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Ranking of Intangible Process Selection Criteria for
Biological Wastewater Treatment System

Ayub Md. Som

ABSTRACT

A process selection methodology for an industrial wastewater treatment was
developed and later incorporated into an expert system shell (XpertRule)
which allowed a selection to be made based on biological treatment process
alternatives. The methodologv deals not only with tangible parameters but
also intangible or non-numerical parameters which need further
quantification on a hierarchical manner. This paper discusses the procedure
Jor ranking the intangible parameters by incorporating statistical elements,
Principal Component Analvsis (PCP) for biological wastewater treatment
process selection. The quantification of intangible non numeric data has been
rationalised in the study. This has overcome the problem of subjective
Jjudgement given to the process selection criteria as encountered by previous
workers.

ABSTRAK

Satu tatakaedah proses pilihan untuk rawatan air buangan industri telah
dikembangkan dan kemudian diaplikasi menggunakan satu kelompang sistem
pakar (XpertRule) yang membolehkan pilihan dibuat berdasarkan beberapa
alternatif dalam proses rawatan biologi. Tatakaedah tersebut bukan hanya
merangkumi parameter-parameler ketara (tangible) tetapi juga parameter-
parameter tak ketara (imtangible) atau bukan angka yang memeriukan
pengkuantitian lebih jauh secara berhierarki. Makalah ini membincangkan
Satu tatacara untuk memperpangkatkan parameter-parameter tak ketara
tersebut dengan memasukkan unsur-unsur statistik, Analisis Komponen
Prinsipal untuk pilihan rawatan biologi dalam air buangan. Pengkuantitian
data-data tak ketara dan bukan angka rersebut telah dirasionatkan dalam
kajian ini. Masalah tanggapan subjektif yang diberikan kepada kriteria-
kriteria proses pilihan seperti vang dialami oleh penyelidik-penyelidik
terdahulu telah dapat diatasi dalam kajian ini.

INTRODUCTION

A process selection methodology for an industrial wastewater treaiment plant
was developed by Md. Som (1995). The methodology was incorporated into an
expert system shell (XpertRule) to carry out a selection based on biological
treatment process alternatives (Md. Som 1998). 1t has been presented in such a
way that the process selection is dealt with on a hierarchical manner. This
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includes: consent conditions, biodegradability, size of site, wastewater flowrate
and wastewater characteristics. With all of the above, quantitative values could
be assigned or calculated and. as a result of those calculations, potential
treatment processes could be eliminated in a sequential manner. However. there
are aiso other parameters which might affect the process selection but these
parameters are considered intangible as they are too difficult to transform to any
form of numeric functions. The objective of this paper is to discuss the
procedure for ranking the intangible parameters by incorporating statistical
elements for biological wastewater treatment process selection.

LITERATURE REVIEW

Ellis and Tang (1991) developed and Tang and Ellis (1994) tested a selection
procedure specifically for domestic/municipal wastewater treatment optimisation
with respect to developing countries. In addition to several factors considered
previously by other workers, their model incorporated specialised features
such as social, cultural and environmental influences likely to be encountered in
the third world nations. The analytical technique used was a hierarchical
analysis process using matrix data which consisted of 20 key parameters
comprising: flow. influent/effluent characteristics, size and nature of site, land
cost, local money and skill base for construction, foreign money for
construction, community support, power source, availability of local materials,
operation and maintenance costs, professional and technical skill for operation
and maintenance, administration set up, training, professional ethics. climate,
local waterborne diseases, and endemic vector-borne (water-related) diseases.
In summary, the parameters chosen cover a wide variety of factors which are:
technical (parameters 1-4), economic (parameters 5-7), operation and
maintenance (parameters 10-14), sociocultural (parameters 16-17), and
environmental (parameters 19-20). The model developed ranked a definitive
number (n) of wastewater treatment alternatives (decision variables). It achieves
this using an Analytic Hierarchy Process (AHP) (Saaty 1977) which integrates a
20 x 20 parameter matrix with a 20n x n decision variable matrix. The model was
tested on four selected sites where data was taken from treatment plants in
Malaysia, Thailand. Taiwan and Hong Kong. The three major conclusions drawn
from the research are as follows:

1. The model has the capability to handle a large number of parameters, and
provides a systematic procedure, through the application of the mathematical
technique, which facilitates the employment of subjective weighting decisions
based on experience.

