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NOTES ON THE DISTRIBUTION OF THE SOFTWARE AND
USER'S GUIDE

The distribution of the software user guide and the software, MuLaSSAS,
is being held in abeyance until DWAF's 'Minimum Requirements'
guidelines are finalized.

The working prototype software may be viewed at the Water Research
Commission's offices in Pretoria or at the CSIR's offices in Stellenbosch.

CURRENT STATUS AND FURTHER CHANGES

In this executive summary, landfill-siting information from draft reports up
to the ninth draft report (Draft IX) of DWAF's 'Minumum Requirements'
guidelines documents has been addressed, along with additional
information from the literature and from experts.

Please note that this report and the current software serve to illustrate the
potential of expert-systems based software for the applications addressed.
The intention is that when the final version of the 'Minimum Requirements'
guidelines is released, the landfill-siting aspects of the guidelines will be
incorporated into the software, the software and user manual will be
modified, and then made available for practical use.

DISCLAIMER

This report has been reviewed by the Water Research Commission. The
Commission's approval does not signify that the contents reflect the views
and policies of the Water Research Commission, nor does it constitute their
recommendation for use.
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ii) Objectives of the Study

a) To determine suitable municipal solid-waste landfill site-selection and site-evaluation
methodologies for South African conditions.

b) To draw up guidelines for landfill site-selection and evaluation, which will help
determine suitable management alternatives and regulatory requirements for the
establishment of landfill, taking into account integrated environmental management
principles and pollution-prevention measures.

c) To determine to what extent expert systems (special computer programs) can be used
to:

help model a suitable framework for a landfill-site-selection decision-support
system,

form the final, working, computer-based decision-support system.

iii) Objective of the Report

This extended executive summary, along with the software user guide, completes the reporting
requirements of the project. The intention of this executive summary is threefold:

a) to report on those parts of the study which are not addressed by the expert-systems
software

b) to describe the modelling concepts behind the expert-systems applications

c) to describe what each expert system does.

The introduction presents an approach to a site-selection strategy and a preamble on the use
of expert systems for modelling purposes as well as for software applications. The landfill site-
selection strategy, and the modelling and application aspects of the individual expert systems,
are addressed in detail in later sections.

iv) Background to Study

The project involved:

investigation of existing landfill site-selection and evaluation methodologies suitable for
environmental-impact assessment purposes;

* the derivation of a suitable 'environmental scoping' framework for landfill-siting in
South Africa;

* the collation of information from which landfill-siting guidelines for South Africa may
be derived;



in

* the incorporation of selected methodologies, guidelines and supporting information
into expert-systems based computer software for application purposes;

* investigation into the feasibility of using expert-systems for accessing waste disposal
statistics on a computer database.

Although the project objectives were not changed during the course of the project, the content
of originally-defined tasks have been. The need for changes became evident during the course
of the project, which was mainly due to the work being done by a group of consultants for the
Department of Water Affairs and Forestry, on proposed new landfill-permitting regulations,
termed 'Minimum Requirements for the Permitting, Operation, and Closure of General and
Hazardous Waste Landfills1 (referred to as ' Minimum Requirements' in this report). In order
to derive maximum benefit from the project, some tasks were re-defined so as to accommodate
the draft forms of the proposed new regulations, and to address possible needs relating to the
Department's Waste Base computer database. As a result, the project was extended for a
further year. The current regulations are still in draft form, and once the final draft is
produced, the software could be modified to reflect the latest changes. Several versions of the
draft regulations are referred to in the report.
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INTRODUCTION

1.1 Environmental impact of sanitary landfills

For many countries, prime land available for development in urban areas is becoming scarce.
This has resulted in increasing pressure for the location of sanitary (municipal solid waste)
landfill sites in zones considered unsuitable or uneconomical for other kinds of development.
Many such zones, however, are highly unsuitable for landfill sites. Further, even if an area
is itself determined to be suitable fora landfill site, its proximity to land with an incompatible
landuse or zoning may render the site unsuitable.

Landfill site selection and evaluation needs to be dependent on the type of landfill as well as
the geographical, ecological, and socio-political environment. Such landfill studies typically
are multidisciplinary and complex, involving decisions which are often subjective and are
based on incomplete information. It is therefore considered important to identify and evaluate
potentially suitable landfill sites, and to determine effective options and constraints for landfill
on those sites, using scientifically-acceptable approaches.

In order to help regulatory bodies and consultants to determine types and depths of studies
required, and to guide them through the decision-making process, there is a need for decision
support. This may be in the form of direct access to expertise, computer software,
documented guidelines, and others. A decision support system, which consists of a suite of
expert systems tied together with hypertext/graphics systems, and which attempts to provide
such decision support, is described in this document. The overall system is called MuLaSSAS:
Municipal Landfill Site-Selection Advisory System. An outline of MuLaSSAS, showing what
each component does, is depicted in tabular format (Table 1) on the next page.

1.2 Landfill Site-Selection Strategy

Scoping

Scoping is a strategy used to determine the extent and approach to an impact assessment
investigation (Preston etal, 1992). The key concepts are:

* involvement of relevant parties

* identification and selection of alternatives

* identification of significant issues to be addressed

* identification of appropriate mitigating measures

* determination of guidelines and terms of reference for an impact assessment.

(Integrated Environmental Management Scoping Guidelines, Department of Environment
Affairs, 1992).
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(3.1)
SELECTION-CONTROL EXPERT SYSTEM: Calls up other expert systems and Ihe hypertext/ graphics system

(3.2)
Hypertext/

graphics
information
systems.

These provide
supporting
information.

Aspects addressed
include:

* Landfill-siting
minimum

requirements.

* Important
definitions.

* Display of
diagrams

* Aquifer
vulnerability
indexing

* IEM Scoping
'procedure'.

These systems
are used to
present textual
and pictorial
information for
back-up and
educational
purposes

Besides the
standalone
information
systems.
Hypertext'
graphics
information
support forms
part of every
expert system.

{See columns numbered (3.2) t<

(3.3)
Landfill site-
selection advisory
expert systems.

These two systems
use a 'checklist'
approach in the
selection of
candidate landfill
sites. For a site,
they help to
idenlify:

* 'Fatal Flaws'.

* 'Critical
Factors'.

* Other important
issues.

* Applicable
Minimum

Requirements'.

* Relevant
advice.

These expert
systems arc
designed to form
the core of the
total system,
MuLaSSAS

(3.4)
Aquifer and

surface-water
vulnerability
index-assessment
expert systems.

• DRASTIC:
A standardized

system for
evaluating
ground water
pollution
potential, used
by EPA (USA).

• AquiRisk:
A framework
for modelling

surface and
ground water
pottution-
potential.

using a source-
pathway-sinlt
component Iviscd
modelling

approach.

These expert
systems are
designed to help
in the assessment
of relative impact
weightings for
surface water and
ground water
resources for sites
with similar
geographic
settings.
Impact weightings
are often used
when ranking
alternative sites.

(3.7), helow}.

(3.5)
Annual waste load
and waste volume
estimation aid.

This expert system
uses current
waste/population
statistics and a
given growth rale
to estimate future
annual waste loads
iransported to a
Inndfill site, as
well as [he volume
oflandfill taken
up by the
accumulated.
compacted waste.
This information
is presented as a
table
Assuming
available soil
cover reserves are
not a limiting
factor at a site, ihc
total air space
taken up by
landfill may be
estimated.

Expert system
may he used for
determining the
size-category of a
landfill in (33),
assuming on-site
soil reserves are
not a limiting
factor.
It may also be
used prior to
estimating annual
refuse transport
cosis in (3.6).

(3-6)
Landfill site-cost
comparison aid:

An expert system
which estimates
comparative costs
for a site
regarding soil
transport, refuse
transport, other
annual Ml;
running costs, and
distributed capital
costs, from data
input by the user.

