © depends on how decision-makers want to compare the scores.

Agreement should be reached upon this issue. For instance, if they want to compare by

the upper limit, they can choose © = 1. Finally, the best alternative can be selected by

ranking the expected scores.

5.4.6 ENDING STAGE

Step 13: The decision-making team should develop a proper stratcgy to implement the
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identified alternative in this stage.

55 A CASESTUDY

Drilling wastes (ic., residual drilling fluids and cuttings) usually represent the largest
amount of waste generated from OOG operations aside from produced water. Oil-based
fluids (OBFs) are always not allowed to be discharged offshore while water-based fluids
(WBFs) and synthetic-based fluids (SBFs) can be discharged with or without certain

treatment when approval is granted.

Using SBFs is a preferred P2 opportunity to WBFs and OBFs because of its reduced

wastes discharge, air emissions and energy use (US.EPA, 2000). A

volume of dril
more detailed study on SBFs as an effective P2 option during offshore drilling can be
found in Veil et al, (1995). Despite some environmentally benign features, SBF attached
drilling wastes may still impose potential adverse impacts on the offshore environment.
‘These impacts can be caused by the base fluid (ester) and trace heavy metals (arsenic,

SBFs. I

copper, and lead) in barite used as a weighting agent therefore important to

select the best management scenario. Considering a hypothetical case, the following
scenarios need 1o be assessed:

(1) Offshore discharge of drilling wastes with 3% (by wet weight) SBF retention;

() Onssite re-injection of drilling wastes with 3% SBF retention;

(3)  Onshore landiill disposal of drilling wastes with 10% SBF retention.
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In Scenario 1, drilling cuttings are treated before discharge using solid separation
equipment (e.g., centrifuge and shale shakers) to reduce SBF retention to 3%. This
scenario s the least technically complicated and expensive of the three scenarios;

however,

depends largely on regulatory requirements for discharge. For example,
drilling waste discharge is prohibited in the North Sea (Sadiq & Husain, 2005). In this

case, we assume that discharge of drilling wastes with 3% SBF retention is legal. In

Scenario 2, drilling wastes need to be ground into small particles and pumped into an

underground formation. This scenario is the most complicated because it requires

specialized equipment, integrated design, and intensive monitoring. However, less effort

or investment is needed to develop the waste treatment system. Scenario 3 involves the

transportation of drilling wastes by vessels to onshore for disposal. This transportation
results in high costs, potential for spillage, and atmospheric emissions, which are
regarded as disadvantages of this scenario. Nevertheless, a higher SBF retention was
allowed in this scenario. Since each scenario has pros and cons, the selection of the best

altemative becomes a challenging task in which the currently proposed approach should

be applied.

‘The decision-making team consists of three operators, three regulators, and thre service
engineers. Both qualitaive and quantitative data with respect (0 eight criteria are given in
Table 5.3. The data for costs and efficiency were assumed 1o be collected from three
offshore platforms. The carcinogenic, non-carcinogenic, and ecological risks were

assumed to be calculated based on data provided by the three platforms. Several methods
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have been proposed to calculate environmental risks related to pollutants in offshore oil
production  (Sadiq ef al., 2003a; Sadiq et al., 2003b; Sadiq & Husain, 2005; Zhao et al.,
2008; Chen et al., 2010). All members of the team were required to qualitatively evaluate
cach scenario with respect to the status of technology and ease of operation. Following
steps 4-10 in Figure 5.3, all data were transformed into rough numbers. Additionally, the
optimal weights assigned by each player for each criterion could also be calculated by
solving the optimization model given in step 10. These results are shown in Table 5.4.
Finally, the expected scores of all the scenarios were obtained and are given in Table 5.5,
‘The results indicate that the best option i the Scenario 1 - offshore discharge of drilling
wastes with 3% SBF retention. Then, decision-makers need to build a proper strategy to
implement the selected scenario. They may encounter other decision problems that can be
handled using the proposed approach; e.g., the solid separation equipment that should be
chosen for drilling waste treatment. To verify the results achieved in the above example,

sensitivity analysis was performed in which the weight of each criterion was varied and

expected scores of Scenarios 1, 2, 3 were calculated when © = 0.5 (ic., decision makers
want 1o compare the scores by both the upper and lower limits). The results in Table 5.6
show that the final decision s stable to the variation of weights. Moreover, Figures 5.5,
5.6, 5.7 indicate that expected scores of the three scenarios are most sensitive to

variations in the weight of status of technology. The status of technology may include

reliability of the technology and availability of skilled workers. These are the factors that

all of groups of de will gi to
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Since the application is based on a hypothetical case, the results should not be interpreted

as an accurate depiction of any specific 00G practice. However, the example clearly

demonstrates that the proposed approach can be effectively realized in practice.
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‘Table 5.3 The information table for basic criteria

Criterion _ Criterion Scenario T Scenario Scenario
category
Costs Capital cost T 105 11 07 08 077 05 036 047
(million )
“Operation & 012 011 014 005 008 009 007 006 005
maintenance cost
(million $year)
Environment “Carciogenie Fiok T3 109 2 06 103 99 95 EX
(log scale)
‘Non-carcinogenic Fisk 23 27 5 21 a7 a8 6 s
(og scale)
Ecological risk 13015 001023 035 03 036 03035
Techmical  Fase of operstion 0. 7
feasibility R 7
SE 7
Effciency () R I ) T W
tatus oftechnology _O: 7
R 7 7
SE_7 v =

Note: O - operators; R regulators; SE — srvice engincers
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‘Table 5.4 Rough numbers and optimal weights for cach criterion

(C'l’“""“‘ oz 56BN B (6 B9 ol Wl (se B9
min 0502 e mA we A se B9 on 02 56 )
(million Sycsr)

Carinogeni isk . .
(o L N A LT ]
Noncarinogenic

NorewchnoBT ot pa e 02 0x pa R na o pa R 02
Ecologial k100 (91 04 231035 09 B @9 o B9 ba 6ol
Eascofopersion 035 671 (7] W9 B (60 67 B9 0RO (68 199
i T T YN T TET
Statusof " "

M

Note: 1, 3, and S, represent scenarios 1,2, and 3.

