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Abstract

This paper focuses on the application of the analytical hierarchy process (AHP) technique in the context of sustainable
development to establish and optimise health care waste management (HCWM) systems in rural areas of developing coun-
tries. This is achieved by evaluating the way in which the AHP can best be combined with a life cycle management (LCM)
approach, and addressing a main objective of HCWM systems, i.e. to minimize infection of patients and workers within
the system. The modified approach was applied to two case studies: the sub-Saharan African countries of South Africa and
Lesotho. Quantitative weightings from the AHP are used to identify alternative systems that have similar outcomes in
meeting the systems objective, but may have different cost structures and infection risks. The two case studies illustrate
how the AHP can be used (with strengths and weaknesses) in environmental engineering decision support in developing
countries.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction care waste management (HCWM) systems. There-
fore, the AHP technique is introduced shortly with
its strengths and weaknesses, and the application

thereof is considered in the context of sustainable

This paper focuses on the application of the ana-
lytical hierarchy process (AHP) to address a specific

sustainable development problem in developing
countries, i.e. to minimise infection risks of health

* Corresponding author. Tel.: +27 12 420 3929; fax: +27 12 362
5307.
E-mail address: alan.brent@up.ac.za (A.C. Brent).

development and HCWM, to clarify the specific
objectives of the study.

The AHP (Saaty, 1980, 1990) is a known multi-
attribute weighting method for decision support
(Madu, 1994). As such, the AHP has been used
for solving complex decision-making problems in
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Fig. 1. A schematic diagram of the AHP process.

various disciplines, e.g. public policy (Kurttila
et al.,, 2000), strategic planning (Bititci et al.,
2001), viability determination (Alidi, 1996), fore-
casting (Carmone et al., 1997), and project manage-
ment (Kamal, 2001). The AHP, which follows an
approach of pair-wise comparison, provides a way
for calibrating a numerical scale, particularly in
new areas where measurements and quantitative
comparisons do not exist. The process is summa-
rised in Fig. 1.

A number of benefits and limitations have been
noted with the AHP process in general as a multi-
criteria decision analysis (MCDA) technique
(Morrissey and Browne, 2004):

e It allows a systematic approach to evaluate policy
options and helps understanding of the problem.

e A mixture of quantitative and qualitative
information can be incorporated. MCDA goes
beyond the evaluation of purely economic conse-
quences and allows non-economic criteria to be
assessed on an equal basis, i.e. MCDA tech-
niques offer a level of flexibility and inclusiveness
that purely economic based models tend to lack.

e Account can be taken of the preferences of the
various stakeholder groups with conflicting
objectives (Bana et al., 1997; Qureshi et al.,
1999).

e MCDA methods do not produce the ‘best’ solu-
tion, but a set of preferred solutions or a general
ranking of all solutions. Solving such a multi-cri-
teria problem is, therefore, a compromise and
depends on the circumstances in which the deci-
sion-aiding process is taking place.

e There is a need for personal judgement and expe-

rience in making the decisions.

MCDA techniques are sometimes very cumber-

some and unwieldy (Beynon et al., 2000).

The allocation of weights to each criterion is sub-

jective. Changing the weights could lead to a dif-

ferent result, i.e. rank reversal (Dyer, 1990).

In particular, specific limitations, associated with
the application of the AHP to decision-making
problems, have been expressed in terms of

¢ Its inadequacy to define complex systems, i.e. the
hierarchical approach may be inappropriate for a
specific system (Hokkanen and Salminen, 1997);
and

e Inconsistencies' between stakeholder prioritiza-
tion of attributes for a defined system, whereby
weights can be calculated. For example, individ-
ual stakeholders may be subject to judgemental
errors in the pair-wise comparisons (Laininen
and Hédmildinen, 2002) or may find it difficult
to consider a set of pair-wise comparisons as a
whole (Aguaron et al., 2003). As a result, these
stakeholders may perceive intransitive relation-
ships in the pair-wise comparisons (Bodin and
Gass, 2003). Alternatively, a group of stakehold-
ers may find it difficult to reach consensus on a
single or a set of pair-wise comparisons (Lai
et al., 1999). Indeed, it has been argued that there
is no consistency in actual choices (Hughes,
1990).

1.1. Application of the AHP to sustainable
development systems

The concept of sustainability and sustainable
development” can be understood intuitively, but it
remains difficult to express it in concrete, opera-
tional terms (Briassoulis, 2001). However, many
agree that sustainable development is about achiev-
ing environmental, economic, and social welfare for
present as well as future generations (Azapagic and

! Consistency is a statistical measure of the extent to which an
individual’s decision structure, i.e. set of assessment judgements,
is closer to being logically related than randomly chosen. The
consistency of judgements reflects the extent to which the
decision-maker(s) understands the problem, is knowledgeable of
the decision variables involved, understands the assessment
process, and is able to make a series of logically related
judgements based on uncertain and often incomplete information
(Noble, 2004).

2 Sustainable development has been defined as — development
that meets the needs of the present without compromising the
ability of future generations to meet their own needs (Bruntland,
1987).
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Perdan, 2000). From a governmental perspective
this can be at national and global levels (UNCSD,
2001). From an organizational perspective this can
be at a project level (Labuschagne et al., 2005a).
In some cases stakeholders specifically require that
environmental, economic, and social goals must be
met across all levels of development. Sustainable
development has subsequently been conceptualised
as a state of dynamic equilibrium between societal
demand for a preferred development and the supply
of environmental and economic goods and services
needed to meet this demand (Briassoulis, 2001). Sys-
tems approaches have been proposed to consider
strategic sustainable development planning in differ-
ent sectors (Robert et al., 2002; Labuschagne et al.,
2005b). But the intricate relationships between the
three dimensions of sustainable development, i.e.
environmental, economic and social welfare, have
been difficult to model within the concept of a clear
absolute system. Specifically, trade-offs between the
three dimensions of sustainable development may
not be possible to quantify as the benefits cannot
be measured. Proposals for these trade-offs can be
referred to as ‘weak’, i.e. indirectly indicating
sustainability (Hanley et al., 1997; Rennings and
Wiggering, 1997; Atkinson, 2000).

Consensus on the general objectives and basic
principles of sustainable development may be
obtained in theory. But consensus on the details of
how to achieve sustainable development or main-
tain sustainability is difficult to obtain in practice.
This difficulty can be attributed to the variety of
perceptions on specific socio-cultural and political
contexts that change over time (Briassoulis, 2001;
Brent et al., 2005). For example, very high inconsis-
tencies in the judgements of panels with regards to
strategic sustainability assessments have been docu-
mented (Noble, 2004). This is most probably an
inherent weakness of the AHP when it is applied
without support data in the context of sustainable
development. This weakness is highlighted in devel-
oping countries by the difficulties to establish oper-
able systems and to obtain support data that can be
measured against sustainable development criteria
such as the principles proposed in Agenda 21.°
Regardless, the AHP has been used before for the
purposes of assessing and weighting criteria and

3 Agenda 21 is the report of the United Nations Conference on
Environment and Development held in Rio in 1992 at which
consensus was reached on the principles of continuous improve-
ment and a systems approach to waste management (UN, 1992).

indicators for sustainable development in specific
applications (Mulder and Brent, in press; Brent
et al., 2005; Mendoza and Prabhu, 2000; Mendoza
and Prabhu, 2003).