2. Intangible parameters, which are considered to be of importance in the
selection of optimal treatment alternatives in the developing world, are able to be
taken into consideration by the model.

3. The model provides some indication of the differential that exists
between one altermative and another.

There are, of course, some disadvantages such as the difficulties in
constructing the decision variable matrices and the exclusion of sludge
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treatment alternatives in the model; the latter is of crucial importance at the
present moment as sludge disposal routes are becoming more difficult to find.
The model also invoives extensive mathematical calculation, especially in the
construction of the decision variable matrices. It may be somewhat
complicated at a later stage, possibly requiring excessive debugging, if any
modification is required to the primary data embedded in the decision variable
matrices.

Okubo et al. (1994) developed a PC-based decision support system for
selecting the most appropriate small scale domestic/municipal wastewater
treatment plant process for specific conditions namely: population and budget
availability for construction, operation and maintenance. The design advisory
system comprises three primary modules: 1) a database module which is
installed with treatment and cost performance data (numerical database) and
intangible and empirical information (non-numerical or knowledge-based
database); 2) an analysis module which is installed with calculated effluent
water quality, installation, operation and maintenance cost based on employed
equations determined from the database module; 3) a dialogue module which
consists of input and output data enabling a rank list of recommended wastewater
processes and comparative evaluations to be presented in support of the
resultant recommended processes. All parameters employed in the evaluation
and ranking of the small-scale treatment plant processes (numerical and
intangible parameters such as pollutant removal, costs for construction,
operation and maintenance, influent flow/load, temperature, complexity,
environmental impact and topography) were expressed in the form of numerical
values. Thus, the non-numerical or intangible parameters were given a
weighting factor in the form of a scale (eg. two for excellent, one for good, and
zero for bad). This enables the user to sort the resultant list according to
parameter values or ranking scores. A method called AHP was used to prioritise
several treatment processes by means of incorporating the intangible
parameters into the decision making process. It was reported that the system
was capable of evaluating the treatment performance of integrated small-scale
wastewater treatment plant processes combined with natural purification
process. As such, the feature of the above system yields a novel tool for
engineers and administrators in the planning and design of wastewater
treatment processes.

Tabucanon et al. (1994) proposed an approach to the design and
development of an intelligent Decision Support System (DSS) to help the
selection process of altemative machines for Flexible Manufacturing Systems
{FMS). In companies in the public sector, under the lack of a systematic selection
approach and inability to quantify the intangible factors, (initial)} cost has been
seen as the safest and the most uncontroversial factor in equipment selection
decisions. As such, a new selection approach is suggested in which factors
other than (initial} cost have been identified and such factors are of both
tangible and intangible type such as flexibility, adaptability, total cost,
productivity, etc. Thus, this is a Multiple Criteria Decision Making (MCDM)
problem which is structurally complex in nature and requires an intelligent DSS to
handle such a problem. In doing so, the approach presented combines the AHP
technique for multicriteria decision making with the rule-based technique for
creating Expert Systems (ES). It also includes other software systems such as
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Dbase 111+ DBMS. EXSYS and Turbo Pascal compiler in order to finally develop a
prototype decision support system for a fixed domain. It helps the user to find
the most “satisfactory” machine on the basis of several objective as well as
subjective attributes.

A knowledge base or expert system was designed by Simonovic (1990) for
the selection of a suitable method for flow measurement in open channel using
an expert system development tool called VP-EXPERT. The system was
designed to perform the selection based on site physical conditions, and this
knowledge base obtained from the above selection was connected to the
database containing the detailed description of availabie methods. In the
development of the system, numbers referred 1o as “confidence factors™ are
used to account for varying levels of certainty. These numbers can be entered
into the conclusions of rules in the knowledge base, or entered by the user in
response to questions posed by the system. If the user wants to assign a
confidence factor when answering the question, he can choose a number
between 0 and 100. If no confidence factor is entered, 100% confidence is
assigned to the conclusion value. The confidence factor is a subjective, not a
statistical, value. 1t has been reported that for well-defined problems like surface
flow measurement method selection, expert system technology may be used to
improve the operation, provide rational sclutions, and provide a useful training
tool.