126




Table 5.5 The expected scores of the discharge scenarios




‘Table 5.6 Sensitivity of best scenario to variation of weights of criteria

Criteria Variation of weights _ Expected scores (0= 0.5 Best scenario
15% 19 16 16 Scenaiol
0% 19 16 17 Scenaiol
0% w1 16 Scenario |
s TR 16 Scenario |
T TR 15 Scenario |
KT 18 114 scomriol
‘Operaion & maimenance 1% 1916 16 Scenariol
oost 0% 1 06 17 Scenariol
o 190618 Scenariol
s 18 s 16 Scenario |
0% W s 16 Scenario 1
T 18 W naro |
Scenaro |
E Scenaro |
Ecologica risk Scenario |
Ease of operation B Scenario |
Eficienc Scenaio |
Scenaio |
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Variation of expected score of scenario 1 (%)

Figure 5.5 Sensit
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Figure 5.6 Sensitivity of expected score of Seenario 2 to variation of criteria weights
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Chapter 6

ENVIRONMENTAL PERFORMANCE EVALUATION
USING ROUGH SET-BASED QUALITY FUNCTION

DEPLOYMENT APPROACH

PREFACE
This work has been published: Yang, M., Khan, F., Sadiq, R., Amyotte, P. 2011). A
rough sct-based quality function deployment (QFD) approach for environmental
performance evaluation: a case of offshore oil and gas operation. Journal of Cleaner

Production, 19(13), 1513-1526.

The

st author (Ming Yang) and co-author (Dr. Faisal Khan) formulated the research

problem, The first author structured the approach, designed and conducted a numerical

example. The co-authors (Drs. Faisal Khan, Rehan Sadiq, and Paul Amyotte) critically
reviewed the developed approach and provided suggestions to improve both the approach

and the manuscript,




61 INTRODUCTION

Current EMSs, such as ISO 14001 (ISO, 2004) or the EU-EMAS (ECC, 1993), require an
expliit commitment for continuous improvement of environmental performance. The
connection between EMSs and environmental performance is discussed in several studies
(Perotto ef al., 2008; Nawrocka & Parker, 2009). Environmental performance evaluation

(EPE) is therefore an essential component of an EMS.

A number of studies have been conducted on environmental performance measurements.
KPMG (1992) proposed two categories of measures, including impact and contributor
measures. James (1994) suggested that environmental performance measures could be

grouped into several categories - impact, risk, emissions/waste, input resource, efficiency,

customer, and financial. Ilinitch er al. (1998) advocated four dimensions of
environmental performance measures - organizational systems, stakeholder relations,
regulatory compliance, and environmental impacts. ISO (1999) proposed two types of
indicators — environmental performance indicators (EPI) and environmental condition
indicators (ECI). EPI can be divided further into management performance indicators
(MPI) and operational performance indicators (OPI). Jung ef al. (2001) suggested five
categories, namely general environmental management, input, process, output, and

outcome.

In addition, various quantitative models have been established to assist with

environmental performance evaluation. Jung ef al. (2001) proposed a framework called
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“GScore” 1o evaluate corporate environmental performance based on voluntary
environment, health, and safety (EHIS) reports by aggregating the points of five categories

of measurement, Shen er al. (2005) suggested calculations of the environmental

igh an information logy supported progr
(2007) proposed an evaluation approach that combines ife cycle assessment, multi-
criteria analysis and environmental performance indicators. Data envelopment analysis
(DEA), a wellestablished nonparametric methodology for evaluating the relative
efficiency of a set of comparable entities with multiple inputs and outputs, was applied to
develop performance evaluation models (Zhou ef al., 2008). Based on fuzzy multiple

atribute analysis, Nasii & Huang (2008) developed a decision aid model for

in

Several frameworks that provide lists of environmental indicators were developed
(Veleva et al., 2000; Azapagic & Perdan, 2000; Krajnc & Glavic, 2003), but these lists
give limited insight into how these indicators can be used for different cases to more
preciscly assess environmental performance. Morcover, no framework is applicable as a

whole 10 evaluate environmental performance (Veleva & Ellenbecker, 2001).

This chapter presents an approach which employs quality function deployment (QFD) as.

a 00l to identify key indicators and evaluate environmental performance. Morcover, the

rough set theory is suggested o handle uncertain information in QFD analysis. The

dentifies and ific indi case-by-case basis 10
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evaluate environmental performance more accurately. To the authors” knowledge this is

the first application of rough st theory in QFD analysis that has been used for the

evaluation of the environmental performance.

62 QUALITY FUNCTION DEPLOYMENT (QFD)
QFD was originally developed in 1972 at Mitsubishi as a systematic approach for
identifying the product feathers that strongly contribute o product quality (Akao, 1990).

QFD aims to translate customer requirements into engincering characteristics, process

and production “This translat

of matrices or houses in four phases of a conventional QFD as given in Figure 6.1
Through these four phases, customer requirements are systematically cascaded into the
design, process, and production of the product (Zhang et al., 1999). However, traditional
QFD has some limitations (Law & Hua, 2007):

a

Identification of s not systematic and

(2)  The engincering characteristics of a complex product/process cannot be asily

determined.



rgoeeag s Koy s i
chtrs s opsmins e
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Figure 6.1 Four phases of a conventional QFD (Bossert, 1991)
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“The House of Quality (HoQ) is the most important tenet of QFD. Figure 6.2 gives a

dard structure of HoQ, ists of the following six 1991):

m

@

&)

@

®)

©

Customer requirements (WHATS) organized into proper classifications is one of
the most significant contributions that QFD can make to the successful
development of a product or production process;