Designed to be
used to help in
environmental
benefit/cost
studies, prior to
ranking sites, in
conjunction with
expert systems in
(3.4) and (3.5).

(3.7)
On-sile soils-
suiubiliiy
advisor:

This expert
system advises
on the suitability
of different types
of soils for use at
a landfill site.
based on a
sand-clay-sill
content
classification.
The humus
content and
calion-cxcliange-
capacity of soils
are not addressed
in (his system.

Designed to be
used when
estimating
quantities ofon-
SIIL- soils which
are suitable for
landfill cover.
Available soil
reserves put a
constraint on the
maximum
allowable volume
of a landfill.
This expert
system is
designed to he
used alongside
those in (3.3).
(3.5) and (3.6].

Table 1: Tabulated outline of the software system, MuLaSSAS. (The numbers refer
to subsections in Section 3: EXPERT-SYSTEMS APPLICATIONS.)
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In this study, only the involvement of relevant parties is not addressed in any detail, although
it is recognised as being important. Part of the reason for this has been the difficulty of
deriving detailed guidelines suitable for software implementation, where these are not likely
to change markedly in the immediate future. The other items are addressed in some detail, and
the related guidelines are not expected to change much in the near future. The latter concepts,
taken together, have been used to form a basic strategy for identifying and selecting landfill
sites for permitting purposes.

Environmental impact assessment is by nature subjective, and the approach suggested in this
document attempts to ensure that an optimum solution is sought, taking into account an impact
assessment's subjective nature. It is believed that comparing a single site with a potential
impact-producing activity to that same site without the activity is generally not as effective as
comparing the relative impacts of alternative sites and options regarding that activity. Put
another way, comparing relative impacts between two or more proposed sites and/or
development options is generally more effective than comparing impacts for one site with,
and then without, a proposed development. The following statement seems relevant "the
comparison of multiple alternatives facilitates the derivation of an optimum solution".

A phased approach

A phased approach is considered suitable for incorporation into the site-selection strategy. The
aim of this approach is to improve the efficiency of an investigation by narrowing the focus
of attention at each successive step, onto an area most likely to produce viable solutions. At
the first level a broad, shallow study is done. At the last level, at least one narrow, in-depth
study is undertaken. If new information is revealed at any level, the option to return to a
previous level should be made available.

Task-description categories

The following task-description categories for landfill siting are considered compatible with the
above requirements. In Diagram I and Diagram II (Landfill Site-Scoping Flow-Chart) on
the following pages, the colours green, blue and yellow refer to phases; red indicates exclusion
from further study.

(i) Delimitation of search area

A desktop study is undertaken where existing information is utilized to identify possible
areas or sites on a map. (This forms part of a feasibility study used to determine the
breadth and depth of the next stage of the investigation.)

(ii) Identification and ranking of possible sites

Field visits and discussions with experts are carried out in order to identify suitable
sites. The environmental costs and benefits of each site are then assessed. The sites are
ranked and the most suitable ones selected as alternative sites for further study.
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Landfill Site - Scoping Flow Chart

Phase I
h area

r

Select possible sites

I
Establish potentially
importatant issues at
each site

Determine for each site, if any
environmental overriding
conditions (EOC's) exist

N Y

Determine other potentially
important issues for further
investigation

Phase II
Diagram I Phase I : Landfill Site-Scoping Flow Chart
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Page 5

Visit each site. Collect site information

ientit rtisetv and consult experts

Consult I & A P's

Determine any further EO<

Phase III

Y

N

Assess and rank remaining sites

I
Determine mitigatory measures and relative costs

Select most suitable/acceptable site(s) for
further study and/or permitting.

Diagram II Phases II & III : Landfill Site-Scoping Flow Chart
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(iii) Determination of site-specific options and the selection of final candidate sites

Options for site-specific protective measures and landfill design are identified for the
alternative sites. In conjunction with the client and affected parties, one or two final
candidate sites are selected, together with their design/plan configurations and
recommended protective measures, for a preliminary permit application study.

(iv) Preparation of a preliminary permit application

If problems with a selected site are revealed when a preliminary permit is being
prepared or submitted, further options for that site could be considered, another
candidate site may be selected, or guidelines for further investigation and/or reporting
may be defined.

The above categories are expanded on and described in more detail later in the text.

1.3 Expert Systems

Expert systems are computer programs which are designed to utilize routine expertise for
decision-support purposes. The aim of using expert systems in this project is twofold. First,
to mode! the required expertise. Second, to make expertise of a routine nature readily available
on computers, at reasonable cost, and to make it comprehensive yet concise. The project has
demonstrated that expert systems facilitate the derivation and presentation of practical solutions
to multi-disciplinary problems, where these involve both multiple criteria and multiple
objectives. The development of effective computer-based decision-support-systems is
expedited by the availability of different programming tools which are designed to be utilised
together, within one software-development environment.

Expert systems have been developed as part of this project to :

perform as modelling aids

form a basis for computer-based decision support for decision-makers involved
with identifying and selecting landfill sites.

Expert systems applications have been developed for the following tasks:

* To display context-sensitive text and some diagrams for information support
purposes.

* To help identify a candidate site for a proposed landfill and to list the criteria,
regulatory requirements and recommendations applicable to that site.
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To calculate comparative risk indices for an aquifer, based on the well-known
DRASTIC method and on a derived, component-based framework named
AQUIRISK.

To help estimate landfill site capacity, assess comparative site costs and
determine the suitability of site soils for a landfill.

In the following sections, the landfill site-selection strategy developed for this project, is
discussed first. The expert-systems applications are considered next.
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2 SITE IDENTIFICATION AND SELECTION;

Both the scoping guidelines and the phased investigatory approach are considered in the
following detailed description of an approach for identifying and selecting potential landfill
sites. The task-description categories described earlier are now explained in detail:

(i) Delimitation of search area

Given a delimited geographic area within which to select possible sites, identify 'no-go'
sites or areas:

A general search-area is at first defined by socio-economic constraints. The
type of landfill and its approximate design-size are determined. Within the
search-area and with the aid of maps, orthophotos and reports, setback
distances and land slope limits are used to define 'no-go' areas. Some of these
constraints depend on the type and size of landfill in question. For the
remaining areas, those topocadastral, geological and land-use features which
represent 'Environmental Overriding Criteria' (EOC) are identified on the
maps, on photographs and in reports. These are also used to define further 'no-
go' areas. The scope of the search is now narrowed down to smaller, discrete
areas suitable for site visits. (Note: sometimes it is preferable to consider
proposed sites instead of areas within the general search-area.)

(ii)(a) Removing from consideration those sites with 'Environmental Overriding Criteria'.

Discussions are held with experts. The remaining sites/areas are visited and further
information is gathered. Candidate sites are identified and checked against
geohydrological, hydrological, soils, environmental, economic, zoning, land-use and
site-access constraints. Some constraints take the form of measurable limits and some
take the form of 'environmental overriding criteria' (EOC). Sites or areas which
satisfy the required limits and for which no overriding criteria apply are selected for
further assessment. If no sites/areas pass the tests then either more sites/areas must be
considered or else in certain cases (in consultation with experts, the permitting
authorities and third parties), set-back limits or overriding criteria could be relaxed
with the idea that special investigations and protective measures will be required.

(ii)(b) Identification of other significant issues which do not have 'overriding criteria' status.

