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However by-products solids and liquids are toxic. Reinjection of PW is commercially
practiced ut this system consumes high energy and emissions = : noticeable. The
stripping system uses gravitational separator to separate suspended solids and oils.
Pollutants removal is accomplished by passing air or steam through the agitated waste
water stream. The removal efficiency of this sys is also high, but packing materials
require frequent cleaning that increase operational cost. The C-Tour process utilizes
liquid condensate from the gas scrubbers and injec it into the PW upstream of the hydro
cyclones. The dispersed and dissolved hydrocart s, which have higher solubility, are
separated by the hydrocyclone. This equipment is in the develc me stage. The process
is very sensitive to the available condensate quality and can be cons: red as an emerging
technology.

TORR is the new technolc  still under develo ent. This is b: :d on the filtration,
coalescence and gravity separation processes. ... multi-stage separation system is able
to remove gas, and free floating and emulsified il from PW. Tl test results of this
system have shown good perf ~ ince in PW cl¢  ing. It can be considered as a future

candidate for PW management.
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Fuzzy Numbers

Fuzzy numbers are the special classes of fuzzy quantities. A fuzzy number is
characterized by a given interval of real numbers, with a membership function between 0

and 1 (Deng, 1999).

Figure 3.4: Construction of triangular membersh  function.

Triangular fuzzy numbers (TFN) M, shown in gure 3.4 are defined by three real
numbers, expressed as (I,m,u). The parameters m, and u, respectively, indicate the
smallest possible value, the most promising value, and the largest possible value that

'scribe a fuzzy event. The TFNs can be described as;

[
(x—l)/(m—l), x<m,

(u_x)/(u_m)’m <x=2u, (3.2)
LO otherwise

14,(x) =1

1 applications it is convenient to work with FNs because of their computational

sin licity, and they are useful © promoting repr¢ ntation and infc 1ation processing in
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e minimum set is a fuzzy subset withn 1b- 1 function p_, (» Iefined as:

k
X—X
_ max .
4umin (X) - |: :l 3 ‘xmin <x< ‘xmax (38)
X X ax

min m

The left side score p, (L) for M is defined as the tersection of a fuzzy number M with

the Chen fuzzy min as follows:

su .

(1) = =14, () (3.9)

Where, 5P intersection point between two lines and g, (x) = membership value of
X

fuzzy number M.

Finally the total scores are defined as p, (T)and ¢ be computed as:

4, (T) = [, (R) +1- 1, (L)]/2 (3.10)

Chen et al. (1992) Method

To convert fuzzy number to crisp scores, Chen et al. (1992) in duced a numerical

approximation conversion scale. This is a modific ion of the Chen (1985) fuzzy ranking

approache. The left and right scores refer to the intersection of a fuzzy number M with
e fuzzy min and fuzzy max respectively. Figu 3.7 illustrates the details of the fuzzy
in and fuzzy max.

The method can be described

The maximizing and minim sets are fuzzy subsets with membership functions

defined as:

54



x, 0<x<1
Mg (¥) = (3.11)
0, Otherwise

I-x, 0<x<1
Hopin (¥) = (3.12)
0, Otherwise

Fuzzy min Fuzzy max

A | /

Ha(X) |,

\t ’i, -
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Figure 3.7: Leftandr  t score of Chen et al. (1992) method

The crisp score of fuzzy number M can be obti 1ed by the intersection of M with the

fuzzy min g, (x) and fuzzy max (x) respectively as follows.

nax

The ght leg score of x4, (R) canbede 1ined as:
su .
4 (R) = 7"[;:" @'n @] (3.13)

The left leg score of 4, (L) can be dett  1ine y
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A>B if a;>b,

(3.17)

For example as shown in Figure (3.9) if we set a-cut =0.9 then A, left and A, right can be

calculated as:

