in South Africa:

by R.G. Votteler* and A.C. Brentt

Synopsis

The first in this series of two papers, on the potential of renewable electricity
sources for mining operations in South Africa, investigated the internal
structure of mining corporations to evaluate feasible alternative electricity
sources that were identified as through earlier research. The purpose of this
paper is to combine current knowledge about the external macroeconomic
and the internal environments to produce a clear picture of how renewable
sources of electricity could perform from the perspective of mining
corporations in South Africa. The multi-attribute value theory (MAVT)
approach was adapted to structure the research and results. The model was
fed with real-time data provided from five different energy companies and
four mining corporations operating in South Africa. The results show that the
performance of hybrid versions of the currently used electricity sources
(diesel generators and Eskom grid connection) with solar PV and onshore
wind is favourable compared with the current sources alone. The advantage
of diesel generators is significantly greater than that of the Eskom grid
connection. By combining the macroeconomic influences with the MAVT
results, hybrid solar PV versions are identified as having the greatest
potential. In second place are hybrid wind solutions, which have the
shortcoming that good wind conditions occur only in coastal regions where
there are fewer mining activities. Geothermal hybrid versions are the least
favourable owing to the lack of service infrastructure and high initial
investment costs.

Keywords: Multi-criteria decision analysis, multi-attribute value theory,
renewable electrical energy.

Introduction

Recent developments in the macroeconomic
environment necessitate an investigation of
the internal structure of mining corporations to
evaluate possible alternative electricity-
generating sources (Roehrl and Riahi, 2000).
To be able to combine current knowledge of
macroeconomic factors and the internal
structure of mining corporations, the research
process is presented in two papers. The first
paper (Votteler and Brent, 2016) investigated
the internal structure and argued that a
strategic tool should be used to evaluate
electricity sources from the perspective of
mining corporations. The multi-criteria
decision analysis (MCDA) approach was
selected as the most appropriate strategic tool.
Based on a literature review of previous
similar MCDA approaches in energy planning,
it was concluded that no adaptation of MCDA
methods could be found from a corporate,
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A mining perspective on the potential of
renewable electricity sources for operations

Part 2 — A multi-criteria decision assessment

mining, or South African perspective. Finally,
the paper investigated the internal evaluation
structure in collaboration with mining
corporations, by identifying the criteria they
use to evaluate electricity sources.

In this second paper we set out to identify
the best MCDA method to investigate a
potential fit for renewable energy sources at
mining operations. We then implement the
selected MCDA method. Previous
macroeconomic research identified non-grid-
connected solar PV, onshore wind, and
geothermal power in hybrid versions along
with the current on-site diesel generators and
grid connection to Eskom as the most
lucrative. The choice of these hybrid versions
is based on the constant electricity demand of
mining operations and the intermittency of the
renewables. The business model identified was
self-generation via own investment (Votteler
and Brent, 2016). The first paper describes the
evaluation criteria used by mining
corporations to determine this choice. All
further information for implementing the
MAVT method was gathered in cooperation
with mining corporations and renewable and
conventional energy companies in order to use
real-time data.

The purpose of this paper is to analyse and
compare the strengths and weaknesses of
these potential electricity sources, according to
a possible fit to the specific needs of mining
corporations and from their perspective. To
optimize the learning process for mining
corporations in order to equip them with an
understanding of renewable energy
technologies and for energy companies to learn
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A mining perspective on the potential of renewable electricity sources — Part 2

Main Objective

Develop an MCDA adaptation to
analyse and compare current
renewable electricity-generating
sources for mining operations

| — | 1

1st objective 2nd objective 3rd objective 4th objective
Adapt the MCDA Investigate the
Identify the most method o assist Andlyse anvi 1 sensitivity of the
suitable MCDA mining : SGMEATE CUFEN results to changes in
method 1o select the best s key values of the
electricity source s methods

Figure 1—Research objectives

how to approach these potential new customers, more
research has to be conducted (Steinhaeuser et al., 2012).