From the discussions with experts and during the field visits, potential problems are
identified at the remaining sites. These are used to formulate the significant issues
which need to be addressed in further study. Important criteria are then defined from
these issues, both for assessment purposes and for identification of regulatory
requirements and suitable protective measures.
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(ii)(c) Comparative site assessment

Several methods are available for use in comparative site assessment. Amongst these
are 'weighting-and-rating' index assessments (*), environmental benefit/cost or
benefit/risk analyses (**) and impact-assessment matrices (***). These are discussed
in further detail in what follows:

(*) Important criteria (see ii(b)) are weighted in terms of their importance in a
regional or wider perspective. They are then rated according to their
applicability at each site, on a comparative basis. For each criterion, the
weighting is multiplied by its rated value. Then for each site, comparative
indices are calculated as the sum of the products of the individual weights and
ratings. The sites are ranked according to these indices.

(•*) For each site, a checklist aid is used to identify applicable criteria. These
criteria are then assessed comparatively in terms of their (relative) positive and
negative aspects. Sites are then compared, in terms of overall comparative costs
(including costs of any special investigations required), environmental risk
and/or potential impact. Sites are then ranked according to the comparative
assessments.

(***) Impact matrices may be used to help assess the comparative impact potential of
sites. Matrices are presented as tables which are used to help identify and
assess the impact potential of landfill components (design, pollution type and
quantity, related activity, etc.) on environmental components (aquifer, birds,
municipal water-supply, vegetation, adjacent residents, etc.). Sites are ranked
in terms of overall comparative impact.

For these assessments, there exist useful comparative-evaluation techniques
which utilize numeric matrix computational methods. One example is the
Analytical Hierarchy Process (Saaty 1988), a weighting technique which uses
pairwise comparisons between components. Details on the application of this
process in the project are included in the appendix.

(ii)(d) At this stage, further key criteria and EOCs may become evident, and suitable
mitigatory measures may be identified (see next section). Sites with EOCs are
excluded from further consideration. Highly ranked sites are selected for further study.

(iii)(a) Incorporating protective measures.

Suitable protective (mitigatory) measures, design options and aspects requiring special
investigation are identified for the highly-ranked sites. These sites, along with
recommended protective measures and design options (keeping in mind the required
special investigations), are now considered as alternatives. Further assessment of these
alternatives may then be carried out.
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(iii)(b) Site selection

One or two of the most suitable sites together with their design options and mitigatory
measures are selected fora preliminary permit application study. The selection is done
in consultation with the client, the permitting authorities and other affected parties.

(iv) Preliminary permit application and specifications for further investigation.

This involves the drawing up of a report with current input and results, a preliminary
environmental impact control report (EICR), geohydrological report, engineering plan,
a permit application document, etc. Recommendations for further impact investigations
are defined at this stage, in consultation with the permitting authority.
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EXPERT-SYSTEMS A PPLICATIONS

Proper landfill site-selection, incorporating environmental principles, can be complex. Part of
the complexity may be attributed to the fact that decisions required for wise environmental
management and planning must be based on qualitative and quantitative data as well as experts'
accumulated experience (Richey, 1985).
Expert systems provide a framework for modelling both qualitative and quantitative data as
well as expertise and hence may be used to provide decision-support for environmental
managers and planners. Expert systems are potentially useful tools for modelling and providing
much-needed decision-support for those involved in site-selection studies, for the following
reasons:

* They help to make the reasoning behind decision-making explicit and make the
resulting decisions replicable (Armoni,1988);

* Besides modelling expertise, they may be used to model partial or conflicting
information (Hayes-Roth, 1985);

* They can be used for numerical modelling, provided the tasks are not too large, and
are able to integrate qualitative aspects into such models (Rykiel, 1989);

* They can address issues specifically relevant to a current context or goal, so helping
to simplify complex tasks (Winston, 1984; Starfield and Bleloch, 1983);

* As modelling tools, expert systems help to formalise existing knowledge, thus
capturing data for more efficient use (Armoni, 1988);

* They can reveal important gaps in current knowledge and also, loopholes in regulations
(Murphy, 1989; Barr, 1990);

* They may be used as a basis for incremental development of larger, working, systems.

Of the nine expert-systems applications developed for this project, one is used to select and run
seven others, two have links to electronic text-reference systems, one uses weighting-and-
rating methods for aquifer risk assessment purposes, two perform as computational tools, three
use list-processing for regulatory interpretation and advisory purposes, and one accesses a
computer database file. These are addressed in a bit more detail in the text. Other comparative
environmental-impact assessment methodologies suitable for landfill sites, such as pair-wise
weighting-and-rating, environmental cost-benefit analyses and various types of matrix
assessment, are not incorporated into any expert systems (although they are potentially
suitable).

The expert-systems applications are described as follows:
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3.1 The Selection-Control Expert System

This expert system is designed lo call up the olher expert systems, and has links lo ;m electronic
lexl syslem with some piclorial displays. 'l"he iirsl screen displayed is used lo present a general
introduction lo the software system. The Task-Selection screen, which follows next, displays a
menu of task items from which one may be selected (See Figure 1). Access to a description of a
recommended approach lo site-selection is enabled here. Figure 1 shows Ihe typical format of a
screen used lo request data. The top hall is used to presenl background information on the
question, Ihe question itself is presented in red text along the line at centre, and the boltom part
of the screen is used for Ihe answer(s). In Figure 1, the menu item information is highlighted,
and adjacent to it, on the right, appears explanatory text on the type of inlormalion that may
be accessed. l"he following sections (except for the last) address the list of menu items shown
in Figure 1.

Landfill site-selection decision-support systen.

1NFOftHftTiON OK:

Uers ion 2

FUNCTION KEYS

A SUGGESTED LANDFILL SITE SCOPING PROCEDURE.

Ifhat aspects do you need help in doing ?

11 K a i l ! «;*••.*$ a :

site selection <old>
site selection <neu)
cost comparison
Aquifer indexing
soils aduice
landfill size
exit

Select this option if you want to
gain access to information on
landfills,
landfill site-selection,
scoping and other I Eh procedures
permitting requirements, etc.

Figure 1 Selection of a menu item from the list of programs.

3.2 Hypertext Information Systems

Ihe expert-syslems software include electronic text-reference (hypertext) systems. Some piclorial
inlormalion is also available. There are Iwo sland-alone information syslems. One is accessed
by selecting 'Information' at the task-selection screen, and the other is accessed via the
introductory screen for the aquifer-index evaluation expert system. The former is now
discussed.
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Two options are presented on selecting 'Information':

1) Access some of the textual information in this user guidelines document.

2) Access a hypertext system containing textual and graphics information relating to
landfill siting in the 'Draft X Minimum Requirements' report.

As all the hypertext user support in the suite of expert-systems software is accessed in ways similar
to that of the Draft X' report, the latter system will now he described in some detail.

Minimum Requirements Draft X Report

he e n t

Please select one oi* more of the following options:

matrix
definitions
text
EXIT

Uiew A flow chart used to
decribe the Minimum Requirenents
regulatory process for the
selection and development of
landfill sites.

Figure 2 Text reference system: Minimum Requirements Draft X report.

Text reference system: Minimum Requirements Draft XReport.

Referring to Figure 2, we now discuss the list of menu options:

The first two options call up a graphics file viewer to display diagrams. If flow chart is selected
then the landfill site permit-application procedure is displayed as a flow-chart. If matrix is
selected, an example of an Environmental Impact Assessment matrix is displayed.

The third option reveals a screen with words and phrases organised into two columns. Each word
or phrase is linked to a description or definition of the word or phrase which can he \iewed in
a 'pop-up' window hy pressing a function key (See Figure i on the next page). The text is
encoded in the system and so cannot he changed by third parties.
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. »*e I ;:m: M i n i ran

MINIMUM H

X Kb p o r t

i M i T i nr
To Exit, press <Ctrl,End> <Enter>

H landf i l l
level opine nt plan
•ncapsulat ian
ind use
sngineerecl cell

[larndf i

[liner

permit
ihreatic surface

principle

i3k
dgnifitant

Figure 3 A list of important words and phrases.