1.2. Sustainable development and health care waste
management (HCWM) systems

Health care is a basic need for current and future
generations (UNDP, 2005), and is therefore one of
the objectives of sustainable development systems.
In developing countries the main symptom of poor
health is the high mortality rate due to infectious
diseases* with the accompanying reduced life expec-
tancy. For example, in Lesotho the life expectancy
for women is 40 and for men 35 (WHO, 2005).
The main objective identified of Health Care Waste
Management (HCWM) systems in South Africa and
Lesotho is to prevent the spread of infections from
the health care waste to the workers and the com-
munity. This compares with the first objective of
health care systems in general: “first do no harm”
(Johannessen et al., 2000; WHO, 2002). Although
data on the spread of infections due to waste han-
dling is limited, experts accept that 5% of all HIV
infections in Africa are due to unsafe injections
(Crabb, 2003), of which unsafe waste disposal is a
component (WHO, 1999). Surveys of rural primary
health care facilities indicate that needle pricks
occur in the work place (Grimmond et al., 2003;
Ramabitsa-Siimane, 2006). The probability of infec-
tion due to needle prick is higher for hepatitis than
for HIV (Kane et al., 1999).

The HCWM system can be seen as a sub-system
of the health care system. Therefore, optimizing effi-
ciency of the waste management system, although
not a guarantee for improvement in health care sys-
tems, is a component of sustainable development in
such systems.

The balancing of tradeoffs between the three
dimensions of sustainable development, i.e. environ-
ment, economy, and society, may not be so difficult
when a systems approach is taken to HCWM.
Therefore, it can be argued that “strong sustainabil-
ity” criteria can be identified for waste management
systems, i.e. a direct relationship between action and
sustainability response.

4 Seventy five percentage of deaths in sub-Saharan developing
countries are reportedly due to infectious disease compared with
10% in the developed countries (WHO, 2004).
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Health care systems can be described quantita-
tively using standardized systems tools, such as the
life cycle assessment tool (ISO, 1997). LCA is incor-
porated in the ISO 14000 family of standards and is
based on inventories of materials and quantification
of adverse impacts. Such tools allow the use of a
number of quantitative approaches, e.g. mass flow
analysis (Brunner and Rechberger, 2004), and life
cycle costing (Rebitzer and Hunkeler, 2003).
Thereby, assessments can be made to identify how
to develop more sustainable systems providing that
the information is available. These assessments are
difficult to perform in the developed world and there
is, as yet, no consensus on a consistent methodology
to measure these causes or effects. This is high-
lighted in the ongoing work of the life cycle impact
assessment (LCIA) workgroup of the United
Nations Environmental Programme (UNEP) global
life cycle initiative (UNEP and SETAC, 2005). In
the developing world there is often not enough
quantitative information to follow these types of
formalised methodologies (Brent, 2004).

In the developing country context, the availabil-
ity of technology can also be seen to be a major lim-
itation to introducing safe HCWM systems.
Developing countries often do not have support sys-
tems to install, maintain, and operate developed
world environmental technologies. The sustainable
approach is to accommodate the use of more envi-
ronmentally sound technologies (ESTs)® in the
design of the waste management system. These
ESTs are safer than the technologies they replace
and more suited to the economic, social, and envi-
ronmental conditions of the developing country,
which can be contextually unique (Tanner, 2005).

A checklist for the identification of ESTs is as fol-
lows (UN, 1992):

e Know-how in the organization adopting the
EST;

e Procedures to use the EST in the organization;

e Equipment and local technical support available;

¢ Organizational and managerial procedures with
trained personnel; and

e Compatibility with nationally determined socio-
economic, cultural, and environmental priorities.

In the absence of quantitative data on impacts and
descriptions of systems capability to use ESTs in

5 As described in Chapter 34 of Agenda 21 (UN, 1992).

developing countries, a process is required by which
the priorities can be set to establish safer systems.

1.3. Application of the AHP as decision support for
the sustainable development of health care waste
management (HCWM) systems

The complexities of health care waste manage-
ment (HCWM) systems result from the many possi-
ble combinations of options, or alternatives, apart
from singular technologies. However, when multi-
criteria decision analysis (MCDA) models, such as
the AHP, are used to consider waste management
options, the models identified in the literature only
take into account waste once generated (Morrissey
and Browne, 2004). Waste prevention, waste mini-
misation, or product design for the environment,
which would eliminate the production of materials
that cannot be reused, recycled, or naturally biode-
graded, are generally not considered (Morrissey and
Browne, 2004). With respect to the sustainability of
HCWM systems, the problems with accidental
infection of health care personnel and patients have
been recognized and safer technical alternatives are
being researched (Dziekan et al., 2003) with the
support of developing countries. In contrast to
non-hazardous waste management approaches to
sustainability, little can be achieved to prevent or
minimise infectious waste, for which reuse, recy-
cling, or natural biodegradation are not recom-
mended due to safety and cost considerations
(Rogers, 2004). In the developing country context,
especially, the focus is currently on the management
of generated waste in terms of

e Technical aspects, i.e. the most appropriate tech-
nologies (as discussed above) and/or procedures
for health care facilities must be identified with
respect to, for example, the availability, capacity,
and maintainability (Rogers and Brent, in press;
Rogers et al., 2001);

e Costs, i.e. costs must be minimised at national,
district, and facility level (SA DoH, 2006; Rogers
et al., 2001); and

¢ Risks, i.e. health care facilities typically generate
infectious (hazardous) waste with associated risks
to human health (occupational and societal) and
the natural environment, and these must be mini-
mised (SA DEAT, 1998).

This paper concentrates on the infection risks
related to the generated waste in HCWM systems,
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and specifically the waste generated at primary
health care facilities® in rural areas of developing
countries, in order to address the main research
question: can the AHP be applied meaningfully in
the context of sustainable development to establish
HCWM systems that minimise infection risks in
developing countries?

1.4. Objectives of the research study

The primary objectives of the research study were
therefore:

e To propose a model, which integrates the AHP
with other systems approaches in order to estab-
lish primary HCWM systems that minimise
infection risks in developing countries; and

e To identify the key barriers to apply the AHP
within such a model, which must be addressed
when applying the model.

2. Research methodology

A case study research methodology was followed
to evaluate the application of the AHP to HCWM
systems. Case study methodology is preferred in
examining contemporary events (Yin, 1989), and
adding direct observations and systematic inter-
viewing makes case studies more relevant than other
strategies. However, a common concern about case
studies is that they provide very little basis for scien-
tific generalisation (Yin, 1989). The case studies
consisted of two workshops in South Africa and
Lesotho, with participants from the respective
HCWM systems, where the AHP was applied.
Therefore, the outcomes of this study are applicable
in the Southern African context, but may not be
correct for developing countries in other regions of
the world.