1 values

A

1.0

C.8

0.8

07

0.6

0.5

04

0.3

02

0.1

0o

0.2 0.3 04 Q.5 g 07 0.8 Q.9 1.0

Fuz _ 1umber

Figure 3.9: Principle of alpha cut method

Apo = [0.4, 0.44] and similarly  Bgo [0.48, 0.52]. Based ¢ equation 3.17 B>A,

t

0 i>b =044
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discharge is governed by the dimensionless depth Hu’/B. According to Lee and Cheung
(1991) and Wood et al. (1993) the BDNF is the re;y ne where H / 1, << | and the BDFF is
the regime where H/ 1, >> 1. The transition b veen the BDNF and BDFF can bc
considered H/ 1, =0(1). Two length scales are used in the Lee and Cheung (1991) model
in which I is the measure of direct effect of jet g metry on the flow characteristics and
Im is the measure of the distance where buoyancy becomes more effective than the jet

momentum. The mathematical expression of this odel can be expressed as:

/ = d(—’f) - (4.1)

m (4.2)

m o= F
For H / 1,>>1 the volume flux is not important, so the dilution changes to
S=/fHI) (4.3)

Where, S = the centerline dilution (dimensionless)

For H / I4<<1 the dilution equation for the BDNF is given as

SO _ c,(ﬁ) | (@4

=
ul;

or H/1,>>1 the dilution equation for the BDFF is  ven as
s Al
22 a(—] (4.5)
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The average values for C; and C, were suggested to be 0.1 and 0.51 respectively. The
dilution characteristics with this model can represent the BDNF and BDFF. No specific

solution was incorporated to predict the dilution in the transition zone.

Dilution model by Lee and Neville - Jones (1987): During the study of a number of
United Kingdom outfalls, Lee and Neville - Jones (1987) developed dilution models for

the minimum surface dilution based on field data for horizontal buoyant jets. These

models can be expressed as:

573
S? —031l 2| for BDNF, H/ 14<5 (4.6)
ul, b
and
3u€ _ 039 | for BDFF, H/1,> 5 @.7)
Ll[b [b

Where, S;, = minimum dilution in the surface boil generated by the discharge and
H = water depth above the discharge. In this model there is a discontinuity in the

predictions at (H / 1= 5).

Dilution model developed by Huang et al. (1998): Huang et al. (1998) developed a
dilution model for both centerline and minimum surface dilution that covers all the
regimes, from the buoyancy dominated near field (BDNF) through the intermediate
regime to the buoyancy dominated far field (BDFF) with a single equation. The model

equation used to represents the centerline dilution is as follows:
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-13
5.0 =C][Hj .G 4.8)

[H]_aj
I+a,| —
lb

Where S, = centerline dilution, H = water depth above the discharge, and C,, C;, a;, and
a, are model constants. The constants C; and C, are 0.1 and 0.51 as given by Lee and
Cheung (1991) in equations 4.4 and 4.5, and the constants a; and a, are selected as 0.1

and 2 respectively.

The single equation used to represents the minimum surface dilution is as follows:

-1 3
S H C
"'Q—C, +—4 — 4.9)
uH H s
l+a,| —
. lb

where S,, = centerline dilution (dimensionless), H = water depth above the discharge (m),
and C;, C4, a3, and a; are model constants. The constants C; and C4 are 0.08 and 0.32

and the constants a; and a; are as 0.2 and 0.5 respectively.

Dilution model proposed by Rye et al. (1996): Rye et al. (1996) proposed an analytical
method for initial dilution. The mixing of the release in the recipient water is expressed

through dilution factor. The model equation used to represents the dilution is as follows

(4.10)

[2]

Dilution = ¢ =—=
C
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where, x = distance from the source (m), V = horizontal diffusion velocity (m/s), K, =
vertical diffusion coefficient (m%s), U = average ambient current velocity (m%s), L =
width of the plume diluted in the sea water (m), C = concentration of pollutants measured
in the recipient water (g/m’), C, = concentration of pollutants measured in the outlet
opening (g/m”), Q, = the release rate through the outlet opening (m’/s)and H= height of

the plume diluted in the sea water (m).

4.2.2 Parameters for the selected model

From the review of several initial dilution models, the model presented by Rye et al.
(1996) was found to be more realistic, and has been used for predicting PW initial
dilution. Because this model simplest among the others and data for this model were
found from a practical application in the Ocean outfalls dilution analysis Rye et al.
(1996). For the Rye et al. (1996) model the required parameters are discussed briefly in

the following section.