The research objectives are illustrated in Figure 1. The
first objective, to investigate the best-suited MCDA, method
was based on a literature review. The ensuing objectives
were based on primary research investigations. The second
objective was to adapt the selected MCDA method. The data
was gathered in cooperation with energy companies
supplying the electricity sources and mining corporations
using them. Based on the third objective, the results of the
adapted MCDA method were analysed to identify strengths
and weaknesses of the selected sources. The last section
investigated the sensitivity of the method to possible changes
to the results when alternating key input data.

MCDA method selection

Research approach

To conduct secondary research, data was used that was
gathered and recorded by others prior to the current project.
The advantages were the assurance of readily available data
and the relatively quick and inexpensive acquisition of such
data. The disadvantages were that the information may be
outdated, that there may have been a variation in the
definition of terms, and that different units of measurement
may have been used. Cross-checking the data could reduce
these disadvantages; this would entail comparing similar data
(Zikmund and Babin, 2010). The media used for the
literature review were books, the internet, conference
proceedings, journal articles, Master’s and doctoral
dissertations, and case studies.

Petticrew and Roberts (2006) identified six different
types of literature review. This paper made use of a
‘conceptual review’, which aims to synthesize areas of
conceptual knowledge that can contribute to a better
understanding of the issues studied. The objective of such a
review is to provide an overview of the literature in a given
field, including the main ideas, models, and debates.

The first objective was to identify the most suitable
MCDA method for the research context of this paper, which
was based entirely on secondary literature. The literature is
discussed in subsequent sections. Firstly, requirements of
this research to identify the most suitable MCDA method are
given and explained. By fulfilling the requirements it was
possible to ensure that all the areas of the investigation were
addressed. Secondly, the different MCDA ‘schools of thought’
are introduced and their possible use according to the
requirements discussed. The value measurement school of
thought was selected. The next step was to use the same
requirements to analyse the possible contribution of each
method. Three well-established and comprehensive methods
were investigated.
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The second objective was to adapt the selected MCDA
method to the decision structure of mining corporations,
evaluating different electricity-generating sources. The
secondary literature provided the background knowledge for
the selected MCDA method and the foundation for the
adaptation.

Requirements of the MCDA method

This section describes the requirements of the MCDA method
to best address the main research objective, namely to
analyse and compare potential electricity sources for mining
corporations. The required elements were used to scan
different MCDA categories and methods to identify the one
best-suited for adaptation in the context of this investigation.
It is important to mention that it was often difficult to justify
the selection of a method. None of them are perfect, nor is it
possible to apply them to all decision problems. Each method
entails its own limitations, characteristics, principles, and
perspectives (Ishizaka and Nemery, 2013). Consequently, the
following requirements were used to make the best possible
selection.

1. Once-gff decision - Specialist knowledge of the
characteristics of the MCDA method is required in order to
contribute successfully to this type of decision. The decision
to select the best-suited electricity source has to be made
once and is not recurring. Only after years of usage a re-
evaluation may be necessary as price structures or
performance levels may have changed (Khatib, 2008)

2. Investigate the evaluation structure - The implementation
of the MCDA method has to bring about a clear
understanding of the internal evaluation structure of mining
corporations. It has to show how each criterion contributes to
the overall decision. This can contribute to renewable energy
companies having a better understanding of a potential new
type of customer, namely mining corporations

3. Analyse alternatives separately - The method has to
deliver the basis for a separate analysis of each alternative. It
should be possible to illustrate and explain the strengths and
weaknesses of an alternative independently of the other
alternatives. The decision-maker has to understand the
implications of selecting a certain option

4. Compare alternatives - 1t has to be possible to compare
alternatives according to their strengths and weaknesses. The
results should demonstrate the advantages and
disadvantages of selecting one electricity source in preference
to the others. The results ought to provide the decision-
maker with the necessary information to optimize his or her
selection

5. Incorporate unknown alternatives - As the concept of
renewable electricity sources is relatively new for mining
corporations in South Africa (Boyse et al., 2014), the method
has to be able to incorporate the analysis of alternatives not
known to the decision-maker. The basis of the adapted
method, before implementing the data of alternatives, should
not include any predispositions towards a specific outcome.