The implications of this research approach were
that four quality data tests, which have been noted
as important (Reige, 2003), had to be verified. These
tests, together with the associated techniques fol-

® Primary health care facilities, in the developing country
context, are defined as facilities at and from which a range of
primary health care services are provided, but inpatient services
are typically not provided. It is normally open only 8 hours a day.
Certain staff may, however, be required to sleep at or near the
clinic so that they are available on call in case of emergency (SA
DoH, 1998).

lowed were (Reige, 2003; Ramabitsa-Siimane,
2006):

e Construct validity: Interviews and observations
made during site visits at primary health care
clinics were used to clarify aspects of the respec-
tive HCWM systems, and the use of ESTs, for
the workshop participants.

e External validation: The definition of the scope
and boundary of the study was optimised during
the study design such that the generalisation of
HCWM systems in the Southern African context
could be achieved.

o Reliability: Data were recorded in as concrete a
manner as possible, by comparing the current sit-
uations with recognized best practices and inter-
ventions proven in the developing country
context.

o Internal validity: Diagrams and illustrations pre-
pared in the data-compiling phase were validated
during the workshops.

2.1. The representation of the AHP workshops
of Southern African HCWM systems

The two workshops stretched over one and two
days, for South Africa and Lesotho, respectively.
It has been stated that the size of an assessment
panel depends on the objectives of the assessment,
resources, and time available. As little as 10 partic-
ipants are sufficient (Noble, 2004). This panel
should comprise stakeholders, facilitators, and
experts, although the level of expertise need not
be the same as long as all participants are familiar
with the problem (Saaty, 1980). Furthermore, to
focus the AHP process it has been advised to engage
a small group of participants (Noble, 2004; Saaty,
1986).

In the case of the South African and Lesotho
workshops, 11 individuals participated over the full
duration of the workshops that represent different
operational levels in the respective HCWM systems:

e Strategic planning, e.g. occupational health, envi-
ronment, and technical government officials and
public—private specialists;

e Implementation planning, e.g. infection control,
and technical government officials and public—
private specialists; and

e Implementation, e.g. health inspectors, and waste
management technical specialists.
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The selected panels were representative in num-
ber but deficient in public—private significance. Less
participants represented non-governmental organi-
zations and the private sector involved with the
HCWM systems of the countries. However, the
main problem with the under serviced rural pri-
mary health care facilities lies with the national
Departments of Health and it is the responsibility
under the Health Acts in both countries that the
respective departments are responsible to ensure
minimum treatment standards are achieved in
both public and private sectors (SA DoH, 2003;
L MHSW, 1970). Therefore, a larger representation
of the public sector is appropriate for these cases.

2.2. The AHP workshops

2.2.1. Presentations

Both the participants and the facilitators of
the workshop gave presentations. The facilitators
used presentations to highlight and inform the
panel of the research, its objectives and expected
outcomes, i.e. to establish weighting values for
waste management options at primary health care
facilities in South Africa and Lesotho. The panel
was also introduced to the AHP. Participants pre-
sented informally certain aspects of the respective
HCWM systems in the separate session described
below.

2.2.2. Open discussions

Throughout the workshop, participants were
advised to ask questions, which were answered by
both the facilitators and the participants. This
encouraged openness and transparency into the cur-
rent situation of the HCWM systems. The ques-
tions, answers, and comments emanating from the
different sessions of the workshop were recorded
and incorporated into the results analyses.

2.2.3. Consensus
Definitions for the following issues were reached
by consensus:

¢ Statement of the HCWM problems;

e Solutions to the identified problems;

e The objectives of the HCWM systems;

e The definition of HCW in the South African and
Lesotho context; and

e The definition of a rural primary health care
facility.

The nominal group technique was used in this
part of the process (Dunham, 1998). This was in
pursuit of reaching a cohesive understanding for
the whole group. Although it has been argued that
aggregating assessment data without examining
individual differences may lead to a false sense of
group consensus (Coxon, 1982), the aggregate of a
group will provide results that are superior to those
of an individual (Noble, 2004). Furthermore, there
is a synergistic effect to aggregating individual judg-
ments (Forman and Peniwati, 1998).

2.2.4. AHP questionnaires

The hierarchical trees of attributes and options
for HCWM systems were constructed prior to the
workshops (see Section 3 below) using national
experts and survey data. The trees were presented
on flip charts when doing the comparisons of the
different attributes and options. Two session leaders
and an assistant conducted this process, as has been
suggested (Saaty, 1986). The panel of participants
reached an agreement to alter the attributes and
options to suit the South African and Lesotho con-
text. A computer terminal was also set up to consol-
idate the results as they were generated. It also
helped the facilitators to identify inconsistency in
the individual set of comparisons. Members of the
panel could then be urged to alter their weighting
factors in the case of poor consistency ratios.

3. Integrating life cycle thinking to construct
appropriate hierarchy trees

A model was developed for primary HCWM sys-
tems, termed WasteOpt, which is based on the com-
bination of the life cycle management (LCM)
approach (Hunkeler et al., 2004), and specifically
the standardised life cycle assessment (LCA) (ISO,
1997) and life cycle costing (LCC) (Rebitzer and
Hunkeler, 2003) tools, and the analytical hierarchy
process (AHP). It therefore inherits the benefits of
both processes (see Table 1). AHP is often applied
as part of the LCA tool to evaluate environmental
performances of system alternatives (Pineda-Hen-
son et al., 2002).

3.1. Waste life cycle management at primary health
care facilities

A generalised life cycle system of health care
waste has been introduced before in the context of
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Table 1

The benefits of LCM and AHP

Life cycle management Analytical hierarchy process

1. LCM includes procedures for all 1. Does not insist on consensus but synthesizes a representative
inputs and outputs of a system, outcome from diverse judgements
over time and space, although social 2. Considers priorities of factors in a system and enables the selection
aspects are limited at present of the best alternative based on goals

2. Quantitative outcomes mitigate the 3. Offers a scale for measuring intangibles and a method for establishing priorities
use of emotions in decision-making 4. Integrates deductive and systems approaches in solving problems

3. Encompasses all sustainability issues 5. Reflects the natural tendency of the mind to sort elements of a system
pertaining to a system into hierarchies while also tracking the logical consistency of

judgements used for determining priorities

primary health care facilities in rural areas in devel-
oping countries (Rogers et al., 2002). The life cycle
system consists of four distinct main phases, each
with a number of components, which are generic
to any HCWM system (see Fig. 2). The reference
of the life cycle system is a unit of waste generated
at a typical primary health care facility. The
assumptions concerning the spatial boundaries and
inventories of the life cycle system are

e Health care waste is segregated from general
(non-hazardous) waste.

e The life cycle commences when medical supplies
have served their purpose or function and are
therefore classified as waste. This corresponds
to the “cradle”. Health care waste ends its life
cycle at final disposal (“‘grave”). The point of
exposure (or contact) of individuals to the waste
along the life cycle is another boundary of the
system.