Distance from the source (x)

For PW discharged, based upon worst-case platform characteristics Karman and Reerink,
(1998) used a default values at 500 m from the platform, to calculate the concentration of
a chemical in the water. The same values were used to calculate the concentration of

pollutants measured in this study.
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Vertical diffusion coefficient (K,

The vertical diffusion coefficient (K, ) is about 0.01 m?/s for a wind velocity 10 m/s (Rye
et al., 1996) . The vertical diffusion coefficient may be affected by the plume depth. A
plume depth of more than 25 m tends to form vertical turbulence; in this case a lower
vertical diffusion coefficient may be considered given (Rye et al., 1996). For the present

study K, was 0.01 m?/s.

Effluent discharge rate (Q,)

The release rate through the outlet opening is an important parameter used in the outfall
modeling. The average PW discharge from one platform is 0.0174 m’/sec (GESAMP,
1993). Studies from 30 oilfields have shown the range of PW discharge to be 3.68 x 10
m®/sec to 0.276 m’/sec (USEPA, 1993). Rye et al. (1996) used an eftluent discharge rate

0.007 m3/sec for his study, and a same value was used in this study.

Ambient water velocity (U)

Ambient water velocity at the offshore platform location varied between 0.03 and 0.3 m/s
(Brandsma and Smith, 1996).The USEPA (1995) used an ambient velocity of 0.05 m/sec

for the open bay in Louisiana, and the same value was used for this study.

Horizontal diffusion velocity (V)
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4.3.1 Problem formulation

Problem formulation is a process for generating and evaluating preliminary hypotheses
about the occurrence of ecological effects from human activities. It provides the
foundation for the entire ERA. Problem formulation is the outcome of three components:
(a) assessment endpoints that adequately reflect management goals and the ecosystem
they represent, (b) conceptual models that describe key relationships between a stressor

and an assessment endpoint and (c) an analysis plan.

Conceptual models

A conceptual model in the problem formulation phase is a description and representation
of relationships between ecological entities and stressors. It may describe primary,
secondary and tertiary exposure pathways, or co-occurrence among exposure pathways,
ecological effects and receptors. Conceptual models for ecological risk assessments can
be developed from information about stressors, potential exposure, and predicted effects
on an ecological entity. Figure 4.2 describes a conceptual model for potential risk from
PW discharged. There are several potential stressors present in the PW. For this study
only two types of stressors are considered to calculate the ecological risk, namely,
organic PAHs, and inorganic metals, like cadmium (Cd), copper (Cu), and zinc (Zn).

The metal compounds were chosen due to there toxicity and high concentration in PW,
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and since PAH compound have rarely been used to represent ecological risk from PW,

they were selected for this study. PAHs could bioaccumulate due to accumulation in

sediments or particulate matter.

[ Produced water

2 discharged
=z U
& Effluent Plume

(—g /(;)\\ { N ( 3 4 ( '
g g T:; 2 2 < @
1723 o @ S » 5 @ o @\ = ]
6 = & o] B S o =
= g o 2 e S S o o g o
7} o = o 8 8 o 2 =t
— o 0 o QA = = =
S o @ —_ = L2 @» [P
= =L = E o E o g o =
g 5 = =g €38]188 Z8
L o 8 o) =t E
o
k& sl 15| |12 | |F

;H \-J \ J \ J/ \ J

I
v v L 4

4 Biological process Chemical Process Physical Process
E Pathogen Mortality Adsorption / Desorption, Advection / Diffusion,
2 Bioconcentration, Oxidation / Reduction, Dispersions, Dilution,
= Bioaccumulation, Precipitation / Buoyancy, Sedimentation /
Fa Biodegrading, Dissolution, coagulation, Volatilization,
E Biochemical Photodegradation, Light transmission, etc.
= transformation, Chemical transformation,
o Photosynthesis, etc. etc.

[

L2

Potential Ecological Effects

etc.