Possible MCDA methods

The purpose of this section was to select the MCDA method
that is best suited to contribute to the research objectives.
This was achieved by investigating the categories and
methods according to the requirements listed above (see
Table 1). For structural purposes the reasoning was
subdivided into the selection of the most appropriate MCDA
category, and then the method.
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Selection of MCDA category

It is generally accepted that MCDA methods can be divided
into three broad categories, or schools of thought, namely the
value measurement methods, the goal, aspiration, or
reference level methods, and outranking methods (Stewart
and Belton, 2002). The list below introduces the theory of
each category, followed by an examination of which
requirements are or are not satisfied. Lastly, the category is
selected and reasons are stated.

» Goal, aspiration, or reference methods - These methods
establish, in coordination with the decision-makers,
desirable or satisfactory levels of achievement for each
evaluation criterion. The results of the implementation
identify the alternative that is closest to realizing these
goals and aspirations (Roy and McCord, 1996). The
method is preferably used for decision problems of a
repetitive nature or familiar to the decision-maker
(Stewart and Belton, 2002). This contradicts
requirement 1 and 5. In addition, the methods
necessitate that performance measures are available in
quantitative form (Chang, 2011). This eliminates
requirements 2, 3, and 4, as selected criteria of this
study are of qualitative nature

» Outranking methods - These methods compare
alternative courses of action in a pairwise approach.
This is initially done on a criterion-to-criterion basis in
order to state the preference for one over the other.
Thereafter the methods aggregate such preferences of
all selected criteria in order to identify the level of
evidence favouring one alternative over the others.
Partial and complete rankings are constructed
(Geldermann and Schébel, 2011). Consequently, the
methods investigate the internal evaluation structure
and compare alternatives that are new or known to the
decision-maker, which fulfils requirements 2, 3 and 4.
Requirement 3 is not satisfied, as pairwise comparisons
are used, which makes it impossible to analyse
alternatives separately. The methods are used for
discrete choice problems (Bouyssou et al., 2002),
which satisfies requirement 1

» Value measurement methods - The methods create
numerical scores for each alternative analysed to

illustrate the preferences associated with each
alternative. Initially, scores are established for each
selected criterion separately. Thereafter, scores are
synthesized on the basis of relative importance. This,
in turn, effects aggregation into higher-level preference
methods—which enables the drawing up of a complete
ranking with scores. The basis of the methods differs
as some are built on pairwise comparisons and others
on preference functions (Keeney, 1992). The
foundation of constructing preference functions for
each criterion fulfils requirements 2 and 3. As the
decision-maker does not have to formulate any pre-set
ambitions, requirement 5 is satisfied. The methods are
suited for once-off decision problems, to fulfil
requirement 1 (Triantaphyllou, 2000).

For the purpose of this study, the value measurement school
of thought was selected, while the outranking methods were
a close second. The value measurement methods satisfied all
requirements. Firstly, the value measurement methods were
better suited than the outranking methods in regard to
requirement 2. By creating value functions for each selected
criterion, incorporating relative weights, the internal structure
of mining corporations in order to to evaluate electricity
sources is illustrated in detail. The outranking methods did
not satisfy this requirement to the same extent, as criteria
were not investigated separately. In addition, the outranking
methods were not able to fulfil requirement 3, as the results
of the analysis were not separate for each alternative, but
appeared in relation to each other. Lastly, the goal,
aspiration, or reference school of thought could not fulfil any
of the requirements.

Selection of value measurement method

The selected value measurement school of thought, also
known as the ‘full aggregation approach’, was the most
detailed and comprehensive MCDA option (Eliasson and Lee,
2003). Within this school of thought different methods exist.
This section investigates three established method designs
that produce the most detailed results of the value
measurement methods (Ishizaka and Nemery, 2013; Linkov
and Moberg, 2012). In the following list, the choice of the
best-suited method for the adaptation to the context of this
paper is identified and discussed:

Table |
Selection process for MCDA method
MCDA categories Req.1. | Req.2. | Req.3. [Reqg.4. | Req.5.
Goal, aspiration or reference level methods »® » » x »®
OQutranking methods v v x v v
Value measurement methods v v v v v
' Selection '
Value measurement methods
Measuring attractiveness by a categorical based o o 2 o .,
evaluation technique method (MACBETH)
Analytical hierarchy process (AHP) v v x v v
Multi-attribute value theory (MAVT) v v v v v
‘ Final choice '
Multi-attribute value theory
The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 117 MARCH 2017 301 |
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» Measuring attractiveness by the categorical-based
evaluation technique method (MACBETH) - This
method consists of three steps. The first step is to
structure the problem, which is followed by
constructing a judgement matrix on the basis of
interval pairwise comparisons. If consistency of the
matrix is proven, the attractiveness can be calculated
(Ertay et al., 2013). As the method uses pairwise
comparisons, it is difficult to analyse alternatives
separately, which contradicts requirement 3. The other
requirements can be fulfilled

» Analytical hierarchy process (AHP) - This method
comprises three steps, similar to MACBETH. Firstly, the
problem is structured, followed by the creation of a
judgement matrix based on ratio pairwise comparisons.
Again, if results are consistent, the attractiveness can
be calculated. A sensitivity analysis can be conducted
to reduce uncertainty (Stein, 2013). As this method
also uses pairwise comparison, even though on a ratio
scale, requirement 3 is difficult to accomplish.
However, all other requirements can be satisfied

» Multi-attribute value theory (MAVT) - This method
entails five steps. The first step is to structure the
problem. The second is to determine the criteria that
the decision-maker uses to evaluate the decision
problem. Thirdly, a scale is developed to measure each
criterion. Fourthly, a value function is created for each
criterion. Lastly, the data for each alternative is
implemented and results can be analysed and
compared. A sensitivity analysis can then be conducted
(Stefanopoulos et al., 2014). As a preference function
is constructed for each criterion, alternatives can be
analysed separately and in comparison to each other.

The MAVT was selected as it satisfies all the requirements.
The method can be used for once-off decisions (Ferretti et al.,
2014). 1t is the most comprehensive MCDA method and the
most detailed way to investigate the internal structure of
mining corporations, as a preference function is created for
each criterion. The MACBETH and AHP methods are less
satisfying on this requirement as each criterion is not treated
separately (Ishizaka and Nemery, 2013:6). Consequently,
only the MAVT is able to analyse alternatives separately, as
results are not based on a pairwise comparison. The three
methods enable the decision-maker to choose between
unfamiliar alternatives, as no aspirations or goals are
required.

The multi-attribute value theory approach

The first step is to structure the problem. As discussed in the
preceding paper and again briefly in the introduction of this
paper, the type of decision for mining corporations is of a
once-off nature, as the electricity source will most likely be
used for the life of the mine. The implemented method
intends to assist and provide more structure in the decision-
making of mining corporations in South Africa to enable
them to understand how renewable energy could perform as
a solution for their unique needs. Based on past
macroeconomic research, the choice entails the following.

» The electricity sources available were diesel generator;
hybrid diesel generator/solar PV; hybrid diesel
generator/onshore wind power; hybrid diesel
generator/geothermal power; Eskom grid connected;
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hybrid Eskom grid connected/solar PV; hybrid Eskom
grid connected/onshore wind power; hybrid Eskom grid
connected/geothermal power (Votteler and Brent,
2016)

» The business model used to realize the potential project
was self-generation in the form of own investment
(Votteler and Brent, 2016).

Determine criteria

The second step was to identify the criteria that mining
corporations are currently using to evaluate the decision
problem stated above. The criteria, in Table II, were identified
in the preceding paper in cooperation with four mining
corporations.

Identify data

The third step was to develop a scale for each criterion. These
scales are summarized in Table II. A local numerical scale
was established for the 11 measurable criteria. A local scale
entails all values of alternatives analysed, from the worst to
the best. An example is provided in Figure 2 in the following
section. The reason for developing scales is the fast-changing
environment where values, which are based on factors like
technological progress (Stewart and Belton, 2002), alter. This
makes it impossible to use global scales.

A global qualitative scale was developed for the
remaining five criteria to make comparability possible
(Stewart and Belton, 2002). A pilot study was conducted with
one expert from the renewable field and one expert from the
mining industry to ensure that the qualitative scales were
interpreted consistently. The data for the electricity sources to
feed all criteria and to develop the scale were revealed in
cooperation with four mining corporations and five different
energy companies that have specialist knowledge of one or
more of the sources. The data was backed up with
professional literature to ensure accuracy.