METHODOLOGY

PRINCIPAL COMPONENT ANALYSIS (PCP)

The method of PCP involves a partitioning of variance within rows of a data
matrix into new variables which are later known as principal components. There
are four steps involved in the calculation of the principal components (Williamson
1972).The first step is to remove the variance between rows by scaling or
standardising each row to have a zero mean, which results in a so-called
transformed data matrix. The second step is to multiply the transformed data
matrix by its transpose (each row becomes a column and vice versa) which gives
a symmetrical matrix. The third step is to find the latent roots and vectors of the
symmetrical matrix. For a square matrix, if a vector can be found such that
multiplication by the matrix is equivalent to multiplication by a scalar, then the
vector is a latent vector and the scalar is a latent root. This can be explained in
the example as follows:

Supposing the following equation is given.
Ax = AXx
where A=matrixofnxn
x = column vectorofnx 1
A =number

In this example, A is a latent root of A and x is the corresponding latent vector.
The vectors which result from the above calculation are then standardised.
Conventionally, the element of x (vector matrix) may be standardised by one of
these expressions as follows (Williamson 1972).
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Z(x)=1 or Max[x]=1
The fourth step is to multiply the ransformed data matrix ( from step 1) by the
vector matrix (from step 3) to give the principal components.

It should be noted that the above mentioned steps are a standard procedure
for the calculation of principal components which can be found in numerous text
books. However, for the purposes of this study the analysis is carried out using
standard computer software called Genstar.

ANALYTIC HIERARCHY PROCESS (AHP)

An attempt was made by Tang and Ellis (1994) to weigh, prioritise and rank the
intangible parameters considered in process selection. In doing so,am x n
parameter matrix is constructed in order to evaluate the relative importance of
the parameters. In assessing the relative importance of the different criteria
(factors) pair-wise comparisons (Saaty 1977) are used, which means that any
particular parameter is not compared with all others simultaneously, but rather
one at a time. The scale used in the comparison is shown in Tabie 1.

TABLE 1. The scale and its description

Intensity of Definition Explanation
importance
1 Equal importance Two activities contribute equally to
the abjective
3 Weak importance of one Experience and judgement slightly
over another favour one activity over another
5 Essential or strong Experience and judgement strongly
importance favour one activity over another
7 Demonstrated importance  An activity is strongly favoured and
its dominance demonstrated in
practice
9 Absolute importance The evidence favouring one activity
over another is of the highest possible
order of affirmation
2468 Intermediate values When compromise is needed

Reciprocal of
above number

between the two adjacent
judgements

If activity i has one of the
above numbers assigned 1o
it when compared with
activity j. then j has the
reciprocal value when
compared with i

Source: Saatv (1997)
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The work done by Tang and Ellis (1994) can be illustrated in a very simpie
example below:

Example 1: The main objective of the task is to remove pollution from water. In
doing 5o, am X n parameter matrix is constructed as shown in Table 2.

TABLE 2. Pair-wise comparison for parameters to remove pollution from water

Treatment plamt  Sludge production Operator
Treatment plant 1 9 A
Sludge production 1 1 1/9
Operator 1/5 9 |

Based on the pair-wise comparison above, it was found. by reference to
priority vectors (Table 3), that treatment plant has an absolute importance over
sludge production and a strong importance over operator in order to remove
pollution from water. Similarly, the operator has an absolute importance over
sludge production to remove pollution from water.

TABLE 3. Priority vectors from pair-wise comparison of
parameters as shown in Table 2

Name of parameter Priority vector
Treatment plam 0.685
Operator 0.263

Sludge production 0.052

As a result of the pair-wise comparison, priority vectors were produced
which, in turn. allowed those water poliution removal parameters to be ranked,
hierarchically. Based on Table 3, the priority vector for treatment plant is 0.685.
Therefore. it is ranked first on the list as far as removal of pollution from water is
concerned. Priority vectors for operator and sludge production are 0.263 and
0.052, respectively. Hence, the latter are ranked second and third from the same
list.