Phase 1

e The life cycle is described as having the four

phases of generation, storage, treatment, and dis-
posal (see Fig. 2).

e Each life cycle phase has components, e.g. trans-

port to move the waste between generation, stor-
age, treatment, and disposal areas (Priiss et al.,
1999; Carr, 2003).

e Options for each component can be specified in

nationally accepted standards. For example, spe-
cific standards are documented for South Africa
(SABS, 1993). However, in many developing
countries, these standards are not available, in
which case available options can be identified
and ranked by national technical experts.

e Decision-makers of waste management practices

at district level, who have the ultimate responsi-
bility according to the South African regulations
(SA DoH, 2003), can identify alternative systems
based on combinations of these options for each
life cycle phase.

Waste generation

Phase 2
A
Onsite waste P Transportation
X storage requirements
|
: Phase 3
fomm e e \ v
Transportation ! Nowaste | Onsite/offsite P Transportation
requirements | treatment | waste treatment | requirements
| SO — o - 1
1
! Phase 4
1
1
1

Onsite/offsite

waste disposal

Fig. 2. The general life cycle of waste at primary health care facilities.
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Databases have also been developed to provide
examples of practical options for the life cycle
phases (WHO, 2006). Although some of these
options have been standardised (SABS, 1993),
actual practices differ widely, which is due to choices
based on the availability of working equipment, and
financial resources, and training. The consequences
of these choices are different levels of risk in terms
of health impact due to various pathways to infec-
tion of health care workers, patients, and the public
in general from the infectious waste, e.g. hepatitis B
and HIV/AIDS via needle stick.

The infection risks have been identified and
assessed for certain options relating to treatment
devices in terms of the procedure at the point where
the health care waste is generated (Ekwueme et al.,
2002). However, infection risks have not been
assessed for the options for rural primary health
care facilities for the other life cycle phase compo-
nents. The approach followed here was to use expert
opinion to place weights (in terms of infection risks,
which are seen as the highest potential impact) on
these options in the developing country context.
These weights were used to compare alternatives
for the four life cycle phases and to identify the
alternative(s) with the minimum perceived infection
risk. Ranking of the alternatives assists decision-
makers to select the best available combination of
options for the components of an entire HCWM
system in a specific region.

3.2. Correlating AHP and waste life cycle
management terminology

From the above it is necessary to correlate the
different terminologies of the two decision support
tools, if AHP is to be used to establish the
(perceived) health risks associated with each option
available for a life cycle phase component at rural
primary health care facilities. The use of the
AHP terms depends on the type of hierarchical tree
and its application. Table 2 defines the terms
of AHP when applied as part of the WasteOpt
model.

Table 2
Correlation of AHP and waste LCM terminology

Again, in the context of waste LCM, the overall
objectives are to minimise the risk of infection at a
clinic for a specific life cycle phase (see Fig. 2),
and an alternative is therefore a combination of
component options for each of the four main life
cycle phases that can be chosen to minimise the
overall risk of a HCWM system.

3.3. Structuring of hierarchical trees of options
for the life cycle phases

The conventional AHP protocol (Saaty, 1980)
requires that the elements be clustered into homog-
enous groups so they can meaningfully be compared
with other elements in the level. It is also required
that any element in one level must be capable of
being related to some element in the next higher
level. In a typical AHP the first level is the overall
goal of the decision-maker. The second level con-
sists of factors that contribute to the goal, while
the third level denotes the alternatives available
for application. Due to the fact that the factors in
second level relate to a specific life cycle phase, indi-
vidual hierarchies were constructed for each phase
separately, as opposed to a single hierarchy for the
entire system. Through the hierarchies, decision-
makers are thereby enabled to select the preferred
alternative for each life cycle phase. Options were
identified for the life cycle components (of the
phases) of waste systems at typical primary health
care clinics in rural areas (see Fig. 2), and structured
into the appropriate levels (see Table 2). These hier-
archy trees are shown in Figs. 3-8 of Appendix A.

4. Results of the workshops
4.1. Definitions of the hierarchical trees

The definitions of each hierarchical tree (see Sec-
tion 2.2.4) were arrived at by consensus of the par-
ticipants of the workshops. While there was full
consensus on the life cycle phases and the associated
components, each country had its own set of techni-
cal options that were considered achievable. This

Classified hierarchy levels ~ Conventional AHP terminology

WasteOpt terminology

Level 1 Overall objective or focus
Level 2 Criteria, property, factor, or influence
Level 3 Alternatives, possibilities, or outcomes

Minimise infections risks for each essential life cycle phase
Essential life cycle phase components, and associated options
Combination of life cycle phase component options
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reflects the level of technological development, i.e.
South Africa has a more developed infrastructure.
For this reason the South African group was in gen-
eral agreement with the initially compiled life cycle
phase components and associated options, whereas
the group of participants of the Lesotho workshop
made two major changes to the

1. Options for the on-site disposal life cycle phase:
The comparison for transport options was
removed due to the argument that at the disposal
site no transportation is practiced. The transport
options for the treatment activity apply for the
disposal activity as well, and a pit latrine was also
considered to be a form of a controlled dump.

2. Options for central treatment activity: The incin-
erator technology comparisons were restricted
to multi-chamber incinerator (MCI) and single-
chamber incinerator (SCI) options. The consen-
sus was reached by the group of experts and
was justified by the fact that although the other
techniques are in consideration for the country
they have not been applied. Encapsulation treat-
ment was also excluded because it was regarded
as a stabilization method, which brought no
change to the composition of the waste; it was
therefore not considered a treatment method.

These changes are highlighted in Figs. 6 and 7 of
Appendix A, respectively as the dashed outlined,
non-shaded boxes.

4.2. Priority weights of the life cycle phase
components and options

The AHP results of questionnaires for the two
workshops are summarised in Tables 4-9 of Appen-
dix A. The tables highlight where individual partici-
pants were inconsistent within sets of comparisons.
The original expectation was that a 10% consistency
ratio (CR) is required for valid results (Saaty, 1980).
It has been suggested that consistency is particularly
difficult when decision-makers consider sustainable
development aspects (Noble, 2004). However, for a
95% confidence interval, the median CR can be up
to 12% when dealing with a panel of multiple experts
(Noble, 2004). Therefore, for these case studies, CRs
of less than 12% were considered as an adequate
indication of consistency. The CRs of 12% and
higher are bold in the tables of Appendix A.

The tables further show the average CRs for the
individuals for all life cycle phase components, as

well as the geometric mean, average, and standard
deviations for the two groups for each set of com-
parisons. The calculations of the group average
CRs only include those participants that were con-
sistent in each set of comparisons, i.e. the CRs were
less than 0.012. The geometric mean weights for the
different life cycle phase components and options,
for the South African workshop, are summarised
in the figures of Appendix A.

5. Discussion

5.1. The allocated time for the facilitation and
coordination of the workshop process as a key issue
in developing countries

The number of individual inconsistencies, when
comparing the results of the two workshops in the
tables of Appendix A, highlights the importance
of the workshop process.

The length of time allocated to an AHP-dedi-
cated workshop is of major importance. Because
of the difficulty in keeping groups of people
together, only one or two days for decision analy-
sing are considered achievable. For example, in
the Lesotho workshop additional people arrived
on the second day and some left after the first day.