Define value function and importance weight

The fourth step was to develop the value functions and
assess the relative importance weights of each criterion. The
value function reflects the preference of the mining
corporation as the decision-maker (Stewart and Belton,
2002). Figure 2 provides an example of the operating and
maintenance (O&M) cost value function. The coloured
sections are explained in the section ‘Criteria and value
functions’ below. The vertical axis represents the value to the
respondent, from worst (0) to best (100). The horizontal axis
gives the scale for the specific criteria. The worst value is
situated on the left with zero value points while the best
value is situated on the right with 100 value points.

The procedure for all four mining corporations was the
same. All respondents had to go through all criteria and were
asked three questions. Firstly, they had to identify the point
on the scale that represents halfway in value (50) for them. If
there was no preference the point would stay in the middle
and a linear function would result. In the case of the
examples, an initial cost reduction was more important -
which results in a convex function. A more convex curve
would represent a stronger preference. A possible reason for
the more convex curve could be a tight budget, and the
tighter the budget the more convex the function would be, as
the higher prices cannot be afforded. Question two and three
followed the same procedure between the value points of 0
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Table I
Evaluation criteria of mining corporations
First Second hierarchy Description Scale
hierarchy criteria
criteria
Economy Investment cost Investment cost includes all costs regarding the planning, Numerical
purchase, and installation of the electricity source.
Operating and Operation costs entail employees’ salaries, the money spent on Numerical
maintenance costs the energy (fuel), and the products and services for the system’s
operation. Maintenance costs ensure that the systemis in
operating condition, in order to prolong the system'’s life and
avoid failures that result in downtime.
Prediction of fuel This criterion provides a prediction of the price of fuel consumed Numerical
costs to produce electricity.
Prediction of initial This criterion provides an estimation of how the initial investment | Numerical
investment costs cost will develop. If the technology is relatively new, possible
price drops can be expected.
Levelized electricity This criterion measures the rand cost per kWh, including all costs | Numerical
cost incurred by the initial investment till the end of the predicted
lifetime, which is placed in relation with the projected output of
kWh in the same timespan.
Met present value This is a financial method to define the total present value of a Numerical
series of annual cash inflows and outflows during the lifespan.
The cash flows are discounted back to the present value and
summed. The final present amount is compared to the initial
investment cost.
Technology Safety Safety relates to the degree of safety for employees working on Qualitative
site
Implementation The implementation period is the amount of time needed to Numerical
period realize the project.
Maturity Maturity refers to the development stage of the technology. The Qualitative
stages range from ‘only tested in laboratories’ to ‘close to
reaching the theoretical limits of efficiency’.
Service level Service level measures the availability of experts and spare parts | Qualitative
to repair damaged equipment.
Environment | COz emission COz emission represents the measurement of the emission of a Numerical
colourless, odourless and tasteless gas, which is mainly emitted
through the combustion of coal, oil and gas.
MNoise MNoise is the machine-created sound that disrupts human and Numerical
animal daily life.
Land requirement Land requirement represents the amount of land the electricity Numerical
source requires for a certain capacity.
Social Job creation Job creation means the number of people employed during the Numerical
life cycle of an energy system.
Corporate image Corporate image represents the possible impact of the electricity | Qualitative
source on the corporate identity in the minds of diverse publics,
such as customers, investors, and employees.
Effect on community The effect on the community refers to the possible impact on the | Qualitative
surrounding residents after the mine has closed. The community
could further utilize the electricity source.

and 50, and 50 and 100. For each value function the average
of the four responses was taken. Outliers were defined as a
variation of more than 15% of the numerical scale that they
are measured on. No outliers occurred. The reason for
translating all criteria into scales from 0-100 was to reveal
the respondents’ value and to equalize numbers for result
calculations (Stewart and Belton, 2002). The value score
(vertical axis) for each criterion was determined at the
rectangular crossing point on the value function, based on its
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numerical value (horizontal axis). In Figure 2, an electricity
source with O&M costs of 15 euros would obtain a value
score of 73.