Planning matrix usually contains the information regarding the relative
importance of customer requirements and the customer’s satisfaction levels with
the organization’s current operation;

Technical or engineering characteristics (HOWs) corresponding to the customer

requirements arc identified by translating qualitaive - requirements  into
‘measurable quantitative characteristis;

Relationship matrix indicates the extent to which cach HOW affects the
satisfaction of each WHAT;

Correlation matriy presents the interdependencies among HOJWs to capture the

trade-offs between various engineering parameters;

Technical characteristic. importance rankings (the priorities of the HOWs)

provide information for the innovative design of a new product or system.
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4. Relationship matrix

1. Cosommer
requirements

importance rankings

Figure 6.2 House of Quality (HoQ) (Bergquist & Abeysekera, 1996)
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ince QFD was originally proposed, it has been applied to a variety of fields, among
which production development and quality management are the two most popular (Chan
& Wu, 2002). Apart from these, QFD has also been used to form a customer or market

driven decision-making and management process. Published examples include selecting

design options (Cook & Wu, 2001), determining improvement priorities (Barad & Gien,

2001), and deciding facility locations (Chuang, 2001). Moreover, some studics have
proposed Eco-QFD approaches for environmentally conscious manufacturing by
integrating life cycle assessment (LCA) and life cycle costing (LCC) into QFD (Zhang er
al., 1999); for environmental improvement analysis of selected techniques (Halog et al.,
2001); to develop a sustainable fishing fleet by combining environmental issues with
stakeholder requirements (Utne, 2009); to ensure sustainable product design (Vinodh &
Rathod, 2010), and to analyze environmental production requirements using QFD and
analytic network processes (ANP) (Lin ef al,, 2010). However, no papers have yet

proposed the application of QFD for evaluating environmental performance.

63 HANDLING UNCERTAINTIES IN QFD

‘The successful implementation of QD requires a number of subjective perceptions and
judgements achieved through surveys and questionnaires. As a result, uncertain
information becomes inevitable and an inherent part of QFD analysis. There are three

‘major types of uncertainties that can be encountered in the analysis:

m i cg.s




() Inconsistent

formation, e.g., differences in the opinions of different experts or
customers on the same issue;
() Incomplete or missing information, e.g., information is missing when an expert

cannot decide the relative importance of technical requirements or cannot

provide any information about such assessments.

Conventional mathematical logic is incapable of handling these uncertainties. In this
respect, a significant number of studies on quaniitative approaches to deal with uncertain
information in QFD have been conducted. Fuzzy set theory (Zadeh, 1965) has been

widely used in QFD in various arcas to transate vague descriptions into fizzy numbers

that can be manipulated through fuzzy operators (Chan ef al., 1999; Bevilacqua et al.,

2006; Chen et al., 2006; Zhang & Chu, 2009). Rough set theory, first introduced by

Pawlak (1982), is another generalization of classical set theory for handling vagueness
and uncertainty. Recent studies (Zhai ef al., 2009; Li et al., 2009) show that rough set
theory provides an effective tool for dealing with inconsistency in QFD analysis. The
Dempster-Shafer theory of evidence (Shafer, 1967) has been recently applied in QFD to
model incomplete information using a belief structure such as {(0-9, 100%)} (Chin et al.,
2009). Table 6.1 summarizes the advantages and disadvantages of the above-mentioned

methods that are used to handle uncertainties in QFD.




‘Table 6.1 Proposed methods in the literature to handle uncertainties in QFD analysis

Vague descriptons

(A) Effectively deals with the qualiatve def
linguistic expressions

(D) Selecion ofthe membership funtions i difficult andis
affcted by the subjectivity

(D) Increase in fuzy inervalafer fuzzy arithmetic opeations
may affect QFD analyss

Inconsistent Rough settheory  (A) Efectively characterizes inconsistency in describing
information opinions interms of definable concepts
(A) No subjective adjustment o external information is
required for data nalysis
format
Incomplete or Evidence theory () Effectively deals with missing information

missing information

(D) Algorithm s relatively complicated and the
remendous




In our proposed approach, rough set theory is selected to deal with uncertain inform:

due 10 the following reasons:

(1) Rough sets are also capable of approximating vague descriptions by means of the
boundary region of a set;

() The subjective selection of membership functions is avoided;

(3)  Data availability is very limited for the learning or training process to generate

and adjust membership functions obje

ely, for example, through neural
networks;

(4)  Fuzzy sets alone cannot handle inconsistent information;

(5)  Compared 10 evi 2 process is

The basics of rough set theory have been discussed in Section 5.3. Based on the basic
notions of rough sets, Zhai et al. (2009) proposed a novel concept of rough numbers
along with their arithmetic operations (o handle uncertain information in QFD. The
outline of this concept is elaborated in Figure 5.2. In the study by Zhai ef al. (2009), the
illustrated concept proved 1o be robust enough to handle vague and inconsistent

information; however, the authors ignored another type of uncertainty, i.. incomplete or

missing information. In order to make this concept also capable of addressing missing

formation in QFD, steps to implement it are proposed in Figure 6.3. The reason why the

information is missing is that a decision maker is unable 10 select a suitable value from a

set of assessment scales (¢.g., 9-point assessment scale: 1, very low; 3, low; S, moderate;

7, high; 9, very high), which indicates cither one in this set is possible to express his or




her opinion. Therefore, the missing information (null value) can be modeled using an
interval covering the whole region of the set of the assessment scale, for example 1~9.
Another simple method of addressing missing data is mean substitution, which is
accomplished by cstimating missing values by using the mean of the available values.

is

However, this is not suitable in QFD because the data size available for anal

usually very small.
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64 THE PROPOSED METHODOLOGY

In this study, an approach is proposed which describes a QFD-based process for
evaluating environmental performance based on the  identified key indicators (..
indicators that can represent the environmental performance of a system from the
decision makers' perspetives). The proposed approach (Figure 6.4) consists of two
‘major stages. Stage I consists of six houses that are used to identify:

(1) Performance indicators that provide information about the cnvironmental

performance of the operations within an organization and the management efforts
o influence the organization’s environmental performance; and
(2)  Condition indicators that describe the direct impacts on the environment and the

status of regulatory compliance.