37
RESULTS AND DISCUSSIONS

One of the major difficulties with the work of Tang and Ellis (1994) is in making
decisions as to the relative importance of one factor over another when these
factors themselves are considered intangible. In the simple example shown above,
the decistons are relatively straight forward and the importance of one over the
other in relation to the main objective is clear. The intangible factors considered
in the work of Tang and Ellis (1994) are not of paricular relevance 1o the
selection of an industrial wastewater treatment plant in a developed country.
The factors were based on those which may be important in a third world
country and in the context of municipal or domestic sewage treatment. The
principal of pair-wise comparison however remains valid, providing a way can
be developed which allows one parameter of a chosen set to be ranked against
all other parameters within that set in a pair-wise manner.

The current work sets out to resolve some of the difficulties of the previous
work by adopting a numeric approach to this problem rather than a personal
judgement (which in some cases can appear arbitrary or biased). The intangible
parameters chosen in this particular study are listed as follows:

. Reliability and continuity of power supply

. Excess of biomass production

. Requirement for analytical data for control

. Technical knowledge and requirement for expert supervision of plant.
. Manpower requirements

. Availability of skilled maintenance staff and workshop facilities

. Susceptibility to shock loads

. Susceptibility to Freezing

00 =3 N Lh B W N =

CONSTRUCTION OF A SIMILARITY MATRIX BY MEANS OF
PRINCIPAL COMPONENT ANALYSIS

As described in the methodology, PCP consists of four steps: the data being
used in a fifth step. It can be summarised as follows:

Step |: Transforming data to remove the variance that will not be analysed.

Step 2: Forming a symmetrical matrix comparing each variable with every other
one.

Step 3: Finding the latent roots and vectors of the symmetrical matrix.

Step 4: Calculating the principal components.

Step 5: Constructing a similarity matrix.

WEIGHTING OF INTANGIBLE FACTORS TO EACH UNIT PROCESS

This study involves the selection criteria for a biological treatment which,
basically, consists of aerobic and anaerobic processes. As such, two matrices
were constructed, one for aerobic processes and one for anaerobic, in which
each process requirement was assessed in relation to each of the factors given
below. The rationale for these weightings are described; in some cases these are
based on limited experience and can be changed as more information is
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gathered. The values chosen are thus solely for the purpose of developing the
methodology and the arguments presented in support of the values chosen are
tentative.

Reliability and Continuity of Power Supplv Certain plants are more
susceptible to periods of power shutdown than are others. Generally, aerobic
activated sludge plants are more susceptible than mrickling filters and anaerobic
plants because power is required primarily for the purposes of aeration and
mixing. Within this group the higher rate plants are more likely to have a higher
susceptibility because of shorter retention times and the need for more intensive
mixing for the purposes of mass transfer. Therefore within the activated sludge
type plants a rank order of susceptibility may be (scale 0 - 10) listed as shown in
Table 4.

Sequencing batch reactors have been given a high requirement for
continuity of power supply because of the process control requirement. Power
failure could also possibly interfere with the programmable logic controller
andupset future sequencing. Contact stabilisation has also been given a high
requirement because of the short and intensive contact period where
adsorption reaction take place.

Aerobic fixed film processes only require power for pumping, except for
RBC’s, and thus requirement increases with the intensity of the process. High
rate processes have an absolute requirement for recirculation whereas low rate
conventional processes may work on the basis of a single pass gravity feed.
Fixed film processes are ranked as shown in Table 4. RBC's have a high
requirement for power as failure would cause the discs to stop rotating.

Anaerobic fixed film processes may not require power in terms of electricity
for heating in order to maintain the reactor temperature to 35°C because heating
is done using gas. However. power is required for pumping the feed to the
reactor in an expanded bed, but a down flow submerged filter could run by
gravity feed. Power is required for temperature control but could be supplied by
an ancillary low cost backup unit. Therefore, these processes are ranked as
shown in Table 5. Anaerobic suspended growth processes require power for
pumping and temperature control. In most cases. heating of the reactor is through
the use of gas generated from the COD conversion into methane gas. Anaerobic
contact processes may require power for mixing in order to maintain the reactor
contents in suspension and the UASB process requires recirculation to expand
the sludge blanket. Thus, these anaerobic processes are ranked as shown in
Table 5.