The importance weight shows the magnitude of influence
that a single criterion contributes to the final decision. The
procedure entailed two stages. In the first stage, the
importance weight within each category, namely economy,
technology, environment, and social, was identified. The
questioning was always conducted in the same way. The
303 4
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Figure 2—Example of O&M cost value function

respondent first had to identify the most important criterion;
this received 100 points, followed by the second most
important with less than 100 points, depending on how much
less it was influencing the decision. The second stage entailed
rating the categories themselves, again starting with the most
important one with 100 points. To obtain the overall relative
importance weight, the weight of each criterion was
multiplied with the corresponding category weight (Ishizaka
and Nemery, 2013).

Determine results
This investigation produced two forms of results, which are

discussed in detail in a later section. First, an overall score for
each electricity source is presented. The score was calculated
by multiplying the relative importance weight of each
criterion with the corresponding value score. The multiplied
scores of each criterion were added to obtain the overall value
of the electricity source. The scores were normalized and
measured against the best-performing source with 100
points. The second result is represented in two matrix
diagrams for each electricity source. The matrix illustrates the
performance of all criteria for each source. One matrix
includes the importance weights, and the other

excludes them.

The MAVT for mining corporations to evaluate
electricity sources

Selected electricity sources

This section introduces the electricity sources that were
considered for possible solutions at mining operations. As
mentioned earlier, previous research by the authors argued
that the selected renewable sources in hybrid versions with
current sources presently have the highest potential for
mining corporations in South Africa. Table III briefly
describes each source and provides specifications of the exact
type of technology used. The energy companies participating
in this study recommended the types of technologies.

Key values used for calculations
This section presents two different types of data tables. Table

Table Il
Electricity sources

Type Description

Specification

Diesel generator

Baseload diesel generators were considered for the
purpose of this research. The reason for this was to
consider the source as its own and not as a backup.

The type of diesel generators considered
had 16 cylinders, 50 Hz and 1 500 rev/min.
This type has a baseload output of
1500 kVA, with a range of 100 kVA

depending on the exact model.

generation heat due to radioactive decay of granites

and gneisses.

Eskom Eskom is South Africa’'s state-owned electricity | A 50 km distance to the next Eskom-Hub
producer and supplier. The megaflex tariff was used, | was assumed. A 66kV line was
as it applies for large-scale customers of greater than | considered to establish connection.

1 MVA.

Solar PV Horizontal single-axis solar tracker devices were | The data calculated on an average annual
used as the data for this research. The reason for this | radiation level of 2000 kWh/m* were
was the increased production in comparison to fixed- | selected. A capacity factor of 26% was
tilt devices, but still a simpler and robust handling in | used.
comparison to multi-tilt devices.

Wind On-shore 2 MW wind turbines with an electrical | The data were calculated on an average
frequency of 50 Hz were used. annual wind speed of 600W/m°. A

capacity factor of 30% was used.

Geothermal The ‘hot dry rock’ was selected. The method uses the | The driling depth of 4000m was

estimated to calculate the data for South
Africa. A capacity factor of 85% was used.

» 304 MARCH 2017
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IV represents the general values, which were used for all
electricity sources analysed, especially for the economic
criteria. By applying the values it was ensured that the same
foundation was used to compare sources. Owing to the
relatively young market and the experimental stage in which
mining corporations find themselves regarding renewables, a
smaller project size of 10 MW was selected. Each value was
discussed with all mining and energy companies contributing
to this study and all were found to be most suitable. Where
required, the values were double-checked with official
sources to ensure that they were in line with international
standards.

Table V provides the specific values for single and hybrid
electricity sources. The values were used to calculate the data
to feed the criteria of the MAVT method of this paper. The
values were again provided by the energy companies and
double-checked with professional, official sources. It is
important to mention that the current sources, namely diesel
generators and the grid connection to Eskom, are considered
as the main sources. Technological standards, especially the
intermittency of renewables, require the current sources to
contribute continuously to the supply to ensure a stable
system. Diesel generators have higher ratios than the grid
connection to Eskom, because of their minimum load ratios.
For illustration purposes, a 10 MW hybrid diesel-solar PV
project would entail a 10 MW diesel generator and a 7.5 MW
solar PV plant.