‘The identified indicators are used in the House of Environmental Performance Evaluation

(HOEPE) at Stage ITto compute » » g
based on which decision makers can determine whether improved performance has been

achieved.




IR

Figure 6.4 QFD approach for environmental performance evaluation



641

Stage | aims to identify the key indicators.

STAGE I- IDENTIFICATION OF KEY INDICATORS

t, a novel scheme that identifies the key

environmental performance indicators needs to be proposed:

m

@

@)

@

)

Describe the environmental requirements within a system boundary, ¢.g. the
environmental policy and objectives of an EMS within an offshore platform;
Determine favorable outcomes that are aligned with these requirements, i.c.,
favorable performance and conditions;

Identify activities or issues that must be implemented to reach favourable
outcomes, i.c., activities or issues associated with operational and management

performance, environmental condition, and compliance condition;

Search for ways of measuring or monitoring the activities and issues; Warren &

Craig (1996) proposed two general categories:

4) Quantitative measures that refer to traditional means of measuring the amount
of pollution discharged into the environment; and

b) Descriptive measures that provide an indication of the quality of the system
and whether progress has been achieved, but do not quantify the degree of
progress in terms of environmental impacts.

Generate a lst of key indicators bascd on identified measures,

QFD is preferred to be used as a planning tool that implements the above scheme due to

the following reasons:
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(1) Through a serics of interactive matrices, QD is robust enough to address the
prioritization considering all relevant issues and ensure that the key indicators
can be identified; and

(2)  QFD gives proper consideration to the requirements of a system and deploys

them throughout the identification process (Figure 6.4)

Since 1SO 14031 classifies environmental performance indicators into two general

categories (i.¢., performance and condition indicators), two parallel series of houses have
been designed o identify the indicators (as shown in Figure 6.4
(1) Houses A-1,2,3 for performance indicators; and

@) Houses B-1,2, 3 for condition indicators.

Figure 6.5 gives a gencral structure of the six houses at Stage I (in Figure 6.4). The major

components of this house are described in detail as follows.
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Figure 6.5 General structure of the houses at Stage 1
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WEIGHT OF IWHATs

Perceptions of the importance of the WHATS in Houses A-1 and B-1 (in Figure 6.4) can
be solicited from decision makers and represented in the form of an information table.
Based on this, rough numbers are calculated using the method presented in Section 5.3
For illustrative purposes, suppose some opinions expressed by three decision makers for
a pollution prevention program within an office building are given in Table 6.2. This
evaluation was conducted using the “9-point” assessment scale for importance. The rough
‘numbers for the classes concerning the importance scale were calculated and are given in
Table 6.3. For example, the rough numbers of “class 7" (shaded value in Table 6.2) can
be calculated as follows:

lim(7)=RC)=7

Tim(7)

=(R(G)+RC)+ RC)/3=(1+9+9)/3=8

Rough number: RN (7) = [lim(7),im(7) ] = [7.8]
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‘Table 6.2 Decision makers'evaluations on WHATS

Environmental degradation is educed at s source (V,) 7 g g

Resources are reused o recycled within the offce building (V) 7 s 7

Note:
9- Point Scale Assessment for importance: 1, very low; 3, low: S moderate; 7, high; 9, very high




Table 6.3

WHATS using rough
(0]
DM, DM DM,
‘Environmental degradation i reduced at s source (,) w8 e 89
Resources are reused or recycled within the office bulding (%) 1671 [56] (6]




A method is proposed to aggregate the individual evaluations into group consensus:

S’ ©n

1
n
where I, denotes the weight of IWHATS, n s the number of decision makers, and IR,

denotes the importance ratings of each IWHAT determined by the j* decision maker and

quantified into rough numbers.

Using Equation 1, the individual evaluations in the previous example can be ageregated
Wy=((7.81+[891+[8.91)3= [89]

o= ([6.71+{5.614(6,7)/3=[6.7]

Morcover, the weights of IWHATS in Houses A-2, A-3, B-2, and B-3 are the importance

of the key HOWs

ireetly obtained from the previous houses (as given in Figure 6.4). For
example, the weights of JVHATs in House A-2 are the importance of the key HOWS in

House A1

RELATIONSHIP MATRIX

The relationship matrix describes the degree of impact of each HOW on the
satisfaction/achievement of each WHAT in Houses A-1, A-2, B-1, and B-2. For example,
the favourable performances (HOWs in House A-1) can generally be an efficient use of
cnergy, material, and water, small quantity of emissions/eflluentwaste with less
hazardous compositions, safe transport, low cost, tc. In Houses A-3 and B-3, the

relationship matrix describes the degree of importance of cach “HOW” in representing




the status or performance of each “WHAT".

Following the previous example, for instance, decision makers” evaluations on the
relationship between HOWs and IWHATS are given in Table 6.4. The so called null value
is used 1o indicate the missing information in this table. The rough numbers were
calculated through the proposed procedure (Figure 6.3) and summarized in Table 6.5. For
example, the shaded numbers in Table 6.4 were treated in the following way to achieve a
single rough number:

Null value (NV) = 1~9

(1) Substitute I for “*” and calculate the rough numbers

RNpin (1) = [4.8: RN 1) = [1,61; RNpin(9) = [6.9]

(2)  Substitute 9 for **” and calculate the rough numbers
RN (7) = [7.8]; RNx(9) = [8.9); RN 9) = [8.9]

(3)  RN(T) = [48-[7815[(4+7)2,8+8)2]= [6.8]

RN()=[58]

RNO)

7,91
(4)  Aggregation (group consensus)

RN = [(6+5+7)/3,(8+8+9)3] = [6, 8]
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Table 6.4 Decision makers' evaluations on the relationship between HOWs and WHATS