The one day that was allowed for the South Afri-
can workshop, compared to the two days allocated
to the Lesotho workshop, influenced the

e Time available for group discussions and subse-
quent consensus within sub-groups and the
whole group in some cases; and

e The number of iterations; where inconsistencies
were detected during the Lesotho workshop, sub-
sequent iterations could be undertaken after fur-
ther discussion, which has been shown to
dramatically improve the CRs (Noble, 2004).

In another study where sustainable development
aspects had to be weighted (Mulder and Brent, in
press), up to 5days were required to reach good
individual consistency within a panel of experts in
a developing country context. This points to other
limitations when applying the AHP.

5.2. The problem of diverse decision-makers
in HCWM systems

There were diverse participants in the two
workshops, i.e. managers and implementers. The
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implementers at district level participated to acquire
specific knowledge while the national managers
argued at a higher level since they have more knowl-
edge of the HCWM systems in general. The imple-
menters were found to be “black or white”
thinkers while the national experts perceived “grey”
areas. The implementers subsequently formed sub-
groups and could reach consensus amongst them,
while the national planners differed in opinions
and tended not to reach consensus in groups.

The ranking within the AHP by some national
planners was taken as a separate judgement call
for each comparison, instead of a judgement rank-
ing within a set of comparisons. Therefore this level
of participants tended to see discrete sets of options
within an attribute option set. It was found to be
very difficult to communicate this aspect of the
AHP to the group at large. In these cases discus-
sions between the workshop facilitators and individ-
uals were required to inform participants of
inconsistencies and how these come about, which,
again, required additional time.

Some of the participants performed the ranking
with pre-conceived ideas, which also negatively
influenced consistencies within sets of comparisons.
It is subsequently believed that direct weighing is
easier and more relevant than pair-wise comparisons
for these types of participants (Brent et al., 2005).

Some participants thought the conventional AHP
scale of 1-9 was too small and did not allow them to
allocate numbers properly. In contrast the scale con-
fused other participants such that they mixed the left
and the right hand sides of the scale when confronted
by the comparison question, e.g. which option is
more important, and by how much, to minimise
infection risks. Furthermore, precision errors with
the conventional AHP scale and eigenvector
approach have been noted in literature (Laininen
and Hdmaéldinen, 2002), and the precision level of
each of the comparisons cannot be guaranteed.

For these reasons the spread of priority weights is
rather large for some of the hierarchical tree attri-
butes, which has been shown to be characteristic
of the application of AHP to sustainable develop-
ment (Noble, 2004). Considering the standard devi-
ation and mean values in the tables of Appendix A,
large spreads are more pronounced for the life cycle
phase components than the associated specific
options of components. This highlights the difficulty
for the multiple decision-making panels to achieve
consistent ranking of items on the upper levels of
the hierarchical trees.

5.3. Applying the priority weights to rank
alternatives and assign risk factors

The overall weights for alternatives, i.e. the com-
bination of option choices for the essential life cycle
phase components, were obtained with the conven-
tional AHP by multiplication of the priority weight
of each component option by the priority weight of
the associated life cycle phase component. Table 9
provides, as an example, the waste generation life
cycle phase using the South African workshop data.
Determining priority from a safety perspective
through the following equation has translated this
ranking into impact indicators of the risk of each
alternative for a life cycle phase:

Rup = (ZCW")I (1)

Ny

with R,p = risk factor for an alternative in a life cy-
cle phase, in relation to the risk factor of 1 for the
alternative with the least risk for the phase;
W; = overall weight for an option in a life cycle
phase component (C); Ny = normalisation value,
i.e. the maximum combined weight from the choice
of options for the components of a life cycle phase.

In Eq. (1) a risk factor is taken as the inverse for
a normalised priority weighting. In other words, the
alternative with the highest weight has the lowest
risk factor and the alternative with the lowest weight
the highest risk factor.

For the example of the waste generation life cycle
phase, eight alternatives are possible. Using the
overall weight values, the risk factors for the eight
alternatives, using Eq. (1), are shown in Table 3.
The risk factors for the other life cycle phases can
be found elsewhere (Ramabitsa-Siimane, 2006).

An analysis of the risk factors in Table 3 shows a
definite trend towards higher risk with less engi-
neered technology and this is consistent with the
approach used in the development of standards in
the developed world (Grimmond et al., 2003). The
largest risk reduction is associated with the intro-
duction of an engineered safety box, e.g. from risk
factor value of 7.6-2 in the last two alternatives.
This risk reduction is consistent with the safety
box policy of the World Health Organization
(WHO) (Priiss et al., 1999). In the rural developing
country situation, where training (DP) and working
conditions (EL) are least controllable, the WHO
intention is to ensure that at least there is a an
engineered safety box in the generation life cycle
phase.
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Table 3
Assigning risk factors for the waste generation life cycle phase
using the South African workshop results

Options Overall weights
EC 0.349

NEC 0.045

EL 0.200

NEL 0.028

DP 0.292

NP 0.038
Alternatives Risk factors
EC+ EL + DP 1.0

nEC + EL + DP 1.6

EC +nEL + DP 1.3

nEC + nEL + DP 2.3

EC+ EL +nP 1.4

nEC + EL + nP 3.0

EC + nEL +nP 2.0

nEC + nEL + nP 7.6

The challenge of following this approach in the
WasteOpt tool is the communication of the out-
comes, i.e. the risk factors are not necessarily a true
reflection of how much more risk is associated with
one set of alternatives compared to another; it is
only based on the combined perceptions of the
selected panel.

6. Conclusions and way forward

A model is introduced that incorporates the stan-
dardised life cycle management (LCM) approach
with the analytical hierarchy process (AHP),
whereby health care waste management (HCWM)
systems can be optimised in developing countries.
The AHP was used to assign priorities to the alterna-

tives in the life cycle of waste according to the infec-
tion risks associated with the life cycle component
options that are available to decision-makers in the
life cycle of waste. Thereby, alternatives, or combina-
tions of options for essential components of a
HCWM system were ranked according to the respec-
tive combined risks in relation to best practices for
that developing country context. Also, allocations
of resources for the implementation of these priorities
can be assigned in short and medium terms based on
availabilities of resources and largest benefit (Rama-
bitsa-Siimane, 2006). Therefore waste management
systems can be optimized within the sustainability
requirements of stakeholder acceptance, national
safety requirements, and available system resources.