M in ilium Requiivenents Draf t X Repoa>

HINIMUH REQU-IREHEHTS - 9iRAI>r(X REPORT: S i t e - se l£c t ion S
I Use arrow keys to se lec t an item. Press <Enter> to view d e t a i l s .

1. Minimum Requirements: Description, purpose & characteristics
2. Waste Disposal by landfill: Role, impact & overview.
3. Landfill Classification: Background, basis & application.
4. Site Selection: Approach, Identification & ranking.
5. Site Investigation: Scope.
6. Environmental Impact Assessment: Description & matrix.

Press <F2> to EXIT

8 Hyp

Figure 4 F.lectronie text reference system: 1 st level menu items.
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M i n i mi n Re qu ire ne

SITE SELECTION: - flppro

Introduction
Elimination

identification
Ranking

Press <F2> to return.

C1 t . l i 1 1 1 . 1 f 1 1 1 1 1 1 1 i I i i-i 1 1 ! . l 1 1

Figure 5 Electronic text reference system: 2nd-level menu items.

The fourth option reveals a screen which is linked to other screens, forming a tree-hierarchy
network. The lowest level screens are linked to text files stored on the computer hard drive, which
are displayed when the screens are accessed. Figure 4 (previous page) shows the highest-level
screen with menu items. When a menu item is selected (e.g. site-selection), a screen is displayed
with another list ot items tor selection (see Figure 5, above). On selecting one of these items
(e.g. site identiiication) an associated text tile is then displayed which can be viewed one section
at a time
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3.3 Landfill Site-Selection Expert Systems

The site-selection expert systems are designed to identify 'environmental overriding criteria'
(EOC) and other important criteria, and to present mitigatory measures, regulatory
requirements and recommendations for further investigations. Diagram III, entitled 'Landfill
Site-Selection Advisor Decision Flow Chart' depicts the decision process used to select
possible landfill sites (see next page). The colours green, red, orange, yellow and brown are
used to represent aspects relating to the input procedure (green), 'Fatal Flaws' (red), 'Critical
Factors' (orange), important criteria not covered by regulations (yellow) and
the output (brown).

The expert systems are designed to be used for steps (i), (ii)(a), (ii)(b), and (iii)(a) in the site-
selection strategy. For step (ii)(c), site evaluation, they can be used to help identify "pros"
and "cons". Where mention is made of a draft version of the 'Minimum Requirements', it is
because the later documents were significantly different, thus recessitating modified software.
Also, there was a need to have the software behave differently. The two software applications
are examples which help illustrate the usefulness of expert systems. The two expert systems
are designed to:

* identify a possible landfill site for a municipal-solid-waste landfill

* identify important criteria for a given site and present regulatory requirements,
mitigatory measures and recommendations for further investigation

a) Site Selection (old): Selection of candidate landfill sites using the'checklist'
approach

'Old' refers to an expert system which utilizes a simple 'checklist' of set-back
distances and other criteria defined for landfill categories in the 'Minimum
Requirements Draft VII' guidelines report. The expert system also addresses important
criteria derived from other literature.

The program is designed to ask questions relating to minimum landfill separation
distances from residential, commercial and industrial areas, public utilities, transport
routes, airports, nature reserves, water bodies, boreholes, municipal water supplies and
beaches. Questions include those needed to determine relevant issues relating to
steepness of slope, insufficient and unsuitable soil-cover and high rainfall, amongst
others.
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Landfill Site - Selection Advisor Decision Flow Chart

Classify Landlill

I
Ask questions on potentially important issues.

For answers to each question determine if issue is :

a) Environmentally overriding
b) Important but not environmentally overriding
c) Not relevant to the site

me it issue
ical factor'

• • I

Y

>

11

f

N

Add issue to list of
important criteria

Add recommendations to
list of recommendations

Report

Y
Proceed to next
issue

Add critical factor to
'Critical Factor' list

Determine "Minimi
Requirements' for landfill
type & environment

Add 'Minimum
Requirements' to list of

mm Requirements'

Diagram III Landfill Site-Selection Decision Flow Chart
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irement D»

inf oi'pwl ion un LflNDFIL ICftIION.

Please select the landfill sise classification:

ISnail Conrmnal
Snail

Large

Poptilation seized- 10 600 to 200 000 people
Waste deposited- 25 to 500 tons per day
Total airspace- 35 000 to 3,5 nill. cubic net
Land area cowered- 2,5 to 25 hectare

Figure 6 Screen showing menu-selection items for the landfill-si/<.
category.

Questions arc first asked in order to establish the relevant landfill category (see Figure 6.
above) and the host environment in line with the 'Draft VII Minimum Requirements' report
(Department of Water Affairs and Forestry. 1992). The landfill category is used to
determine what 'Minimum-Requirements' constraints arc applicable to the landfill category
in question. In order to facilitate use of the system, most of the ensuing questions are
presented in a W3V that requires the selection of either 'yes' or 'no' items from a menu.

Answers to questions arc used to determine what important criteria are applicable at a
proposed site, and whether any of these represent 'environmental overriding criteria'
(EOC). EOCs are criteria which are of such significance that the occurrence of one HOC
at a site will cause the site to be excluded from further consideration. Other important
criteria are used to determine the measures required for the design, planning and
management of a site, as well as the need for specific investigations

Answers to questions will cause the e\|>cf1 system to ask other related questions, to present
supporting infonnation, and to identify' applicable criteria, requirements and advice. If an
EOC is identified, it gives the site an 'exclusion status' and at the end of the consultation
it presents reasons for that status. At the end of a consultation the expert system does the
following:

* It validates certain input items and provides warning messages to the screen.
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It shows whether the site is excluded or not.

* It lists the 'Draft Minimum Requirements' (from the 'Draft VII1 report) for a
landfill category in its surrounding environment, as well as some regulatory
requirements applicable to the USA.

It lists mitigatory measures applicable to each problem revealed.

* Finally it lists some recommendations, and asks if a printed report is required.

Although a landfill site may be excluded from further consideration, appropriate
mitigatory measures and recommendations are still displayed. Decision aids for
estimating landfill dimensions and lifespan are incorporated into the expert system. The
user can access background information relating to a question by using function keys.
Such information also includes pictures on landfill design.

If a printed report is required, the following will be printed out:

* Answers to the questions (user input).

* Exclusion list parameters (if any).

* List of Minimum Requirements.

* List of possible mitigatory measures/ recommendations.

b) Site Selection (new): Selection of Candidate Landfill Sites Using The
'Categorized Checklist' Approach

'New' refers to an expert system which is a modification of the one described above.
It incorporates changes which appear in the 'Draft IX' and the 'Draft X1 'Minimum
Requirements'reports (Department of Water Affairs and Forestry, 1992/ 1993). Some
of the simple yes/no answers of the earlier checklist program have been replaced with
three or more choice options (a multiple choice question on slope steepness is presented
in Figure 7, following page). In this program, criteria are categorized into aquifer,
geology, hydrology, soils, natural environment, zoning, social, agricultural potential
and (simple) topography. The order of the categories is dependent on the importance
and number of important criteria in each. In this way, an attempt is made to address
the more important issues at the outset of a consultation. This version is designed to
address 'Fatal Flaws' as EOCs and "Critical Factors' as other important criteria.'Fatal
Flaws' and 'Critical Factors' are EOCs and important criteria, respectively, which
appear in the 'Draft IX' and 'Draft X' ' Minimum Requirements' reports (Department
of Water Affairs and Forestry, 1992/ 1993).
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rysten: Minieuim Requirements Draft X Report

>e nurthei"

n question, ich volume
ard to surface >s' in the

ids on the s i t e or to

What is the average s i te slope <percentage)

between 1 and 2
between 2 and 12
between 12 and 1?
17 or nore

Figure 7 A multiple menu-item screen for slope value.
The first and last values relate to important criteria.