Toxic effects on Marine species may change
Phytoplankton & Zooplankton community

Sensitive receptor

Phytoplankton & Zooplankton,

Fish, Birds, coral reefs, shellfish, Marine
animals, Marine reptiles, Humans etc

Figure 4.2: Conceptual model of potential risks for produced water discharged (From

NAS 1984)

The acute stressors data are generally expressed as ECs (for aquatic plants) or LCsq (for

aquatic animals). The ECsy or LCsq is the measure of the lethal concentration at mortality

of 50% of exposed organisms during the specified time. For this study the acute toxicity
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data were collected from different sources and t ilated in Appendix-B. According to
Neff et al. (2006), 2-ring and 3-ring PAHs are the main contributors to the ecological risk
of PW discharges. These compounds are relatively more soluble in water than the higher
molecular weight PAHs (Neff et al., 2006). Fro the literature it as been found that
acute toxicity data for PAHs in estuarine and mari  environments is related to the lower
molecular weight PAHs, conta ng 3 or less be : rings in their structure. The acute
and lethal toxicity data for the lower molecular we 1t PAHs are collected from different
sources and reported in Appendix-B. The PAH concentrations causing lethal effects in
marine o nisms vary widely, with the lowest 96-h LCsy of 40 pg/L. was recorded for
juvenile mysid shrimp (Mysidopsis bahia) exposed to fluoranthene SEPA, 1978). For
this study, it was hypothesized that the data availal : (Appendix-B) e representative of
the ecological entities in the marine environment.

The toxic s data in Appendix- . are at various exposure times. To use this data for
fi  her analysis, the following : 1mptions were m le which are described with the help

of a flowchart in Figure 4.3.
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2. The exposure time for this study was assumed 4 days (96 hrs), and when the exposure
time was other than 4 days then the relationst  in equation 4.11 was used to convert

LCsp to 96hrs ( French and French, 1989).

(LCs), = (Lcso)z(%) | (4' 1 1)

where (LCsg) = LCsp at any time t

3. The PNEC values were calculated from (LCjsp)4 data by dividing an uncertainty factor
of 100 as suggested by Thatcher et al. (1999).

4. NOEC values were directly used as a PNEC. In case of ranged data the GM of
NOEC values were as PNEC.

5. If NOEC values were given other than 96 hours «posure, it was assumed as 96 hours
exposure time.

The analyzing plan was the final component in the problem formulation which included a

description of the assessir  t des data needs, measures, and met ds for conducting

the analysis phase of the risk assessment. The alysis plan included pathways and

relationships identified during the problem formula in that would be pursued during the

analysis phase.

4.3.2 Analysis phase

The second phase of the risk assessment process €  mnines two primary components such
as, exposure and effects, and their relationships with each other and the ecosystem

characteristics. There are three steps to be consider  during analysis phase:
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bioconce; ation factor, the con« tration in the d harge stream, and the dilution in the
receiving environment. For this research the PEC was calculated from the pollutants’
concentration in the PW (Appendix-D) with the :lp of Equation 10. The geometric
mean (GM) values were used when the conc n was as a given range of values. In
the case where the individual pollutant concentration was not found, the total
concentration was used. For example if the concer ation of an individual PAH was not
found the the total PAHs concentration in PW was used to calculate the PEC. The
organisms do not necessarily stay close to the im it zone as they can move within the
whole area or beyond the area under study (Sadiq, 2001). Stansbury (1991) considered
the mitigation rate of finfish and shellfish to de ine the exposure probability (p) for
characterization of ecological risk. The US EPA (2000) calcul: :d exposure probability
as the ratio of the impact zone to the area under udy. For simplicity this study used
100% exposure probability.

Bioavailability of the stressors is another factor and although the solubility of PAHs and
other organics very widely, all contaminants in PW except metals were assumed to be
completely dissolved in water and thus 100% bioavailable to the marine species (USEPA,
2000). The USEPA (2000) used a leaching factt (LF) to dett  ne the bioavailable
fraction (BF) of metals in the pore water. The USEPA (199¢ int duced conversion
factor (CF) factor to determine the bioavailable fi tion (BF) of metals in the drilling
waste discharge. Table 4.1 provides a sumn y of USEPA leaching factors (LF) and
conversion factors (CF). To calculate the expos : concentration (EC), the PEC is

adjusted as follows:
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safe, but PW contained some carcinogenic poll nts like arsenic, PAHs with higher

benzene g (4-60), etc. These h™ " ly toxic pollut ts at even very low concentrations can
ange the ecological balance. They have high bioaccumulation capability and they can

casily enter to the human body through od chains. Detailed study : necessary to know

the accurate risk from PW.