Two case studies were used to apply the AHP as
part of the model. The case studies consisted of
workshops that were held with stakeholders of the
HCWM systems in South Africa and Lesotho.
The case studies highlighted a number of barriers
to the application of the AHP in developing coun-
tries, which must be addressed when applying the
introduced WasteOpt tool:

o The available time for a workshop: At least 2 days
with two workshop facilitators and one assistant
are required.

e Group size: A workshop should comprise of no
more than 15 participants that represent the dif-
ferent stakeholder groups of the HCWM
systems.

e Diversity of educational level and background of
participants: Facilitators of workshops must
take cognisance of the fact that the stakeholders
of HCWM systems in developing countries

Attribute of Life cycle
AHP goal Level 1 Waste generation phase
Attribute Life cycle
elements Level 2 Container Infrastruct. Procedures phase
(0.395) (0.228) (0.339) components
— EC EL — DoP
Attribute (0.884) (0.876) (0.882) Life cycle
elements’ Level 3 phase
options L | hEC nEL L | np components’
(0.114) (0.121) (0.116) options

Alternatives are combinations of options, e.g. nEC + EL + nP

Fig. 3. AHP options for the waste generation life cycle phase.
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represent different levels in public and private
sectors, with varying educational backgrounds.
Therefore separate discussions in subgroups
may be necessary to reach consensus and thereby

improve consistencies.

o AHP scale and set of comparisons: Much time
is required to explain the AHP scale, the set of

Level 1

Level 2

Level 3

pair-wise comparisons, and the importance of
consistency in order to achieve buy-in to the

process.

o Individual judgements: The problem of judge-
ments, and possible outliers, has been noted
(Laininen and Héaméldinen, 2002), which can be
addressed with mathematical manipulation of
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Onsite collection & storage
Technology / Aggregation Infrastruct. Procedures
(0.284) (0.317) (0.362)
Aggregation Transport Container
(0.225) (0.220) (0.458)

— EC—EC — EwW — EC —{ REF — DP

(0.670) (0.646) (0.892) (0.614) (0.870)
- EC—nEC —— EnW — nEC — nREF — nP

(0.077) (0.218) (0.107) (0.293) (0.125)
= nEC—nEC '— nEnW '—— nRnEF

(0.148) (0.081) (0.076)
— nEC—EC

(0.068)

Level 1

Fi

—

Onsite treatment

g. 4. AHP options for the onsite collection and storage life cycle phase.

Level 2

Level 3

Fig. 5. AHP options for the onsite treatment waste life cycle phase.

Technology / Equipment Infrastruct. Procedures
(0.382) (0.310) (0.252)
Equipment Transport Container
(0.383) (0.143) (0.377)
I SASSIE-E — EWT — EC — ES — ©DP
(0.553) (0.646) (0.888) (0.873) (0.888)
I SASSIE-M — GT L— nEC L—{ nES L—{ nP
(0.363) (0.207) (0.109) (0.125) (0.110)
L1 O0AB L T
(0.065) (0.091)
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the AHP matrices such as regression. At the very
least it is important to report the intervals of pri-
ority weights (Mustajoki et al., 2005).

The choice of WasteOpt as a decision-making
tool for developing country situations is based on
its appropriateness to HCWM at all levels of

Level 1 Onsite disposal
Technology / Equipment Procedures
(0.495) (0.455)
Level 2
fmmmmmm b ,
Equipment \  Transport | Container
(0.386) ' (0.196) ! (0.359)
[ 1
— EP ! EWT 1 |— EC —{ DP
(0.389) 1 (0.750) E (0.886) (0.851)
L cp fer 1 L] nec L1 np
Level 3 (0.210) L (167) (0.112) (0.138)
Fomsm=mm 1
L op ooar
(0.078) ! (0.066)
Fig. 6. AHP options for the onsite disposal waste life cycle phase.
Level 1 Offsite central treatment
Technology / Equipment Infrastruct. Procedures
(0.351) (0.218) (0.347)
Level 2
Equipment Transport Container
(0.349) (0.120) (0.475)
— mcl ——  EWV —{ EC —{ ES —— DP
(0.380) (0.774) (0.892) (0.886) (0.869)
— scl — GV L—{ nEC L—{ nES L— nP
(0.132) (0.136) (0.107) (0.112) (0.127)
L—
(0.086)
Level 3
= e
1 (0.049)

Fig. 7. AHP options for the offsite central treatment waste life cycle phase.
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Level 1 Offsite central disposal
Technology / Equipment Procedures
(0.559) (0.329)
Level 2
Technology Transport Container
(0.452) (0.190) (0.277)
— LF — EWV — EC — DP
(0.652) (0.768) (0.886) (0.883)
—| cD — GV L— nEC L— nP
Level 3 (0.254) (0.153) (0.111) (0.113)
L oD — v
(0.078) (0.075)

Fig. 8. AHP options for the offsite central disposal waste life cycle phase.

Table 4
AHP results for the waste generation life cycle phase
Part. no.  Level 2 Level 3.1 Level 3.2 Level 3.3 Avg. CR
Cont. Infra. Proc. CR EC nEC CR EL nEL CR DP nP CR
South African workshop
1 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
2 0460 0.221 0319 0.117 0.900 0.100 0.000 0.889 0.111 0.000 0.889 0.111 0.000 0.029
3 0413 0260 0327 0.046 0.833 0.167 0.000 0.857 0.143 0.000 0.875 0.125 0.000 0.012
4 0.400 0.400 0.200 0.000 0.875 0.125 0.000 0.875 0.125 0.000 0.833 0.167 0.000 0.000
5 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
6 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
7 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
8 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
9 0.571 0.143  0.286 0.000 0.857 0.143 0.000 0.857 0.143 0.000 0.857 0.143 0.000 0.000
10 0455 0.091 0455 0.056 0.875 0.125 0.000 0.833 0.167 0.000 0.875 0.125 0.000 0.014
11 0452 0.072 0476 0.002 0.889 0.111 0.000 0.833 0.167 0.000 0.875 0.125 0.000 0.001
Mean 0.395 0.228 0.331 - 0.884 0.114 - 0876 0.121 - 0.882 0.116 - -
Avg. 0401 0.259 0339 0.020 0.884 0.116 0.000 0.877 0.123 0.000 0.882 0.118 0.000 0.005
Std. dev.  0.078  0.112  0.074 0.038 0.022 0.022 0.000 0.027 0.027 0.000 0.022 0.022 0.000 0.010
Lesotho workshop
1 0413 0260 0327 0.046 0.833 0.167 0.000 0.875 0.125 0.000 0.875 0.125 0.000 0.012
2 0.333  0.333 0333 0.000 0.875 0.125 0.000 0.875 0.125 0.000 0.875 0.125 0.000 0.000
3 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
4 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
5 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
6 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
7 0.333  0.333  0.333 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
8 0.778  0.111  0.111 0.000 0.900 0.100 0.000 0.875 0.125 0.000 0.900 0.100 0.000 0.000
9 0.279  0.072 0.649 0.056 0.900 0.100 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.014
10 0.243  0.056 0.701 0.093 0.833 0.167 0.000 0.750 0.250 0.000 0.889 0.111 0.000 0.023
11 0455 0.091 0455 0.000 0.857 0.143 0.000 0.800 0.200 0.000 0.857 0.143 0.000 0.000
Mean 0.361 0.194 0352 - 0.881 0.116 - 0869 0.123 - 0.890 0.109 - -
Avg. 0.379 0.235 0386 0.018 0.882 0.118 0.000 0.870 0.130 0.000 0.891 0.109 0.000 0.004
Std. dev. 0.144  0.124 0.164 0.032 0.028 0.028 0.000 0.050 0.050 0.000 0.015 0.015 0.000 0.008
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Table 7