Other important criteria are considered separately in the program. The categories are
ordered so that Tatal Flaws' are more likely to arise towards the beginning ot a consultation
than towards the end of it. When a "Fatal Flaw1 is relevant for a site in a category, an option
is presented to the user allowing him/her to see a display of the currently-applicable 'Fatal
Flaws' and 'Critical Factors'. At this point, the user can stop the consultation and proceed
immediately to the screens containing the results (see as examples. Figure 8 and Figure
9 on the next page).

In this program, only 'Fatal Flaws' are to be seen as exclusionary conditions tor site-
seleclion purposes. The option is left to the user to exit when a 'Fatal Flaw' is revealed.
'Critical Factors' include potential 'Fatal Flaws' which do not cause a site to be excluded as
a candidate site. 'Critical Factors', EOCs other than 'Fatal Flaws', and other important
criteria are associated both with requirements tor further investigation and with relevant
mitigatory measures. Those that appear in the 'Draft IX' and 'Draft X' reports are listed
as 'Site-specific Minimum Requirements' (see Figure 8). Other criteria, which do not
appear in the draft reports, are listed in the screen entitled 'Other key issues criteria" (see
Figure 9), and the associated recommendations tor further investigations and mitigatory
measures appear in a screen entitled 'Advice applicable to other key issues,'criteria'.
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Hit any key to cont inue

Figure 8 Site-specific Minimum Requirements.

MS-DOS Prompt
OTHER CRITERIA f o r s i t e .

fis S i t e one i s excl<
fo l l owing further

he
information

;• '! A S i

un known.
1 Site is < 600 n upgradie
2 The high seasonal Leuel of phreat
3 The site is on a river flood plain.
4 The site has unsuitable soils for the landfill.
5 The site could be too close to a nature vesepue.
6 Proxinity to estuary: Site is within 280 m of an estuary
7 Proxinity to sea: Site bin 200 n of seashore.
8 The is close to a hospital or school.
9 The site is on incompatibly zoned land.

10 The site is on "Iarm a high agricultural potentia
11 Site lifetime less than 10 yrs= Period nay be too short.

Hit any key to continue

Figure 9 Other key issues criteria
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3.4 Aquifer and Surface Water Vulnerability Index Assessment

Weighting and raring techniques

Several weighting and rating methodologies for aquifer hazard assessment exist in the
literature, each with slightly different objectives and different levels of precision. Most use
summation formulae of the type:

Impact Index = A1*B1 + A2*B2 + A3*B3 + . . . .+ An*Bn

Where Al, A2, etc. are importance weightings assigned by the experts who were involved in
developing the formula, and Bl, B2,etc. are ratings assigned for a site by the specialist
involved in assessing different sites. Although such formulae are aimed at removing personal
bias in evaluating sites, they are usually developed for specific situations or settings. If they
are applied outside these boundaries, then the investigator needs to be aware of the errors or
bias that could result. These formulae are usually intended to be used for site comparison
purposes, and are especially suited for sites within similar geographic, meteorologic,
socio-economic, geohydrologic and other contexts. An example of a such a system developed
for aquifer sensitivity studies is DRASTIC (Aller et^al, 1987) .

In order to model impact weight-assessment problems effectively, methods that combine factor
weights and ratings into a composite value need to take into account the interactions between
components represented by the factors. This is especially relevant if these methods are to be
applied outside the domain for which they were originally developed. Summation formulae of
the kind above often do not take into account the interaction between the components
represented by factors in the formula. If the components are mutually independent of one
another, then each one's contribution to a potential-impact weight is independent of the
others, and the resultant weight may effectively be estimated using a summation formula
(including 'absolute-value' vector summation: i.e: the square root of the sum of the squares
of values). On the other hand, if any component is totally dependent on another, then the
contribution of the representative factor of the latter to a potential-impact weight should be in
proportion to that of the former. For these two factors, a product formula is more relevant
than a summation formula.

The following example illustrates the effect of linearly dependent components on an overall
pollution-potential index:

Assume the problem is considered as having four components: source, vadose-zone,
aquifer and the affected environment. The impact of the source will be passed through
the vadose zone and aquifer to the affected environment. If the vadose-zone media is
changed so that its rated value is reduced by 50 %, then the effect of the reduction will
be passed through the aquifer resulting in about a 50 % reduction in the pollution-
potential index relating to the affected environment. Also, if the rating of the source
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input is increased by 20 %, then there will be a similar increase in the pollution-
potential index. Using this approach, the effect of an environmental overriding
condition such as a significant fault at a site will be to increase the overall pollution-
potential index in proportion to the rated effect of that overriding condition.

A method has been derived which is based on DRASTIC'S weightings and ratings, but unlike
DRASTIC, attempts to account for inter-dependence between components. The method,
named AquiRisk, consists of composite summation and product formulae made up of
components. The components are defined so as to model a 'source-pathway-sink1 approach to
impact-index assessment. For index-assessment purposes, the source is considered as one
component, the pathway can be made up of one or more sequential components (eg.
soil/vadose-zone, aquifer) and the sink is usually considered as one component (aquifer OR
user, etc.). A component consists of a group of factors whose weight-and-rating products are
combined together using a single operation, to give a component index. Component indices
may be utilised as they are, or else may themselves be combined together to give an overall
index (ie an index which describes the vulnerability of the sink component to a specific
pollution source). For AquiRisk, component-based extensions have been developed to give an
aquifer end-use pollution potential index and a surface-water pollution potential index .

DRASTIC

DRASTIC is designed to be used as a planning tool for assessing the relative vulnerability of
aquifers to contamination from various sources of pollution located at the ground surface (Aller
etal, 1987). The equation for determining the DRASTIC index is:

DrDw + RrRw + ArAw + SrSw + TrTw + Irlw + CrCw = A.P.P.I.

where: A.P.P. I. is Aquifer Pollution Potential Index
r = rating
w = weight

A team of experts in the United States has evaluated the relative importance of DRASTIC
factors with respect to each other. These are weights which range from 1 (least important) to
5 (most important):

Acronym Feature Weight

(D): Depth to Water Table 5
(R): Net Recharge 4
(A): Aquifer Media 3
(S): Soil Media 2
(T): Topography 1
(I): Impact of the Vadose Zone 5
(C): Hydraulic Conductivity of the Aquifer 3
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Each DRASTIC factor has a range, either of numeric categories, or else of significant media
types in terms of the effect each has on the potential for pollution impact. Each category in a
range is assigned a rating. A rating is a number between 1 and 10 . The factors D, R, S, T,
and C have been assigned one unique value per category. Categories in A and in I have been
assigned both a range of possible values per category and also a unique, 'typical' value. This
allows the user to choose either the typical value or to choose from the range of possible values
based on more specific knowledge.

AquiRisk

The expertise of many knowledgeable professional hydrogeologists in the United States has
been incorporated into the DRASTIC system (Alter et ai, 1987). A new rating framework,
AquiRisk, has been designed to utilise the DRASTIC parameters and their weights by
incorporating five of them directly into components in AquiRisk. For pollution potential index
assessment purposes, AquiRisk parameters are grouped into source, pathway (ie vadose zone
4- soils) and sink components. Indices are calculated for each component.

For aquifer index assessment purposes, AquiRisk factors are designed to be comparable to
those of DRASTIC. However AquiRisk contains two more factors than DRASTIC, namely,
SoiLDepth and Precipitation. (These factors attempt to account for climatic effects on aquifer
recharge and for soil depth.) In an effort to make the other five factors in DRASTIC
comparable to their counterparts in AquiRisk, the weight of Net Recharge in DRASTIC has
been divided between Net ̂ Recharge and Precipitation in AquiRisk, and the weight of Depth
to_Water-tabk in DRASTIC was divided between SoiUDepth and Vadose-zone depth in
AquiRisk.