Environmental degradaton is
reduced at its source (I,)

within the oftice building( ;)

‘Note: “*" denotes a nul value.
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‘Table 6.5 WHAT-HOW relationships represented by rough numbers

Erergy  Water Paperuse:
Environmental degradation is reduced a it source () (681 (] 189
Resources are reused o recycled within the offce building () _[45] ] 1891




CORRELATION MATRIX
Before prioritizing the HOWS, their correlations need to be defined in order to adjust the

relationship matrix between WHATS and HOWs. Chin et al. (2009) proposed a way to

incorporate the impact of correlations into the relationship matrix using the following
equation:
R=Y Ruryo Pl ©2)

where K, denotes the adjusted relationship between the i* WHAT and /* HOW, m s the
number of IVHATS, and n is the number of HOWS; 7, denotes the correlations between

the ¥* and the /* HOWs. R, , R, , and r, are in rough numbers.

Following the example, Table 6.6 provides information on the correlations between
HOWs. Based on Table 6.6, rough numbers were calculated and given in Table 6.7. Then,
the adjusted relationship matrix can be calculated as given in Table 6.8. The shaded value
in Table 6.5 was adjusted in the following way:
Ry= Ry Rty + Ry

= [6.81°(9.91+6,71°(0.01+{8.91°[1.2]

=[62,9]
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‘Table 6.6 Assessments on the correlations between HOWs

servaion __Paper s reduction

DM, DM, DM, DM, DM, DM, DM, oM,
Evergycomervaon 9 99 0 0 0 3 1 1
Watrcomervaton 0 00 9 9 9 0 o0 0

e i BN DU SN oS R 0 B S B

corlaton . ek s comiaton: 1. vy wiak puite cyrelaion; 0, o corsotion
ik negalive correlation; -3, weak negative correlation; -5, moderate negaive corelation; -7,

e B e A ST

I, very

strong
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‘Table 6.7 Correlations between HOWs represented by rough numbers

Encrgy conservation __[99] 100) 02
Water conservation___[0,0) 1991 1001
Paper use reduction (12 10.0] 991




Table 6.8 IWHAT-HOW relationships considering the correlations of HOWs

o)
Energy Water Paper use
conservation __conservation _ reduction
s reduced at s source. [6290) [54.63] (7897
ilding__[44.63] [3663], [7691)
160




IMPORTANCE OF HOWs
The HOWs are prioritized according to their importance. The imporiance ratings are

calculated through the following two steps:

(1) Aggregation:

S xK) ©3)

where 17" denotes the importance of the j* HOW before normalization, ¥, is the weight
of the i* WHAT, R|is the adjusted relationship between the i* WHAT and the, ™ HOW,

and m is the number of WHAT.

X x100], fand/= )

@y o )
T+ aY+ L,

where 1, denotes the importance of the j* HOW, (1}")' and (I}")! are the lower and

upper limits of the importance of the /* HOW before normalization, respectively, and n is
the number of HOWs. This equation aims to normalize the numbers into a scale of 100

instead of 1 10 avoid narrowing the variance of the importance values.

Still following the previous example, the importance of HOWs was achicved and is given

in Table 6.9. For example, 1, (the importance of energy conservation) was calculated:




117=[8,9] * [62,90] + [6, 7] * [44, 63] = [760, 1251]

760

T 00— 1Bl 1000 [23,40)
760+(1008 +1510) 1251+ (648+1308)




‘Table 6.9 Importance (in terms of rough numbers) of HOWs

Importance before normalization (1)

01251}

1648,1008]

11308,1510)

[2340)

11933)

(752
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Table 6.9 indicates that energy conservation and paper use reduction are the two critical

performances tha willbe analyzed i the et house. The above ilustrats

1o be iterated in Houses A2 and A3 1o

procedure in House A-1. This procedure n

les of HOWs that can be

obiain the performance indicato
used in House A-2. Through the analysis, critcal operationa and management activites

ample, if House A

House A-3. Following th

can be achieved and used as WHAT

indicates that the doubl-sided printng and perform

energy saving opportunitis are the critical activtis, Table 6.11 gives the potential

measures that can be used as HOWs in House A
percentage of paper use reduction on a monihly basis (%) and “number of implemented

energy saving opportunites (#/year)” are o greate importance than th others,

be used asper




‘Table 6.10 Examples of HOWs in House A-2

! ~ I it it
Energy conservation . Replacing incandescentbulbs _Performing routne Kenificaion

such as fans, typewriters, the resuls of implemented
calculaors, and copiers when  energy saving opportunities

- T -
o ot quipment or facilies
snpping. culkig som doon,

sp
the energy saving actions
loss

et Expe ng th imp
use of electronic mail of faclity wide double-sided

printing or copying policy
and paper products
Double-sided prining
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‘Table 6.11 Examples of HOWs in House A-3

o o |
wan |
e e Feenage o Nomberof g — Perenage
e e pom o
ekl
oS e e
Ll N i
& o
T
e ooy ™™ meted o s
e s e
e — oot
(iiyear)




By implementing the above-described methods, key performance and  condition
indicators could be obtained to proceed with the environmental performance evaluation at
the next stage. The proposed methodology provides a systematic process to transform

entification

qualitative requirements into quantitative indicators. It contributes to casie

of environmental i

642 STAGE II - ENVIRONMENTAL PERFORMANCE EVALUATION
The objective of this stage is to evaluate the environmental performance of current
operations and historical operations based on the indicators that have been identified at

Stage 1. Figure 6.6 presents the House of Environmental Performance Evaluation

(HOEPE) designed for this purpose. The components of the house are deseribed as

follows.
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Conditon Indicators

£
H

Figure 6.6 House of Environmental Performance Evaluation (HOEPE)
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WEIGHT OF INDICATORS
“The weights of indicators are crisp numbers that are calculated by averaging the upper
and lower limits of the rough numbers representing the importance of key HOWS in
Houses A-3 and B-3. For instance, For instance, using the importance value [37, 52]

found in Table 6.9, the weight will be (37+52)/2= 45.