Criteria and value functions
This section represents an overview, illustrated in Table VI, of

all relevant data regarding the adaptation of the MAVT
method for South African mining corporations to analyse and
compare current with hybrid renewable electricity sources.
The left column of Table VI shows the criteria investigated,
followed by the specific data for the electricity source options
and lastly the results for the importance weight and value
function. Most of the numerical measured criteria were again
double-checked with professional, recognized official sources,
including the results in Tables IV and V.

The numerical criteria data for the hybrid electricity
options were calculated for fixed costs according to the
project ratios in Table V. For example, the investment cost for
a hybrid diesel-solar PV of €1 425.00 was calculated by:
1*€450.00+0,75*€ 1 300.00. The two variable cost criteria,
namely the actual and predicted fuel costs, were calculated
according to the electricity contribution, where the renewable
electricity has priority and the conventional source is used to
satisfy the remaining demand. The levelized electricity cost
and net present value entail scenarios of both fixed and
variable costs, and consequently both were considered in the
calculations.

The relative importance weight was normalized according
to the most important criterion, namely investment cost with
a score of 100. The number indicates by how much more, or
less, weight a criterion influences the final decision. The
number in brackets indicates the ranking for illustration
purposes. The last column specifies the level of preference in
the value function regarding each criterion. All functions
were linear or convex, consequently the column indicates the
extent to which the function is convex. The extent was
categorized into four levels, as can be seen in Figure 2. The

Table IV
Basic values of electricity sources
Description Value
Project size in MW 10
Straight-line depreciation rate 15%
Tax rate* 28%
Discount rate'” 10%
Debt percentage 50%
Equity percentage 50%
Years of loan payment’' - 15
Cost of debt'? 13,4%
Number of years'? 20
(1) Waissbein et al., 2013; (2) ETH zlrich SusTec, 2014; (3) SAPVIA, 2013; (4) SARS, 2015.
Table V
Specific values for electricity sources
Description Diesel Eskom Solar Wind Geothermal
Annual change of fuel costs, %3482 | 0, 9% 0% 0% 0%
O&m cost escalation, %"" 2% 2% 2% 2% 2%
Annual system degradation®®’ 1% 0% 1% 1% 1%
Project ratio diesel 1 0,75 0.8 0.8
Project ratio Eskom 1 0,95 0,95 0,95
CO, emission kg/kWh™* 0.85 1.005 0 0 0
Land requirement m*/Mw®°"® 200 15 000 24000 30 000 16 000
(1) IRENA, 2014a; (2) OPEC, 2014, (3) South African Reserve Bank, 2015; (4) Jung and Tyner, 2014; (5) Eskom, 2015a; (6)
Lazard, 2014; (7) EIA, 2013; (8) NREL, 2013; (9) NREL, 2009; (10) Kagel et al., 2007; (11) Wouter, 2014; (12) Masters, 2013; (13)
Eskom, 2015b.
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point moving on 50 points of the value scale was considered.

For a linear function the point is in the middle of the
horizontal axis. As the point moves further to the left, the
convexity of the curve increases and therefore there is a
preference not to pay the high O&M costs.

To enable understanding of all data measurements, the
following list introduces the criteria measured according to a
qualitative scale. A global scale was used, as the scale is set
and unchanging. The respondents of mining corporations
were asked to rate the corporate image and effect on
community criteria, as they are specific to the mining
industry. All other data for the qualitative criteria was

gathered from the energy companies, because of their
expertise in the field. The scales that were developed and
measured are presented in Table VII.

Results

Overall ranking of electricity sources

This section contains the analysis and evaluation of the
results of the MCDA implemented for the purposes of this
paper. The results are based on the input data introduced in
the previous sections.