The factor Net Recharge in DRASTIC is included in both the source and the pathway
components of AquiRisk. To accommodate for this, Net Recharge is re-defined to be only
in the pathway component. The DRASTIC weighting has been split and re-allocated to new
factors in the source component, as well as to the redefined factor Net Recharge. Further,
the Depth to^Aquifer factor weight has been split between newly defined 'soil-depth' and
'vadose-zone-depth' factors. Both these factors are in the pathway component. Except for Net
Recharge and the new AquiRisk factors, all other parameter values are directly comparable to
those of the original DRASTIC formula.

The primary purpose for categorising the original DRASTIC parameters is to establish the
extent that the source, pathway and sink components contribute to the overall DRASTIC
pollution index. This is an attempt to help identify in which components a major problem
might lie.

Other components have been defined for AquiRisk:

* In place of the 'aquifer-as-a-sink' component, another one is designed to model the
'aquifer-as-a-pathway' to the user. The sink component is not the aquifer any more,
but is now the end-user. Factors for end-user sensitivity in this component are currently
not defined, but could be defined in the future. Factors in the new pathway component
include distance-to-user, hydraulic gradient and aquifer media.
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A further component assigns an index to surface water pollution potential, based on
meteorologic, slope and vegetation-cover factors. This component is independent of the
others and, although it uses the precipitation and slope parameters of AquiRisk, it could
be considered a stand-alone method. The parameter weights in this method need
validation: for example, what importance weighting should slope have when compared
to percentage vegetation cover regarding pollution transport to a river ?

Whereas DRASTIC assigns weights to aquifer depth, ground slope, net recharge, soil-media
type, vadose-zone type, aquifer-media type and aquifer hydraulic-conductivity, AquiRisk
assigns weights as follows:

* Aquifer pollution potential index: Besides the above factors (excluding aquifer depth)
it also assigns weights for soil-depth, vadose-zone depth, rainfall and rainfall season.

* End-use pollution potential index: It assigns further weights for user-distance and
aquifer hydraulic-gradient (needs validation).

* Surface water pollution potential index: As well as rainfall, it assigns weights to slope
and vegetation cover (needs validation).

Points to bear in mind

When using DRASTIC or AquiRisk, the following should be remembered:

the assumption is made of a landfill as a time-invariant pollution source

the size and type of landfill does not vary between alternative sites

the quality and importance of the aquifer is not considered

the distance-to-user parameter weights in AquiRisk have not been evaluated

the surface water parameter weights in AquiRisk have not been evaluated

the division of the nett-recharge weighting parameter in DRASTIC in order to
allocate part of it to the pollution source parameters in the AquiRisk
formulations needs validation. The important parameter aquifer recharge is very
difficult to estimate, as it is dependent on both climatic and geologic conditions.

methods based on weighting-and-rating and similar 'lumped-parameter' models
usually cannot be used to account for overriding conditions at a site.

DRASTIC does not specifically take into account the depth of soil to the
underlying consolidated material. The partitioning of the depth-to-water
weighting in DRASTIC so as to give a weight to soil depth in AquiRisk
therefore needs validation.



Page 26

The aim of modifying DRASTIC components and adding new ones is not to establish a new
weighting and rating method for immediate use. but to provide a framework so that current
weightings and ratings can be easily replaced or modified to account for South African conditions.
AquiRisk is not designed to be used alone, but rather in conjunction with DRASTIC. Also,
neither DRASTIC or AquiRisk is intended to replace the need for expert investigation, but rather
to act as tools to help experts in their decision-making.

The index-evaluation expert system

Ail expert system has been developed to model the DRASTIC and AQUIRISK index-evaluation
methods.
Input data for DRASTIC and AQUIRISK consists of quantitative data (e.g. aquifer hydraulic
conductivity) as well as qualitative data (e.g. aquifer media type). These are interpreted using sets
of rules to give individual (numeric) ratings. Each rating is multiplied by a weighting. Summation
and product formulae are used to combine the weighting-and-rating products to produce the
DRASTIC and AquiRisk indices.

The consultation process

At the start of the consultation an introductory screen is used to allow the user to access an
electronic text (hypertext) system (see Figure 10).

Figure 1W The introductory menu screen to the text-reference system
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Figure11 A diagram depicling a cross-section ol a Landfill.

=DATE
Input data are as follows"
Slope: less than 8.1. Ueg.Oover: sparse;. Soil: sand.

.18 Watertahle depth:
1.08 Met recharge:

16.00 jiydr-aulic conductivity:
1.08 User-distance:

Soil depth:
Uadose~2<me rating:

Icjuifer-raedia ratng:
Hydraulic gradient:

Bairifell-«re«; unsown. Raijnfall:

9:43

1-00
12.00

1.00
100.00

.88

Results of the consultation -are as Follows:

BEBSTIC index:
indiex:

UseRisk irtdex
Source Factor:
flccess Factor1

ftquiFer Pactar:
Distance Factor;

Ratio:

118.08
79.?9

118.98
12.08
36.72
33.00
58.58
2.89 Surface

Percentage:
Percentage:
Percentage:
Percentage •
Percentage:
Percentage:
Pertentage:

Pollft. Index:

16 .24
5 8 . 4 9
44 .99

NOTE: PEBCENMGE<x> RELATES JO APPROXIMATE MflX. FAGTOR MftLUE.

Hit any key to continue

Figure 12 Vulnerability index summary screen.
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Questions are presented to the user on consecutive screensduring the consultation. For each
screen, back-up text for the question asked and for menu items is presented. Access to
further backup text, to hypertext and, for some questions, to pictures is available (see Figure
11 for an example).For very high or very low index values, the DRASTIC and AquiRisk
indices are similar. For At the end of the consultation, the DRASTIC and AquiRisk indices
and their percentage values are displayed (percentages shown are in terms of the maximum
index value) (see Figure 12). intermediate values, the AquiRisk index is smaller than the
DRASTIC index because of the use of products instead of sums for AquiRisk's pathway
components. The 'end-user distance factor* and surface pollution index have not been
validated and should not be used. The Source, Access and Aquifer 'factors' are displayed
so that the user can see which components represent the greatest contribution to the potential
pollution index.

3.5 Annual Wasle Load and Landfill Volume Estimation Aid

An expert system has been developed to form a decision-support tool which presents tabulated
annual waste loads and accumulated volumes of compacted waste in a landfill, starting from
the end of the current year as year 1. Results are presented in a table, showing the amount
of solid waste transported to the site and the accumulated volume of compacted waste in the
landfill for each year over a 36-year period in a landfill's operational life. Annual growth in
waste volumes is estimated using a compound growth formula, given an estimated annual
growth rate which is input by the user.

The consultation process

In order to calculate the required statistics, the expert system first asks for the density of the
landfilled refuse. Next it asks whether mass, volume or population figures are available. If
volume is selected, further questions on the type of trucks used are asked so as to estimate
mass figures. Further questions asked relate to the expected percentage increase in waste and
the expected landfill lifetime.

The penultimate screen is displayed for user information purposes. This reminds the user
what data to take note of in the concluding refuse-quantification summary screen, and how
to estimate the capacity of the site, in order to estimate the site's operational lifetime (see
Figure 13). The final screen presents the tabulated data (see Figure 14).

(Figure 13 and Figure 14 appear on the next page.)
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iternine • nd landfil l uolwnes. U

INTRODUCTION TO BEFUSE-DATA INFORMATION SCREEN.

The following screen of data, is displayed for user information purposes.
PLEASE MOTE THE UALUES VOU REQUIRE. Use this to help estimate landfill
length and width, refuse depth and required soil reserves.