Both the low cost options of waste stabilisation ponds and constructed
wetlands are both regarded as having a zero power requirement.

Excess Biomass Production The amount of biomass produced in an aerobic
process is dependent upon the unit of biological activity per unit of reactor
volume i.e. the “‘rate” of the process, which is a function of the loading rate. For
an activated sludge plant. this is under strict control and the vield is a function
of the mean cell residence time or sludge age. In a fixed film, process control is
not as precise but generally the higher the rate of a process the more biomass
that will be produced and thegreater the need to “slough off” biofilm from its
support media. Anaerobic processes are less productive than aerobic processes



TABLE 4. Weighting (bascd on scale 0 to 10) fur acrobic processes

R High Rate Intermidiate ratc  L.ow rate Contact Oxidation S Extended C I Waste Construcled
B trickling filter trickling filter  trickling lilter  stabilisation  ditch B Aeration A R" stabilasalion Wetlands
C R S A
b
Realibility & continuity of 10 10 5 0 10 5 10 5 8 10 0 0
power supply
Excess ol biomass production 5 10 5 3 8 4 6 4 8 10 0 0
Requirement for analytical 3 5 3 1 8 4 6 4 8 10 5 0
data for control
Technical knowledge & 3 5 3 | 2 2 2 2 8 10 0 0
requireinent for expert
supervision of plant
Manpower reguirement 3 8 3 1 4 4 6 4 8 10 3 0
Availability of skilled 6 6 6 I 8 6 6 .6 8 10 0 0
maintenance stalf & workshop
lacilities
Suspectability to shock loads k) 3 3 3 3 10 1 10 10 10 0 0
Suspeclability to Freczing 8 6 8 10 3 3 2 3 4 2 i0 10
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TABLE 5. Weighting (based on scale 0 to 10) for anaerobic processes

Anacrobic Anaerobic Anaerobic UASB
contact expanded fixed bed
process bed

Reliability &
continuity of 10 5 0 ? 5
power supply

Excess of
biomass
production

Requirement
for analytical
data for control

Technical
knowledge &
requirement for
expert
supervision of
plant

10 6 4 6

Manpower 3 1 1 1
requirement

Availability of
skilled
mainienance
staff &
workshop
facilities

Susceptibility
to shock loads

Susceptibility
10 Freezing

in terms of unit biomass production per unit of pollutant load removed and
generally can be regarded as having an overall low net yield under most loading
conditions. Ranking is as shown in Table 4.

An SBR can be operated in all growth rate modes from high rate to extended
aeration. In practice, it is more likely to tend towards extended aeration, for this
reason it is ranked between conventional and extended aeration.

An RBC is listed as equivalent to an intermediate rate trickling filter.
Although it can be operated over a wide range of loadings it is more likely to be
used when a compact solution is required.

Anaerobic processes: H ave been ranked as 1 as sludge production will be
considerably less than any of the aerobic processes above (Table 5). Waste
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stabilisation ponds are ranked as 5 because of the production of secondary algal
biomass from photosynthesis; some of this may be oxidised
itself if it forms a bottom sediment. Constructed wetlands are ranked as 0
although in some cases it may be necessary to surface crop the emergent
species (Table 4).

Requirement for Analytical Data 1o Support Process Control In general, the
degree of monitoring and control required for aerobic processes depends on
whether the process is high rate or low rate. At the same time, it is also necessary
to look at trends in the wastewater treatment plants for the purpose of
continuous monitoring. A high rate activated sludge requires constant
monitoring because it is inherently unstable. Conventional activated sludge and
contact stabilisation are similar in biochemical activity and shouid be given an
equal degree of monitoring. An SBR is obviously a modified version of
an activated sludge process and should be given a degree of monitoring
somewhere in-between the conventional activated siudge and extended
aeration; this is because the nature of the process, which is run on automatic
sequencing, allows a more stable process operation. Both the oxidation ditch
and extended aeration are low rate processes and operate in an endogeneous
respiration mode and will need less monitoring. These processes are ranked as
shown in Table 4.