AHP results for the waste disposal life cycle phase (onsite)

Part. no. Level 2.1 Level 2.2 Level 3.1 Level 3.2 Level 3.3 Level 3.4 Avg. CR

Tech./Eq. Proc. CR Eq. Tran. Cont. CR OD CD EP CR EWT GT 1T CR EC nEC CR DP nP CR
South African workshop
1 0.500 0.500 0.000 0.489 0.067 0.444 0.008 0.055 0.203 0.742 0.376 0.814 0.114 0.072 0.046 0.900 0.100 0.000 0.900 0.100 0.000 0.072
2 0.500 0.500 0.000 0.540 0.163 0.297 0.008 0.058 0.151 0.791 0.156 0.780 0.170 0.050 0.275 0.900 0.100 0.000 0.875 0.125 0.000 0.073
3 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.067 0.272 0.038 0.038 0.757 0.188 0.054 0.270 0.875 0.125 0.000 0.800 0.200 0.000 0.051
4 0.667 0.333 0.000 0.268 0.117 0.614 0.063 0.075 0.333 0.592 0.012 0.772 0.173 0.055 0.180 0.875 0.125 0.000 0.857 0.143 0.000 0.043
5 0.200 0.800 0.000 0.333 0.333 0.333 0.000 0.050 0.170 0.780 0.275 0.797 0.151 0.052 0.254 0.900 0.100 0.000 0.900 0.100 0.000 0.088
6 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.114 0.100 0.786 0.016 0.809 0.094 0.097 0.001 0.900 0.100 0.000 0.900 0.100 0.000 0.003
7 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.047 0.178 0.775 0.330 0.775 0.178 0.047 0.330 0.900 0.100 0.000 0.889 0.111 0.000 0.110
8 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.054 0.233 0.712 0.213 0.800 0.100 0.100 0.000 0.889 0.111 0.000 0.900 0.100 0.000 0.036
9 0.500 0.500 0.000 0.637 0.105 0.258 0.033 0.078 0.171 0.750 0.086 0.588 0.323 0.089 0.008 0.833 0.167 0.000 0.857 0.143 0.000 0.021
10 0.500 0.500 0.000 0.455 0.091 0455 0.000 0.063 0.265 0.672 0.025 0.669 0.243 0.088 0.006 0.875 0.125 0.000 0.750 0.250 0.000 0.005
11 0.833 0.167 0.000 0.333 0.333 0.333 0.000 0.046 0.167 0.787 0.376 0.722 0.227 0.051 0.180 0.900 0.100 0.000 0.750 0.250 0.000 0.093
Mean 0.495 0455 - 0.386 0.196 0.359 - 0.078 0.210 0.389 - 0.750  0.167 0.066 - 0.886 0.112 - 0.851 0.138 - -
Avg. 0.518 0.482 0.000 0.399 0.231 0.370 0.010 0.079 0.228 0.568 0.035 0.753 0.178 0.069 0.141 0.886 0.114 0.000 0.853 0.147 0.000 0.054
Std. dev. 0.150 0.150 0.000 0.114 0.119 0.099 0.020 0.020 0.092 0.305 0.030 0.069 0.068 0.021 0.131 0.021 0.021 0.000 0.059 0.059 0.000 0.036
Lesotho workshop

Level 2.1 Level 2.2 Level 3.1 Level 3.2 Level 3.3 Avg. CR

Tech./Eq. Proc. CR Eq. Cont. CR OD CD EP CR EC nEC CR DP nP CR
1 0.500 0.500 0.000 0.500 0.500 0.000 0.067 0.293 0.641 0.086 0.889 0.111 0.000 0.875 0.125 0.000 0.017
2 0.500 0.500 0.000 0.875 0.125 0.000 0.072 0.279 0.641 0.086 0.875 0.125 0.000 0.900 0.100 0.000 0.017
3 0.500 0.500 0.000 0.875 0.125 0.000 0.075 0.333 0.592 0.012 0.875 0.125 0.000 0.900 0.100 0.000 0.002
4 0.500 0.500 0.000 0.333 0.667 0.000 0.070 0.178 0.751 0.025 0.900 0.100 0.000 0.900 0.100 0.000 0.005
5 0.500 0.500 0.000 0.333 0.667 0.000 0.070 0.178 0.751 0.025 0.900 0.100 0.000 0.900 0.100 0.000 0.005
6 0.500 0.500 0.000 0.500 0.500 0.000 0.143 0.143 0.714 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.000
7 0.500 0.500 0.000 0.500 0.500 0.000 0.125 0.079 0.796 0.046 0.889 0.111 0.000 0.900 0.100 0.000 0.009
8 0.500 0.500 0.000 0.800 0.200 0.000 0.125 0.079 0.796 0.046 0.857 0.143 0.000 0.875 0.125 0.000 0.009
9 0.500 0.500 0.000 0.500 0.500 0.000 0.061 0.176 0.763 0.093 0.900 0.100 0.000 0.900 0.100 0.000 0.019
10 0.500 0.500 0.000 0.875 0.125 0.000 0.058 0.207 0.735 0.101 0.875 0.125 0.000 0.900 0.100 0.000 0.020
11 0.833 0.167 0.000 0.800 0.200 0.000 0.056 0.243 0.701 0.093 0.833 0.167 0.000 0.750 0.250 0.000 0.019
Mean 0.547 0.416 - 0.589 0.306 - 0.080 0.178 0.716 - 0.879 0.119 - 0.880 0.114 - -
Avg. 0.558 0.442 0.000 0.626 0.374 0.000 0.084 0.196 0.719 0.055 0.880 0.120 0.000 0.881 0.119 0.000 0.011
Std. dev. 0.128 0.128 0.000 0.219 0.219 0.000 0.031 0.083 0.068 0.036 0.023 0.023 0.000 0.045 0.045 0.000 0.007
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Table 9

AHP results for the waste disposal life cycle phase (central)