SATISFACTION DEGREE (SD;)

5o, m'“ L2, =12, ) ©5)
" ter value i

5D, = MMy My Ma) (1o kantye [
) W,

n Mer value indicates a z

where M, is the measured value of the ;* indicator in the /* operation; n is the number of

indicators; and k s the number of operations to be evaluated. No matter whether it is a

positive or negative development, the increase of the SD always reflects improved
environmental performance, and vice versa. For example, if the average percentages of
paper use reduction on a monthly basis (positive development) in the years 2010, 2009,
and 2008 are 30%, 20%, and 25%, respectively, then S0, values for these three years are:

25

20,2530

30 20
D, =1, 8D, =07, and SD,
= 0530 " o350 7S

If the monthly average of oil and grease content in ambient water at 1 km away from the
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platform in the years 2010, 2009, and 2008 are 5 ppm, Tppm, and 9 ppm, respectively,

then D, values e

CORRELATION MATRIX

Correlations are directly achieved from Houses A-3 and B-3. Before ageregating the

SDys, it is not necessary 1o adjust them using the correlation matrix again duc o the

following reasons:

(1) Weights of the indicators are calculated considering the correlations among the
performance and condition indicators, respectively; and

(2) The performance and condition indices are calculated independently.

INDIC
Pl Y (SDIXW), = 1,2, o Kand = 1,2, ) ©7)
Clim 3 (SDERIE), = k1, ko2, I and = 1,2, ©®
EPL= P Cl, (©9)

where Pl,is the performance index of the i* operation. CJ;is the condition index of the ith

operation. EPI,is the environmental performance index of the i operation; An EPI has

1o value not measured over time. S/ and SD] are the satisfaction degrees of the
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J* performance and condition indicator in the i* operation, respectively. " and I} are
the weights of the /* performance and condition indicator, respectively. k is the number
of performance indicators, 1 is the number of condition indicators, and s the number of
operations to be evaluated. For instance, based on Table 6.12, the indices were calculated
using Equations 67, 68, and 69: PI = 09x17+1x20407x22= 5I; CI =

1x24+0.6x17+0.5x14 = 41; EPI=51+41= 92,

il



‘Table 6.12 Assumed satisfaction degrees and weights of indicators

Satisfaction degrees 09 1 07 1 06 05

Weightsofindieators 17 20 2 24 1714




‘Analyzing calculated indices and the other achieved results, decision makers will be able
to determine whether environmental performance is improved and they may ideniify

areas where potential improvements can be made,

6.5 A CASESTUDY
Considering an offshore operator needs to evaluate the environmental performance of its
operations in the years 2008, 2009, and 2010. During these three years, an environmental

‘management system (EMS) has been implemented to manage all activites that give rise

impacs. i of this sy

(1) Pollution prevention (P2) rather than pollution control and mitigation options are

routinely identified, evaluated, and implemented throughout the operation; and
(2) Al the environmental protection options are evaluated based on a minimum

environmental isk and the selected options are properly implemented.

To assist with the environmental performance evaluation in the above case, the proposed
approach was implemented following the steps given in Figure 6.7. This is relatively
straightforward to carry out on a Microsoft Excel worksheet. 1) and I3 in both Houses
A-l and B-1 (in Figure 6.4) are the above-mentioned two features of the EMS. The

authors are the decision makers who made the required evaluations in this case study.
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‘Table 6.13 summarizes the decision makers’ evaluations required for the analysis and the

results at steps 1, 2, and 3 in Figure 6.7. H, to Hs of House A-3 in Table 6.13 are listed as

a
@

®
“@

®

©)

)

)

were used i P, to Py):
H - percentage of achieved documented environmental objectives or targets (%);
Hy- number of employees who participated in an environmental training program
Versus the number that need training (ratio);

tions fr I

H - number of t
H, - savings achieved through reductions in resource usage, control of pollution or
wastes ($/y1);

Hs - research and development funds applied 1o environmental improvement
projects with great significance;

Hy - number of advanced drilling tools implemented 1o enable operation to
penetrate precise argets;

H- percentage of synthetic based fluids (SBFs) usage in the total consumption of
drilling fluids (%/yr);

Hy - reduction of produced water discharge compared 10 @ 3-year average (in

2005~2007) (%/yr).



‘Table 6.13 Inputs and results in the identification of performance indicators

Tiouse AT
Decision makers' evaluations Caleulated rough numbers
Weights of WHATs
w979 - w189
779 w18
Relationship matrix
H | HH M,
w 997 - w891 (891 (671 (78]
3 997 W 36l 891 1991 (78]
Correltion matrix
" " L H
H 215 = H199] 671 [00] 78]
H, 999 Ho 167 991 [00] [89]
Hy 000 H 0] o] 1991 (78]
H 997 HeoU8) 89 081 199

Results

oporanceotHOWs (17,51 uv s 2 1
Haand Hy will entr House A-2 s W,
House A2

Decision makers' evaluations Calculated rough numbers

Results

" s H, HooH W H
Importance of HOWs [723]  [S.18]  [621] I m 261 (823 126 [520]
o Ho H Hy will enter House A-3 s Wi, W, W s

House A3
Decision makers’ evaluations Calculated rough numbers

Results

" HHH H W
Importance of HOWs u M3 [T B2 Ba B0 B3 225
‘Weights ofindicators 2 0 1 YRR U B

Note

xpr//) o ching aperaton e ravporation s ety reduced My The nsponmertlpogpons
are efect ed

tvely and efficiently manage

8 Ho Hoe - Use of ombetc olkbsed fus G35 in il By Prodced vt o

tools (e down-hole directional oo,

o penerte pece ks, Hu- Re he e ol g comdmcts 4 fol 05, power e
i i ki) . gt o il okl e s
Maintain mestment orcoss of the environmental cts; Wy - Organize
amvionmettal ok progrems o ovy emploper Hy - Use servics provider wih o confied

environmental management sysiem.