In aerobic fixed film processes, the degree of monitoring is less than that
required for activated siudge processes because there is no sludge recycling,
and no sludge or biomass is wasted based on mass balance calculations. These
processes are ranked as shown in Table 4.

Anaerobic processes, in general, have the reputation of being unstable due
to the nature of the process, which is biochemically complex. As such, analytical
data for process control is vital for optimisation of performance of the process.
Anaerobic suspended growth systems require more consistent monitoring
compared to fixed film processes because recirculation or recycling of the sludge
to the reactor is necessary. Similarly, the UASB systems require analytical data for
process control because of the sludge granulation. These processes above are
ranked as shown in Table 5.

Once established waste stabilisation ponds and constructed wetlands
require zero monitoring in terms of analytical data. However, this may take
several months or even years. In some cases, a continuous monitoring system
with feed back loop control can be installed to alleviate the manpower
requirement; this is not taken into consideration in the above arguments.

Technical Knowledge and Reguirement for Expert Supervision of Plant
Those plants which work at a high rate are those which tend to be least stable
and require the greatest degree of technical control and analytical data input
(as mentioned above). It should be emphasised that all plants require technical
skill and thus the rank order reflects the time element this may involve on a
routine basis. SBR are ranked with a low score as the sequencing of the
reactions would allow the technical operator to intervene, for the purposes of
decision making, on a scheduled basis. Even the high rate fixed film processes
are less likely to require the same degree of technical supervision than their
counterpart suspended growth systems, they are thus ranked as shown in
Table 4.



Anaerobic processes have a reputation for instability. although as the
technology becomes more widespread and accepted this reputation is likely to
decline. The process is however complex from a biochemical standpoint and if
problems arise these are likely to be more serious and difficult to control than
those of aerobic processes. Ranking is based on the technical complexity of the
different anaerobic systems ranging from simple submerged filtration to
anaerobic contact where sludge separation and recirculation are required
(Table 5).

Manpower Requirements Manpower requirements refer to manual labour
which may be required on a normal basis. This is generally related to the
operation of ancillary processes essential to the main process eg. sludge
transfer and handling, off site disposal of residues, desludging of tanks.
observation of control panels etc. Aerobic processes are therefore more likely to
require manpower because of sludge generation and, in most cases. a
two tank system of operation. High rate fixed fiim processes also tend to have a
high requirement for the same reasons. Properly functioning anaerobic plants
are likely to have a minimum manpower requirement. The rank order is as
shown in Tables 4 and 5. Stabilisation ponds may require non-skiiled labour to
observe and adjust take off levels, and other routine tasks.

Availability of Skilled Maintenance Staff and Workshop Facilities The
requirement relates to the complexity of the plant especially in relation to
pumps, aeration equipment, and other mechanical parts. The rank order is as
shown in Tables 4 and 5.

Susceptibility to Shock Loads These have been ranked according to
information relating to the processes as abstracted from Metcalf and Eddy
{1991). In general, aerobic suspended growth continuous flow processes are
regarded as being most susceptible and the baich fed SBR are least susceptible
(presumably because the batch is under operator control). Contact stabilisation
is also quoted as being resilient to shock loading. All aerobic fixed film
processes are reported as being resilient as are the anaerobic processes,
although the anaerobic contact process is regarded as being least susceptible.
The rank order is as shown in Tables 4 and 5. Because of the long retention
times. waste stabilisation ponds offer a large buffering capacity to shock loads
and are therefore resilient. Little information is available on constructed wetlands
but it is thought that they may also be resilient because of the long retention
periods in the bed.

Susceptibility to Freezing In general, aerobic suspended growth processes are
least susceptible to freezing compared to the aerobic fixed film processes
because of the aeration and mixing which ensures the contents of the tank to be
always in motion. In the aerobic fixed film processes, filter media are always
exposed to clogging, especially during the winter season which causes a lot of
operational problems. Low rate trickling filters are regarded as having the
highest susceptibility to freezing due to not having recirculation.