Part. Level 2.1 Level 2.2 Level 3.1 Level 3.2 Level 3.3 Level 3.4 Avg.
no. CR
Tech./Eq. Proc. CR  Eq. Tran. Cont. CR OD CD LF CR EWV GV 1V CR EC nEC CR DP nP CR
South Afiican workshop
1 0.889 0.111 0.000 0.772 0.053 0.175 0.317 0.052 0.165 0.784 0.361 0.814 0.114 0.072 0.046 0.900 0.100 0.000 0.889 0.111 0.000 0.121
2 0.500 0.500 0.000 0.528 0.227 0.245 0.533 0.050 0.170 0.780 0.275 0.770 0.185 0.045 0.382 0.900 0.100 0.000 0.900 0.100 0.000 0.198
3 0.500 0.500 0.000 0.571 0.143 0.286 0.431 0.048 0.160 0.792 0.317 0.797 0.151 0.052 0.254 0.900 0.100 0.000 0.857 0.143 0.000 0.167
4 0.667 0.333 0.000 0.707 0.070 0.223 0.790 0.054 0.233 0.712 0.213 0.756 0.188 0.056 0.141 0.889 0.111 0.000 0.900 0.100 0.000 0.191
5 0.500 0.500 0.000 0.714 0.143 0.143 0.000 0.177 0.519 0.304 0.254 0.763 0.178 0.058 0.213 0.900 0.100 0.000 0.900 0.100 0.000 0.078
6 0.900 0.100 0.000 0.333 0.333 0.333 0.000 0.065 0.204 0.730 0.590 0.797 0.151 0.052 0.254 0.889 0.111 0.000 0.900 0.100 0.000 0.141
7 0.750 0.250 0.000 0.333 0.333 0.333 0.000 0.047 0.178 0.775 0.330 0.787 0.167 0.046 0.376 0.900 0.100 0.000 0.900 0.100 0.000 0.118
8 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.075 0.357 0.567 0.046 0.761 0.166 0.073 0.063 0.900 0.100 0.000 0.900 0.100 0.000 0.018
9 0.800 0.200 0.000 0.715 0.098 0.187 0.002 0.102 0.172 0.726 0.025 0.709 0.212 0.079 0.141 0.800 0.200 0.000 0.800 0.200 0.000 0.028
10 0.167 0.833 0.000 0.455 0.091 0.455 0.000 0.063 0.265 0.672 0.025 0.731 0.188 0.081 0.056 0.875 0.125 0.000 0.875 0.125 0.000 0.013
11 0.500 0.500 0.000 0.747 0.049 0.204 0.376 0.048 0.271 0.682 0.187 0.751 0.205 0.044 0.376 0.900 0.100 0.000 0.900 0.100 0.000 0.156
Mean 0.559 0.329 - 0.452 0.190 0.277 - 0.078 0.254 0.652 - 0.768 0.153 0.075 - 0.886 0.111 - 0.883 0.113 - -
Avg. 0.607 0.393 0.000 0.481 0.222 0.297 0.000 0.080 0.265 0.655 0.032 0.769 0.156 0.075 0.055 0.887 0.113 0.000 0.884 0.116 0.000 0.121
Std. dev. 0.219 0.219 0.000 0.187 0.123 0.114 0.001 0.020 0.093 0.081 0.012 0.042 0.038 0.005 0.009 0.030 0.030 0.000 0.031 0.031 0.000 0.064
Lesotho workshop
1 0.500 0.500 0.000 0.761 0.073 0.166 0.063 0.067 0.467 0.467 0.000 0.777 0.153 0.070 0.090 0.889 0.I11 0.000 0.875 0.125 0.000 0.026
2 0.500 0.500 0.000 0.800 0.100 0.100 0.000 0.078 0.171 0.750 0.086 0.798 0.138 0.064 0.093 0.889 0.I11 0.000 0.875 0.125 0.000 0.030
3 0.500 0.500 0.000 0.809 0.097 0.094 0.001 0.078 0.171 0.750 0.086 0.798 0.138 0.064 0.093 0.889 0.111 0.000 0.889 0.111 0.000 0.030
4 0.500 0.500 0.000 0.250 0.250 0.500 0.000 0.058 0.207 0.735 0.101 0.761 0.158 0.082 0.001 0.900 0.100 0.000 0.900 0.100 0.000 0.017
5 0.500 0.500 0.000 0.250 0.250 0.500 0.000 0.058 0.207 0.735 0.101 0.761 0.158 0.082 0.001 0.900 0.100 0.000 0.900 0.100 0.000 0.017
6 0.500 0.500 0.000 0.458 0.063 0.479 0.002 0.074 0.122 0.804 0.032 0.818 0.091 0.091 0.000 0.900 0.100 0.000 0.900 0.100 0.000 0.006
7 0.500 0.500 0.000 0.429 0.143 0.429 0.000 0.075 0.333 0.592 0.012 0.777 0.153 0.070 0.090 0.889 0.111 0.000 0.889 0.111 0.000 0.017
8 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.051 0.222 0.722 0.180 0.798 0.138 0.064 0.093 0.889 0.111 0.000 0.889 0.111 0.000 0.046
9 0.500 0.500 0.000 0.333 0.333 0.333 0.000 0.051 0.227 0.722 0.180 0.663 0.278 0.058 0.046 0.900 0.100 0.000 0.900 0.100 0.000 0.038
10 0.500 0.500 0.000 0.714 0.143 0.143 0.000 0.061 0.176 0.763 0.093 0.763 0.176 0.061 0.093 0.857 0.143 0.000 0.875 0.125 0.000 0.031
11 0.889 0.111 0.000 0.796 0.125 0.079 0.046 0.056 0.463 0.481 0.001 0.751 0.178 0.070 0.025 0.889 0.111 0.000 0.900 0.100 0.000 0.012
Mean 0.527 0.436 - 0.489 0.149 0.231 - 0.066 0.222 0.673 - 0.768 0.155 0.070 - 0.890 0.109 - 0.890 0.109 -
Avg. 0.535 0.465 0.000 0.539 0.174 0.287 0.010 0.066 0.248 0.686 0.063 0.770 0.160 0.071 0.057 0.890 0.110 0.000 0.890 0.110 0.000 0.024
Std. dev. 0.117 0.117 0.000 0.236 0.100 0.174 0.022 0.009 0.137 0.132 0.044 0.041 0.046 0.010 0.042 0.012 0.012 0.000 0.011 0.011 0.000 0.012
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administration and implementation in healthcare.
Use of the hierarchy of waste management alone
will not necessarily lead to economically and other-
wise sustainable systems because it does not attempt
to measure the impacts of the individual options
available (White et al., 1995). The further develop-
ment of the WasteOpt model would provide the
benefits of ranking of options with little available
information or data.
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Appendix A. Hierarchical trees for the life cycle
phases and research results

See Figs. 3-8 and Tables 4-9.

A.1. Acronyms of available options for the life cycle
phases

CD controlled dump
DP detailed procedures

DS dry sterilisation/disinfection

E encapsulation

EC engineered container

EC — EC from engineered container to engineered
container

EC — nEC from engineered container to non-engi-
neered container

EL engineered location

EnW  engineered non-wheeled

EP engineered pit

ES engineered storage

EW engineered wheeled

EWT engineered wheeled transport

EWYV engineered wheeled vehicle
GT general transport

GV general vehicle

IT inappropriate transport

v inappropriate vehicle

LF landfill

nEC  non-engineered container

nEC — EC from non-engineered container to engi-
neered container

nEC — nEC from non-engineered container to
non-engineered container

nEL  non-engineered location

nES  non-engineered storage

nEnW non-engineered non-wheeled

nP no procedures

nREF non-refrigerated engineered facility

nRnEF non-refrigerated non-engineered facility

MCI  multi-chamber incinerator

OAB open air burning

OD open dump

REF  refrigerated engineered facility

SASSI-E South African small scale incinerator —
engineered

SASSI-M South African small scale incinerator —
minimum requirements

SCI single-chamber incinerator

S&D  shredding and disinfection

WS wet sterilisation/disinfection
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