<1> The first and fourth colunns show consecutive years, up to the
last year in the estimated lifetime of the landfill. If earlier
years are not shown, then to see then try again with a shorter lifetime.

<2> The second and fifth colunns show the estinated mass of refuse
trucked to the landfill for the relevant year.

<3> The third and sixth columns show the extra volume of landfill space
taken up by the compacted refuse, accumulated from the current year.
Fron 28 to 25 '/. extra is needed when including cover materials.

NOTE: Take 20 K of landfill volume as the volume required when locating soil
reserves. Again: PLEASE TAKE NOTE of data you need for later input

Hit any key to continue

Figure 13 Introduction to refuse-quantification sumniaTy screen.

. f.e loads and landfil l

Year. Trucked fiasr
for year.

1 8174
2 8581
3 88 41
4 9195
5 9563
6 9945
7 10343
8 1075?
9 1118?

18 11635
11 12180
12 12584
13 13087
14 13611
15 14*55
16 14722
17 15318
18 15923

Accumulated
landfill vo1.

18218
2084b
3189?
43398
SS344
67776
8*785
94151
188135
122678
137804
169893
186907
204601
223883
242141
262845

Year.

19
28
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Trucked Mass
for year-

16560
17222
17911
18628
19373
28148
20953
21792
22663
23570
24513

26513
27573
28676
29823
31016

Accumulated,
landfi l l uol.

282745
304272
326661
349946
374161
399346
425538
452 777

SIBSfiS
541289
573875
606216
640663
676528
71388S
752578

Hit any key to continue

Figure 14 Refuse slaiislics summary.
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3.6 Landfill Site-Cost Comparison Aid

In order to compare the relative costs of candidate landfill sites, it is often useful to select only
those running costs and capital costs which differ significantly between sites. In the landfill site-
cost comparison expert system, capital costs are distributed over the number of years of an item's
useful life. These annual capital costs and the annual running costs are then summed over Ihe
different items for each site. Cost comparisons are then able to be made lor different sites. Ihe
expert system developed as a comparative landfill-cost estimation lool is a simple prototype
version only /Uthough ii can be used to help estimate costs, it should be used from a feasibility-
study perspective only. Ihe following is a description of the program:

Capital costs, running costs, the refuse transport volume, cover-soil haulage distance and
landfill life-length at a site are required as input data. Capital costs are divided by the
landfill Hle-length in years, and combined with annual costs. Site-comparative annual costs
(based on 1991 rand values) are calculated for a site, and displayed.

in ; ' . Lifeed fJnnual .arifiU-

The input values are as follows (Costs are based on 1991 figures);

Quantity of soi ls (n""3): 200000
Quantity of inported soils 1D0DO cubic rtetres.
Distance of so i l reserve fron l and f i l l : 1DDD net res.
Expected l i fe t ine ot Landf i l l : 9 yrs.
Casts of lard: R 100000.
Costs of site-establishnent: R 300000
Costs of access road: V. 5001.10

ftrinucil costs of road-rtaintenahce: R 3000
flnmial running cost*: R 5DD00
Distance ot s i te: 15 kn.

Output is as follow:

Soils constraint on landfill space for refuse:
Cost*, s o i l transport, per yr: R 156250
Costs, land f i l l $ite,pgr yr : R 103000
Costs, refuse transport, per gr: R 300000
Costs, to ta l , per yr: R 559250

Hit ony key to continue

840000 n*3

Figure 15 Relative costs for a landfill site.
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The quantity of cover soils available for landfill cover purposes is used as a basis for
estimating the maximum size of a landfill. Refuse generation figures and the expected
annual increase in refuse production rates may be used to determine the number of
years it takes to reach the maximum landfill size. The life-length of the landfill site
is assumed to be not greater than this number. Other than the volume of available
cover-soil reserves, a further constraint on maximum landfill size is the space available
for a landfill (sufficient space must be allowed for a buffer-zone).

Sites may then be compared directly on a cost basis, where costs take into account site
life-length, average distance of soil reserves from the landfill, cover-soil haulage costs,
average distance that refuse has to be transported to the site, and refuse transport costs (using
rands/cubic metre/km rates). The summarised data are shown on a screen, (see Figure 15 on
the previous for a typical layout)

The results shown in the lower part of Figure 15 are:

* The maximum volume occupied by refuse in the landfill.

* The annual soil transport costs.

* Other costs, excluding refuse transport costs, on an annual basis.

* The annual refuse transport costs.

* The total annual costs.

3.7 On-Site Soils Suitability Advisor

The On-site Soils Suitability Advisor is an expert system which gives simple advice on the
suitability of different types of soil for use on a landfill site. Soils are considered to be
topsoils and subsoils, consisting of the O, A and B or G soil horizons according to the S.A,
Binomial Soil Classification System (MacVicar et al, Dept. of Agricultural and Technical
Services, 1977) but are not limited to 1,2 metres in depth. A soil's ability to attenuate landfill
leachate is dependent in part on the type of clay present, the shrink/swell characteristics of that
clay, and the soil's grain size, amongst others. Generally, the less the clay shrinks and swells
and the smaller the grain size, the less the groundwater pollution potential is for such in-situ
soils underlying landfill. The humus, calcium and iron content of the soils, as well as other
aspects, are not addressed in the expert system.

The following categories are utilized:

* Weathered rock
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* Non-shrinking clays which have a textural classification typified as: 15-55% silt,
27-40% clay, and 20-45% sand.

* Shrinking aggregated clays (montmorillonitic clays or smectites), which have similar
content to non-shrinking clays, but which shrink or swell on drying or wetting,

* Clay loam has a textural classification typified as: 50-85% silt, 12-27% clay, and
0-50% sand.

* Silty loam is texturally classified as being : 25-50% silt, 7-27% clay, and 0-50%
sand.

* Loam contains 0-50% silt, 0-20% clay, and 15-50% sand.

* Sands range in particle size from 0,06 mm to 2 mm. They are typically free of silts and
clays.

* Gravel consists of particles greater than 2mm in size. Gravels typically contain
mixtures of gravel, sand, silt and clay, large-sized particles being in preponderance.

Figure 16 and Figure 17 on the next page show screens relating to on-site soils advice.
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',' & volunes required for landfill.

nct ed materials, consisting of humified
\ndc, and gravels and on tain r,ton

F7> for further information *"-

\Ins> and <Del> he

What best describes the type of soil at the site?

Consists of nontmorillonit ic clays or
smectites which shrink or swell on
drying or wetting. Drying clays contain
cracks which allow passage for contaminants
on initial wetting. This is not suitable for
cover material, except possibly in
conjunction with other materials.

nonshrinking clay
clay loam
silty loam
loam
sandy loam

jand
graue 1
[thin or absent

Figure 16 Multiple-item soil-type selection screen lor on-site soils

iuitability & volumes required for landfj

The input values are as follows:
Soil type<s> available or on s i te : nonshrinking clay,clay loam,cilty loan
Quantity of soils: 30000 cubic metres.
Quantity of imported soils 20 cubic metres.
Distance of soil reserve from landfill: 1000 metre:

Conclusion follows:
Soils constraint on landfill space for refuse is :

120080 cubic metres. WKWWWM

Hit any key to continue

Figure 17 Concluding screen for on-sitc soils advice
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3.8 Waste Database Access: Interpretation and Validation.