The hazard quotients (HQ) for different PW m: gement opti s were calculated and

these values were used in the MCDM model to e uate the PW management options.
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Chapter 5

EVALUATION METHODOLOGY . OR PRODUCED WATER
MANAGEMENT

This cha er deals with the various steps involvec 1 the development of decision making
tools for PW management. Unlike simple decision making problems in the real world this
framework is designed for more than one criterion and alternative. With this
consideration, the decision making tool can be considered as the MCDM technique
(Turban and Meredith, 1991). Two separate analyses were conducted for this study, one
with crisp values and another used fuzzy da A crisp value is a less complex
deterministic MCDM approach which uses single estimates of decision variables
(Stansbury et al., 1999), but it leads to uncertainty, and so fuzzy analysis was conducted
to handle the uncertainty of the aluatic Fi [ly, comparing both results, the best

management system was outlined.
5.1 Structure of the methodology

The organization of the methodology is shown in Figure 5.1. The evaluation of produced

water management techniques is the major objective of this study.
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5.2.1 Scoring scheme

Scores are assigned numbers which represent the « tions’ properties under each criterion.
The scoring schemes used in the evaluation are  vided into two types, subjective and
quantitative. The first type of data provides 1alitative information and lir _ istic
variables are used to convert the scores, and the second type provides quantitative data.

These scoring schemes are described below:

Quantitative scheme

Quantitative data such as the weight, footprint etc. are normalized to unit interval scaled
values before being used in the evaluation. The ni  nalization was conducted using linear
value functions as shown in equation 5.1. As this type of data may have either increasing
or decreasing values, two ranges of normalized scores were used. Positive scores with a
range of 0 to 1 were given to those with increasing values and negative scores with a

range of -1 to O were given to those with decreasing values.

=t (5.1)

Where r; is the normalized value of the criteria C;.
An example of a quantitative scorti  scheme . 1 its calculation are given here for the
‘weights’ criterion which are considered loss critt  a (the less weight, more preferable for

an option). It is then assun v s of e ives A, _, and C are 15
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From the literature it is clear that any accident can destroy the environment and
ecosystem. Considering its importance, the health and safety criterion is considered as a
decision criterion in selecting the PW management system. This criterion is divided into

human exposure and risks from accident as descril 1 below.

Human exposure (Cy4;)

The evaluation measure for this criterion was human risks associated with handling and
operating the PW treatment process. For example, the systems whose parts are covered
and do not require close control by humans were assigned high scores as they prevent
operators from direct contact with wastes or inhalation of volatile contaminants. This
criterion was evaluated subjectively by considerir  :he risk levels of operators. Linguistic
terms such as low, moderate, high etc. were ied to express the risk level by the
technology, with low meaning the level of risk f an operator was minimal. Figure 5.3

was used to calculate the scores. Positive values were used for the assigned scores.

Risks of accident (Cy3)

Under tl . criterion, accidents which were assoc ed with the PW management system
were considered. This included fires, leaks or aterial damage, and spills etc. This
criterion was evaluated subjectively by considering the levels of accident; Linguistic
terms such as low, moderate, high etc. were us ~ to express the accident levels by the
technology, with low mean the level of accidents was minimal. . .gure 5.3 was used to

calculate the scores. Positive values were used for the assigned scores.
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termining the values of r the simplified from « equation 5.3 is ¢ 1ation 5.4, was used

to calculate the uncertainty.

U, = [a—ru‘_ j +[ or U] o +[ oy ] (5.3)
ox, ox, ox,

Uncertainty (U) = {i(CUW, )2] - (5.4)

Where, r = data reduction factor, n is equal to number of criterion, and U; is equal to
uncertainty under the rjjth criteria. In this study, it is assumed that the uncertainties follow
a normal distribution function with a variance of )%. According to this assumption, the
uncertainties for any mean value Ci will be 0.2Ci. From equation 5.4 substituting the

values of Ci with 0.2Ci will give the final uncertainties. Where Ci = the criterion scores.

5.8 Sensitivity analysis

To determine the sensitivity of the evaluation results, this  dy varied the criteria
we’ "its to observe new overall values and alternative ranks. In addition this analysis

assured that the weights u 1 in the evaluation were well defined ai ng the criteria.