Anaerobic processes are also regarded as having zero susceptibility to
freezing because of the reactor temperature which is always maintained at 35 °C.

Constructed wetlands and waste stabilisation ponds are regarded as
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having most susceptibility to freezing and both processes are ranked with 10.
These processes are ranked as shown in Tablies 4 and 5.

Summary Rank Weightings Weighting (based on a scale 0 - 10) for the aerobic
processes (inciuding waste stabilisation ponds and constructed wetland) are
shown in Table 4 and those for anaerobic processes are shown in Table 5.
Where values are the same for one category then this can be assumed to have
no importance in later selection procedures. Therefore the amount of byproduct
generated can be eliminated from the anaerobic matrix before principal
component analysis (PCP) is performed.

The information shown in Tables 4 and 5 comprises two matrices of 12 x 8
and 4 x 8, respectively which, in effect, represent the total score of each of the
intangible parameters with respect to the available processes. The latter were
used as raw data in PCP to carry out the four steps mentioned above which, in
turn, produced the latent roots and vectors of the symmetrical matrix. The
resuits of the analysis yielded similarity matrices as shown in Table 6 and
Table 7, respectively.

The values produced from the similarity matrix were represented in the form
0to 1.0 which means that a 0 value has a low similarity; whereas a value of 1 has
ahigh similarity. The similarity matrix, in effect, produces the distance between
one parameter in relation to every other parameter in the matrix. For example, in
the case of aerobic processes (Table 6), the excess biomass has the highest
similarity to the reliability and continuity of power supply compared to the
susceptibility to freezing which has the lowest similarity. In another example
from the table, the manpower requirement has a high similarity to the technical
knowledge and requirement for expert supervision of the plant compared to the
availability of skilled maintenance staff. Each of the intangible parameters in
Table 7 was also interpreted in the same manner.

TABLE 6. Similarity matrix for aerobic processes

Power Biomass Data Technical Manpower Skills Shock Freezing
: load

Power
Biomass 0926 |

Dz;u 0.815 0913 1

Technical 0.687 0.860 0905 |

Manpower 0822 0.941 0960 0945 |

Skills 0917 0954 0922 0848 0909 |

Shock load 0.590 0.734 0.807 0.811 0.816 0.826 1

Freezing 0425 0548 0.529 0514 0535 0553 0372 |
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TABLE 7. Similarity matrix for anaerobic processes

Power Biomass Data Technical Manpower Skills Shock Freezing
load

Power 1

Biomass 0.560 |

Data 0.726 039 1

Technical 0.736 0310 0990 |

Manpower 0.640  0.990  0.450 0390 1

Skills 0960 0.753 0.804 0.794 0.812 1
Shock load 0.601  0.882 0.737 0.657 0.872 0.801 1

Freezing 0403 0968 0.090 0 0948 0602 0734 |

Both Tables 6 and 7 were used in the pair-wise comparison for the
determination of the overall importance of each of the intangible parameters. In
doing so, the similarity values from the tables were rescaled so as to use the
same scale as described by Tang and Ellis (1994). This is achieved in two ways:

1. Subtract each of the similarity values in Tables 6 and 7 from 1.
2. Multiply the result from 1) by 10. and round this to the nearest digit.

For example, in the case of aerobic processes (Table 6; column 1 row 3), the
rescaled similarity value is calculated as follows:

1-0815 = 0.185 then
0.185x 10 1.85 which is approximately 2.00

il

The rescaled similarity values for the rest of the intangible parameters in Tables
6 and 7, were calculated in the same manner and are shown in Tables 8§ and 9.

The pair-wise comparisons needed to perform this analysis were derived
from the similarity matrix produced from the principal component analysis (PCP)
as desribed earlier. The calculation of pair-wise comparison is shown in Example
1. The pair-wise comparison requires that the importance of one factor over the
other is recognised. To achieve this the overall importance of each parameter
was determined by reference to the total score of peints allocated in each
category in the original matrices (Tables 4 and 5): the higher the value the more
importance that is attached. Hence, a pair-wise matrix could be constructed
(Tables 10 and 11). From each of these matrices, priority vectors are derived
which are an indication of the overall importance of each of the intangible
parameters for the purposes of process selection; these are shown in Tables 12
and 13.