Table 6.14 gives the evaluations and results at steps 4, 5, 6 in Figure 6.7. H, to Hy of

House B-3 in Table 6.14 are listed as follows and H;, H:, and H; were used as condition

indicators (C1 10 Cy):

(1) H; - monthly average of oil and grease content in ambient water at 1 km away
from the platform (ppm);

() Hy- monthly average of the concentration of benzopyrene in the ambient water at
1 km away from the platform (ppm);

(3)  Hy- number of non-compliance;

(&) Hy= number of audits on regulatory compliance.

Both H; and Hi can be used to represent the performance with respect to regulatory

compliance. In this case, only H; is selected o be the indicator due to its greater

importance.



Table 6.14 Inputs and results in the identification of condition indicators

House B-1

makers' evaluations.
Weights of WHAT

Calculated Rough Numbers

- W, [89]
W, (.81
Relatonship ms
H 3
3301 33 - Wi 23] 23] B3]
533 788 Wy [34] 341 156]
Correlation matrix
H H H
" - Hy 1991 100] [67)
H, Hy 100] 1991 [67]
H H 167) [67) [99)
Results
" H
Importance of HOWs  [18.41] [znu] 2955
Hyand H will enter House B2 as W, and)
House B2
Decision makers' evaluations. Caleulated Rough Numbers
Results
H W H o H,
Importance of HOWs  [1554] [1555] (9411 [6.35]
i, Hy, and Hywill enter House B3 as 1, s, and I,
House B3
Decision makers' evaluations Caleulated Rough Numbers
Resuls
Ho O H W H
Importance of HOWs  [11,68] [10,67) [5.52] [344]
Weights ofindicators_ 40 38 9 24
Note
) Bl - s
-
content in ambient i low; Hy

H, Water recen developed indsril uidelnes are folowed




In Tables 6.13 and 6.14, Hs of Houses A-I and B-1 arc favorable outcomes that are

aligned with the environmental requirements (i.c., two features of the EMS in this case
study); and His of Houses A-2 and B-2 are the activities or issues that must be

implemented to reach these favorable outcomes.

Table 6.15 and 6.16 summarize the inputs and results in HOEPE. Bascd on the results,
Figure 6.8 was developed. Figure 6.8 presents an improving trend of the environmental
performance, which indicates that better environmental performance has been achicved
by implementing the EMS. The average of EPIs (the acceptable line in Figure 6.8) can be
used to determine whether the outcomes of the EMS are acceptable or not. Since this
application is based on a hypothetical case, the results should not be interpreted as an
accurate depiction of any specific 0OG operation. However, the example demonstrates

how the proposed methodology can be realized in practice.
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‘Table 6.15 Inputs of HoEPE.

Taputs Yas  F P FoEEs GGG
Data for calculaing 2010 80% 47 16 150000 100000 6 90 30 § 4
satisfaction degrees.
W05 70% 57 20 150000 120000 4 92 35 10 3 6
W05 6% 37 10 10000 600 3 8 W 7 6 3
B ™ W 1§ W85

Weighs of ndicaors
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Indices Years

Performance indices (P1) 136 1095
Condiion indices (CI 51
Environmental performance indices (EPD) 229 211 164

‘Table 6.16 Calculated indices in HOEPE
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2010 2008

2009
Year

Figure 6.8 Comparisons of environmental performances

182



Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

‘This chapter provides conclusions based on the proposed EMS framework (RP2EMS)
and the developed methodologies. A statement of originality of this rescarch is also
presented. Recommendations for future research dircctions are discussed at the end of

this chaper.

7.1 CONCLUSIONS

This research was conducted by adopting a new EMS to support environmental

management in OOG operations. The following are the major conclusions of this

rescarch:

(1) A new EMS framework that integrates paradigms of P2 and risk-informed
decision-making was developed in Chapter 3. As a preferred approach for
environmental protection, P2 is integrated with a conventional EMS framework.
“This integration helps 1o implement environmental management from a more
holistic perspective. Effort and cost that are needed 10 develop waste treatment
systems can be reduced. The paradigm of risk-informed decision-making is
coupled with P2 in the proposed framework. Risk assessments need to be carried
out for each option developed to deal with the identified significant environmental

issues. Based on the calculated risks and other atributes, better options can be



@

selected using a certain decision-making method. To facilitate implementation of

this framework, quantitative approaches were developed. This proposed EMS

framework eliminates the major limitations of conventional EMS frameworks:

(@  Quaniitative approaches arc established to convey and interprot
information for decision-making in an EMS;

(b)  Methodology for environmental performance evaluation is developed to
estimate improvement;

(c) P2 is integrated with the conventional EMS framework to achieve better
sustainability;

(@ All of the developed quanitative tools are proposed to be made into a
comprehensive software package 1o reduce the burden of extensive

documentation in an EMS,

A methodology for the prioritization of environmental issues was developed in
Chapter 4. Integrating a fuzzy inference system (FIS) with a fuzzy analytic
hicrarchy process (FAHP), the proposed approach enables the decision makers to
account for the impacts of uncertainty in determining the overall priority.
Additionally, by implementing FIS at the lower levels of the analytic hicrarchy,

the computation is simplified, the problem of consistency is resolved and adding

or deleting eriteria in the hierarchy becomes easy to operate in the algorithm; thus,

the limitations of the conventional fuzzy AHP methods are climinated. Finally,

the prioritization of environmental issues is performed in terms of environmental
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risks. These features make this approach robust for prioritization of the
environmental issues in OOG operations. This is validated through a hypothetical

case study to prioritize eleven environmental issues.