One of the tasks of this project was to develop a prototype expert system to establish the
feasibility of accessing waste statistics from a database file similar to one in use at the
Department of Water Affairs and Forestry for storing landfill-permit data. The aim was to
determine what information could be accessed for interpretation and error checking by an
expert system, and what useful new information could be passed from an expert system to a
database file. The expert system, in its simple prototype form, currently retrieves items of
information from a database file and presents the information on a screen shown as follows:

The following data has been

YEAR is
HOUSEHLQTY is
RUBBLE^QTY is
INDUST_QTY is
OREDISJJTY is

POWASH_QTY is
HAZARD_TOTis

CLASQ4_QTY is
CLAS06_QTY is
CLAS09EQTY is

CLAS011QTY is

read directly

1990
60000
79464
8304

-1
-1
80

-1
-1

from the database file, WASTDISP.DBF:

SITELIFE is
GARDEN_QTY is

HQSPIT_QTY is
SLIMES QTY is

ROCDIS QTY is
SEWAGE" QTY is

CLAS03 QTY is
CLAS05 QTY is

CLASOS^QTY is
CLASOIOQTY is
ALLJTOTAL is

25
30768

-1
- ]

-I
190
_ j

- 1
-1
-1

184144

The expert system then asks if any data should be changed. If the user elects to change a
specific data item, he/she can change the value, and the expert system then presents the
modified list to the user and asks if these should be stored to the database file. If the user
selects 'yes', the original record is overwritten with the latest values.
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S U M M A R Y A N D C O N C L U S I O N . . ^_^_ ::-\ • ; ; ; :'-.:::,,. . :-
:

4.1 Objec t ives of the Study: T h e extent to which they were fulfi l led:

The objectives are repeated here in italics, and the relevant comments follow:

a) To determine suitable municipal solid-waste landfill site-selection and site-evaluation
methodologies for South African conditions.

This objective was addressed by considering available methodologies and approaches
from the literature and using expert systems to model them. The Analytical Hierarchy
Process (AHP) was assessed using a computer program (Expert Choice). Expertise and
data gained from three landfill site-selection projects (at Upington, Grabouw and
Kleinmond) helped to provide a basis to test the AHP, and to identify suitable
methodologies and approaches for landfill site selection for use in terms of the
impending 'Minimum Requirements' regulations and the recently published JEM
scoping guidelines.
Most impact-assessment methodologies use a weighting and rating index-assessment
approach, either through the use of simple summation formulae, or else through
matrix-evaluation techniques. A widely-used pollution-vulnerability index-assessment
method for aquifers, DRASTIC, was selected for investigation into the applicability of
such an approach. As a result, a modified component-based procedure was developed
which can be used together with DRASTIC.

b) To draw up guidelines for landfill site-selection and evaluation, which will help
determine suitable management alternatives and regulatory requirements for the
establishment of landfill, taking into account integrated environmental management
principles and pollution-prevention measures.

Guidelines, derived from overseas literature and including the proposed draft
'Minimum Requirements' regulations have been incorporated into an expert system.
These guidelines address both site selection and site valuation A suitable IEM-Scoping
approach, compatible with these guidelines, has been drawn up.

c) To determine to what extent expert systems (special computer programs) can be used
to:

help model a suitable framework for a landfill-site-selection decision-support
system,

form the final, working, computer-based decision-support system.

Expert systems have been shown to be highly suitable to model typical decision-making
processes, including those which incorporate functional aspects, which relate to landfill
site-selection. These models often form a suitable base for the development of full-scale
decision-support tools.

The goals defined for the study are considered to have been achieved.
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4.2 Summary of Task-Goals and Related Findings

Task-goal summary and related findings follow:

i) A landfill-site identification, selection and evaluation strategy for municipal landfill
sites has been developed. The strategy uses the IEM scoping procedure as a basis, and
incorporates a phased investigative approach.

ii)(a) Site-evaluation methods developed during the course of this study consist of:

a framework for aquifer and surface water pollution-risk assessment based on
a derived component-based, weighting-and-rating index-assessment approach.

a simple comparative site cost-evaluation method

a 'checklist-method' for landfill site selection for permitting purposes.

ii)(b) Site-evaluation methodologies assessed during the course of this study include
DRASTIC and the AHP process. DRASTIC is considered suitable for expert-systems
applications. The AHP process in its current form in the program 'Expert Choice'
appears to contain serious flaws regarding the conversion of value judgement (text)
values to numeric values. Further, the problem of categorizing data before using the
AHP process needs to be addressed. The use of an appropriate clustering method
together with the AHP process appears suitable for an expert system application (This
task is considered beyond the scope of the current project, due to its size.). Finally, the
problem of comparing financial costs with environmental impact likelihood is a
difficult one to address, and the task is not considered amenable to a solution within
the confines of the current project.

iii) Expert systems were found to be suitable tools for modelling decision-support processes
and are considered suitable for use in deriving guidelines relating to landfill site-
selection. They are also useful for producing functional computer-based
decision-support software. However, it is important that the expert-systems
development software does more than just allow rule-based programming. The
development software should preferably :

facilitate the integration of high-level procedural programming

facilitate the integration of graphics-user interfaces

facilitate external software calls and access to files and database systems

incorporate hypertext and hypergraphics facilities.

be component-based / object-oriented
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Expert systems have been developed with the aim of helping consultants and permitting
authorities to identify and select landfill sites, based on draft regulations and overseas
standards. The following expert-systems based software has been developed:

a site-select ion 'Checklist Aid'

a modified site-selection checklist-type of aid following the 'Draft IX' and 'Draft X'
'Minimum Requirements' reports for permitting landfill sites

a landfill site-cost comparison aid

a groundwater and surface water pollution index-evaluation system

a landfill-site soils suitability assessor

a waste database access demonstration tool

two hypertext information systems

RECOMMENDATIONS

It is recommended that the expert systems software be used by one or two consultant groups
and/or by government departments for evaluation purposes over a period of a year or two.
When the draft landfill-siting regulations are in their final form, the expert-systems software
can be modified to tie in with, and support, these regulations.

It is also recommended that technology transfer workshops be held, during which the software
is demonstrated, the supporting theory discussed, and recommendations for further
improvements sought .
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APPENDIX: Discussion on the Application of the Analytical Hierarchy Process
for Site-Ranking Purposes.

The Analytical Hierarchy Process (AHP), a weighted pair-wise comparison method, has been
investigated for suitability in ranking of possible sites, in this project. The AHP approach
involves the formation of a tree hierarchical structure, where the top level represents the goal,
the second level is split into sub-goals, the third and further levels are split again and again
into components (each group of components having as sub-goal above it a component at a
higher level) until the bottom level is reached. At each level and for each component group,
components are compared pairwise and assigned weightings, with regard to the sub-goal just
above. The weights are then proportionately modified so that their sum equals the weight
assigned to the sub-goal above.

For this study, the goal is that of selecting the most suitable landfill site. The next level
consists of three components: costs, environment, and planning. The following
describes how these components are subdivided, for the next two levels down the tree:

Costs are split into capital costs and running costs, which are in turn split into
site cost, access cost, transport costs and landfill operation costs.
Environment is split into hydrology and "other environmental aspects", which
are in turn split up into aquifer, surface water, ecology, social "resistance",
nuisance and aesthetics.
Planning is divided into site lifespan, transport, and adjacent landuse. The next
level is split into soil reserves, area size, site access, landuse type and future
zoning.

There appear to be problems associated with using the analytical hierarchy process,
especially when using the value-judgement scale, as supplied in the program "Expert
Choice". The following examples relate to using this scale in the program:

With regard to the goal of selecting the most suitable site, assuming costs are
moderately more important than environment and environment moderately more
important than planning, weights are assigned by Expert Choice according to
a normalised summation formula to give the values .692,.251 and .077 (to give
a zero consistency index). From these values it can be seen that costs are ten
times as important as planning, which appears unrealistic. The problem is that
a small change in value-description reflects a great difference in numeric rating.
For example, when one component is moderately more important than another,
it is assigned a value which is three times greater than the other. Yet
"moderately more important" could mean (say) only 50 % more important. In
order to avoid this problem, a numeric rating could be assigned as input for
each component. This latter aspect was not addressed further in the project.

When two components are compared at the same level of the tree, and these