Table 5.3: Alternative weights structure

Case ]
1 g~
2 scu
3 sed
4 sed
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mean values were 20%. Sensitivity analysis was done by changing the criteria weights.
In this methodology the original criteria weights :re changed by 30%. Once a criterion
weight was increased by 30%, others criteria weights were decreased proportionally so

that the sum of all criteria weights:  1ained one.

126



Chapter 6

APPLICATION OF . HE PROPOSEL METHODOLOGY:
[YPOTHETICAL CASE S:1uuY

6.1 Introduction

To demonstrate the proposed methodology a si  ple hypothetical case study applicable
for PW management in offshore oil and gas indu ies was introduced. Depending on the
data availability six PW treatment technologies, 1 nely macro porous polymer extraction
(A)), steam stripping (Az), produced water reinjection (A3), compact flotation unit (As),
C- tour process (As), and downhole oil water s aration (Ag) were evaluated using 24
selected criteria. The details of these technologies were discussed in Chapter 2. Two
MCDM models described in Chapter 3 were . plied to rank the selected alternatives
according to their performance in the oil and gas field. ...e following section discusses

the detailed steps involved in both methodologies.

6.2 Application of traditional method

In traditional frameworks an additive va : model was integrated with the AHP to
thance the decision making process. The linguistic approach was pplied to capture the
subjective judgment of decision makers in the absence of quantitative data. This

framework is the combination of the following steps.
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6.3 Application of the fuzzy based concept
The tradi nal AHP was modified to give a fuzzy HP. This methodology integrated the
TOPSIS algorithm with the fuzzy AHP to solve { : decision matrix. The essential steps

of this framework can be described as follows:

6.3.1 Collection and ranking of the subjective data

The fuzzy scores were ge1  ted according to the subjective judgments shown in Table
6.3. The iangular fuzzy numbers (TFNs) shov in Figure 6.5 were used to generate
fuzzy data from the subjective judgments. The aguistic terms used in the subjective
judgments were directly converted to fuzzy sco = g with the help of conversion scales
shown in Figure 6.5. The average values of the 1 nents (shown in Table 6.3) were
used to form fuzzy data. The detailed fuzzy data{ the alternatives are reported in Table

6.10.
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Figure 6.5: Linguistic variable conve

scales for the fuzzy method
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7.2 Recommendations for future work

1.

This study should be used as a basis in the /aluation of PW management systems
u 1g multicriteria decision making. The: ore, this method can be applied as an
initial screening process to be followed by more detailed evaluation for specific
conditions. The results of the study and tI reviews of tecl ologies can also be
uscd to facilitate different PW manageme decision makir problems.

In the detailed evaluation, uncertainty shc d be considered if the data distribution
is used.

The evaluation should be modified by ¢t  ging the evaluation criteria as well as
weighting factors.

As the data for the evaluating options s ificantly affect the reliability of the
evaluation results, improving data quality  critical to enhance performance of the
evaluation. More reliable data, especially those specifically for offshore PW
management, should be used. Updates of { : existing data and collection of newly
available data should be done in the fut : These data a itions can easily be
incorporated into this method.

The weights and scores assigned in the evaluation should be verified or re-
assigned by the people with expertise in PW management in order to obtain better
results.

The PW discha~~~ standards are becoming more stringent and there are no current

offshore PW treatment technologies that can provide zero discharge conditions.
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like oup of PAHs which v ¢ rarely considerc before in PW. T : detailed data base
for the PW contaminants is provided in Appendix-

The application of this methodology can be tended to the variety of decision
management and environmental studies includit  project evaluation, waste management,

d other practical fields related to multicriteria;  lems.
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Appendix - C

MINITAB macro for RE from PNEC values
GMACRO
abdullah.mac
Note macro for RE from PNEC values
do k1= 1:1000
sample S cl ¢2;
replace.
let ¢3 =log(c2)
let c4(k1)=mean(c3)
let c5(k1)=stdev(c3)
let co(k1)=exp(c4(k1)-1.281: :5(k1))
enddo
let c7=mean(c6)
let k2=c7
name k2 'Lowest 10 percentile of PNCI
print k2
endmacro


