A methodology for risk-informed decision-making was developed in Chapter 5.
‘Game theory s coupled with rough set theory to structure this proposed approach.
The strength of this approach is that it incorporates game theory (o model
decision-making by different groups of players with conflicting preferences on
decision criteria. A multi-criteria game that has three categories of criteria (ic.,
costs, environmental risks, and technical feasibility) was established. It was
solved using the generalized maximin solution concept. Additionally, uncertain
qualitative and quaniitative data in the game are transformed into rough numbers
using rough st theory. The proposed approach has been successfully applied to a
hypothetical case study on selection of the management scenario of drilling
wastes. The case study demonstrated that this approach is capable of handling

environmental decision problems that involve conflicting objectives or criteria,

P . and roups of &

An environmental performance evaluation (EPE) methodology was developed in
Chapter 6. EPE is essential for monitoring the improvements that an EMS has
brought 1o 00G operations. Adopting QFD to implement a novel scheme to

identify the specific indicators on a case-by-case basis, the proposed approach
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provides a transparent process for EPE. Moreover, rough set theory was
integrated in the approach to account for the impacts of incomplete and vague
information in the evaluation process. The applicability of this approach was
demonstrated through assessment of environmental performance of 00G
operations in three consecutive years. This case study shows that the proposed
approach enables one o generate case-specific indicators to more accurately

measure environmental performance.

7.2 STATEMENT OF ORIGINALITY

The original contribution of the present research can be viewed from the following
perspectives:

(1) Integration of EMS with paradigms of pollution prevention (P2) and  risk-

informed ds king (RIDM) for z ‘management

in 00G operations;

@

Development of a hybrid approach for prioritization which integrates fuzzy
inference system (FIS) and fuzzy analytic hierarch process (FAHP) for the first
time and eliminates the limitations of FAHP;

(3)  Development of a new approach which incorporates game theory in conjunction
with rough set theory for the first time to handle interactive environmental
decision-making with imprecise data;

(4)  Introduction of a new concept of using quality function deployment (QFD)

coupled with rough set theory to identify specific environmental indicators on a
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case-by-case basis.

7.3 RECOMMENDATIONS

“The following ons are provided

a

@

@)

“@

The proposed approach for prioritization of environmental issues adopts fuzzy
numbers to model uncertainty. The prospect to use fuzzy numbers to integrate
richer information should be studied in future research. For instance, it is possible
that the widths of the triangular fuzzy numbers (TFNs) adopted in this study can
be used to reflect the degree of certainty of the assessment. Lastly, a proper way
1o check the consistency of the proposed approach may also need to be developed.
An integration of game theory, rough set, and analytic hicrarchy process (AHP), a
comprehensive framework for multi-criteria decision-making (MCDAY), is also
worth studying in the future, Also the problem that how rough numbers can be
properly compared should be further examined.

Although multiplicative preference relations (¢.g., high-9) with rough set theory
handle the uncertainty well in the proposed approach for environmental
performance evaluation, the prospect (o use fuzzy preference relations with rough

sets in QFID is an arca worthy of further study. A problem also exists in ensuring

that the indicators measure what they are intended to measure. Future rescarch is
needed to reduce this uncertainty in the proposed approach.
The developed quantitative approaches are suggested 1o be integrated in one

common platform for easier implementation of RP2EMS.
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(5)  Due to a lack of practical data, all of the proposed quantitative approaches were

I cases. Further validation on a real-world case is

validated through hypoth

required as future work when data is obtained.
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APPENDICES

QUESTIONNAIRE ON ENVIRONMENTAL RISKS CAUSED BY
EGORIES OF WASTE STREAMS IN OFFSHORE OIL AND GAS

Instruction:
Answer the following questions by assigning a score [0-100] to assess the subjects listed

below, presents “least significant” and “most significant”.
A. Risk to Marine Eco-system

Risk parameters _Sub- parameters _ Waste streams Score < (0,100
‘Consequence Severity Drilling waste
“Atmospheric emission’
Physical disturbance (nose, light)
Tiving waste
“Accidental pollution
Geographical Drilling waste
scale ‘Atmospheric emission
Physical disturbance (noise, Tight)
Tiving waste
Accidental pollution
Duration Drilling waste
“Atmospheric emission
Physical disturbance (noise, light)

Tiving waste

‘Accidental pollution
Tikelihood of Exposure Drilling waste
Occurrence ‘Atmospheric cmission

Physical disturbance (noise, light)
Living waste
‘Accidental pollution
Toxicity Drilling waste
assessment ‘Atmospheric emission
Physical disturbance (noise, light)

Accidental pollution
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B. Risk to Human Health

Sub- parameters_Waste streams Score ¢ [0, 100]
Consequence Severity Driling waste.
“Atmospheric emission
Physical disturbance (noise, light)
Living waste
‘Accidental pollution
Geographical _Drilling waste
scale “Atmospheric emission
Physical disturbance (noise,
Tiving waste
Accidental pollution
Duration Drilling waste
‘Atmospheric emission
Physical disturbance (noise, light)
Living waste
‘Accidental pollution

Tikelihood of Exposure Drilling waste
Occurrence ‘Atmospheric emission
Physical disturbance (noise, light)
Living waste
‘Accidental pollution
Toxicity Drilling wastc
assessment ‘Atmospheric cmission
Physical disturbance (noise, light)
Living wastc
idental pollution
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C. Risk to Climate Change

Seore € 10,100

‘Consequence Severity Drilling waste
‘Atmospheric emission
Physical disturbance (noise, light)
Tiving waste
‘Accidental pollution
Geographical _Drilling waste
scale “Atmospheric emission
Physical disturbance (noise, light)
Tiving waste
Accidental pollution
Duration Drilling waste
“Atmospheric emission
Physical disturbance (noise, light)
Tiving waste
‘Accidental pollution

Tikeliood of Exposure Drilling waste
Occurrence "Atmospheric emission
Physical disturbance (noise, light)
Tiving waste
‘Accidental pollution
Mechanism Drilling waste
assessment ‘Atmospheric emission
Physical disturbance (noise, light)
Living waste
Accidental pollution
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