TABLE 8. Rescaled similarity matrix to that shown in Table 6 for aerobic
processes using the values as indicated by Tang and Ellis (1994)

Power Biomass Data Technical Manpower Skills Shock Freezing

load
Power 1
Biomass 1 ]
Data 2 1 1
Technical 3 I 1 1
Manpower 2 1 1 1 1
Skills 1 1 1 2 1 i
Shockload 4 1 2 2 2 2 1
Freezing 6 3 5 5 5 5 6 1

TABLE 9. Rescaled similarity matrix to that shown in Table 7 for anacrobic
processes using the values as indicated by Tang and Ellis (1994).

Power Biomass Data Technical Manpower Skills Shock Freezing

load
Power 1
Biomass 4 1
Data 3 6 !
Technical 3 7 1 1
Manpower 4 1 6 6 1
Skills 1 1 2 2 2 1
Shockload 4 2 3 3 1 2 1

Freezing 6 | 9 10 1 4 3 1




TABLE 10 Pair-wise matrix for aerobic processes

Power Biomass  Analytical Tedmical Man  Skilled Shock Freezing
supply product data knowledge  power saff  loads
Rdiability & conlinuity of 1 3 5 7 5 3 5 2
power supply
Excess of biomass 173 1 3 9 5 1 5 113
production
Requiremient for analytical 1/5 13 1 7 2 13 1 1/5
data for control
Teclmical knowledge & 1/77 19 117 i 1/7 1/ 1/7 1/
requirement for expert
supervision of plant
Manpower requirement 1/5 1/5 112 7 1 1/5 172 177
Availability of skilled 173 1 3 9 5 1 5 13
maintenauce staff &
workshop facililies
Susceptibility to shock 1/5 1/5 1 7 2 15 1 1/5
loads
Susceptibility to freezing 12 3 5 9 7 3 5 1




TABLE 11, Pair-wise miatrix l[or anacrobic processcs

Power  Biomass  Analyti Tedhnical Man  Skilled Shock  Freezing
supply  product  cal data  kmowledge  power staff loads
Reliability & continuity 1 9 13 13 9 3 7 9
of powet supply
Excess of biomass 19 1 19 19 1 1n 1/5 - 3
production
Requirenient for 3 9 1 173 9 3 5 9
analytical data for
control
Technical knowledge & 3 9 3 1 9 5 7 9
requirement for expert
supervision of plant
Manpower requirement 1/9 1 1/9 1/9 1 1/5 13 5
Availability of skilled £/3 7 13 1/5 5 1 3 9
maintenance staff &
workshop fadilities
Susceptibility to shock 177 5 1/5 177 3 173 1 9
loads
Susceptibility to 1/9 173 1/9 179 1/5 1/9 1/9 1

freezing




TABLE 12. Priority vector for aerobic processes (Rank order)

Intangible Parameter Priority Vector
Reliability and continuity of power supply 0.285
Susceptibility to freezing 0.249
Excess of biomass production 0.143
Availability of skilled maintenance staff and workshop facilities 0.143
Requirement for analvtical data for control 0.061
Susceptibility to shock loads 0.057
Manpower requircment 0.045
Technical knowledge and requirement for expert supervision of 0.017
plant

TABLE 13. Priority vector for anaerobic processes (Rank order)

Intangibic Parameter Priority Vector
Technical knowledge and requirement for expert supervision of 0.338
plant

Requirement for analytical data for control 0.224
Reliability and continuity of power supply 0.186
Availability of skilled maintenance staff and workshop facilities 0.108
Susceptibility to §hock loads 0.069
Manpower requirement 0.032
Excess of biomass production 0.026

Susceptibility to freezing 0.016
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CONCLUSION

The quantification of intangible non numeric data has been rationalised in the
study. Although the basic method of pair wise comparison (Saaty 1977) has
been used, the method of weighting of the pairs has been quantified by
adopting similarity values as derived through principal component analysis.
This has overcome the problem of subjective judgement given to the process
selection criteria and one of the major criticisms of the work of Tang and Ellis
(1994).
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