Table VIl
Qualitative scales

(1) Incidents that hospitalise
workers occur frequently

(2) Between 1 and 3

(3) Severe injuries that hospitalise
workers occur sparingly

(4) Between 4 and 5

(1) Only performed in pilot plants,
where the demonstrative goal is
linked to the experimental one, in
respect of operating and technical
conditions

(2) Between 1 and 3

(3) Available on the market, but the
improvement rate in coming years is
expected to be very high

(4) Between 3 and 5

(1) More than 4 weeks
(2) 4 weeks
(3) 3 weeks
(4) 2 weeks

(1) Negative influence through
public media

(2) Between1and3

(3) Megative influence within the
industry

(4) Between3and5

(5) Negative influence on business
partners
(6) Between5and7

(1) The pollution is negatively
affecting the health standards
(2) Between 1and 3

(3) No effect on health, but factors
like noise is lowering quality of life

Safety

(5) Incidents occur that force
workers to rest at home

(6) Between 5 and 7

(7) Hard work causes frequent
light injuries, but work can be
continued

(8) Between 7 and 9
Maturity

(5) Well established in the market
but further efficiency
improvements are expected

(6) Between 5 and 7

(7) Technologies could still be
improved but are close to
maximum efficiency

(8) Between 7 and 9

(9) Incidents causing light injuries occur
infrequently

(10) Between 9 and 11

(11) No incidents of any form are
expected during the lifetime of the
system

(9) Close to reaching the theoretical
limits of efficiency

(10) Between 9 and 10

(11) Technological plateau is reached

Service level
(5) 1 week (9) 1day
(6) 4 days (10) less than 1 day
(7) 3days
(8) 2days

Corporate image

(7) MNegative influence within
own company

(8) Between7 and 9
(9) Noimpact

(10) Between 9 and 11

(11) Positive influence within own
company
(12) Between 11 and 13

Effect on community
(4) Between 3 and 5

(5) No impact
(6) Between 5and7

(13) Positive influence on business
partners

(14) Between 13 and 15

(15) Positive influence within the
industry

(16) Between 15 and 17

(17) Positive influence through public
media

(7) Uplift community by leaving a
source of electricity after mine closure
(8) Between 7 and 9

(9) Uplift community by leaving

electricity source and increase quality
of life
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As explained previously, two types of results were
generated: firstly, the overall ranking of electricity sources
analysed, and secondly, the individual performance matrix of
each source based on the evaluation criteria. The overall
ranking is illustrated in Figure 3. The hybrid version
consisting of Eskom with solar PV was ranked as the best-
performing source, followed closely by another hybrid version
consisting of Eskom with onshore wind, and Eskom alone.
The three hybrid versions with diesel generators, and the
hybrid consisting of Eskom with geothermal power had very
similar overall scores. The lowest-performing source was a
diesel generator alone.

It is important to note from the results in Figure 3 that the
hybrid versions of wind and solar PV along with current
sources were always ranked more highly than current sources
only. The difference between hybrid applications and only
diesel generators was marked. However, the advantage of
using only Eskom was relatively small.

Individual performance of electricity sources

The individual performances of electricity sources are
presented in this section. For illustration purposes two
sources are always represented in each figure, giving the
score for the currently used source only and for the
corresponding hybrid version. Consequently, it is possible to
identify and evaluate how exactly hybrid versions performed
differently from the sources used currently. The solid shaded
area represents the result including the importance weights.
The dotted lines represent the criteria scores only, excluding
the importance weights.

The performance matrix for diesel generators and a
hybrid version with solar PV is illustrated in Figure 4. The
advantages of diesel generators were the low initial

Diesel  Hybrid Eskom Hybrid Diesel /Hybrid Diesel /Hybrid Diesel /  Eskom  Hybrid Eskom Hybrid Eskom
Generator  / Geothermal  Wind Solar PV Geothermal / Wind / Salar PV

Figure 3—Overall ranking of electricity sources
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| Levelised electricity cost
project m2NW \ KWh)

(
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kg G
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= = = Hybrid diesel | solar PV

N Diesel generator (weighled)
== == = Diesel generator

Figure 4— Performance matrix for diesel and hybrid diesel/solar PV
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investment cost, the small space requirement, and the short
implementation period. However, the running costs, including
the expected diesel price increases, were a serious weakness.
A hybrid version with solar PV increased initial investment
and lowered fuel consumption. The net present value
indicated that about €44 million can be saved over a period
of 20 years using a hybrid version. Further advantages of a
hybrid version were lower levelized costs, fewer CO,
emissions, a better corporate image, and a more positive
effect on the community.

The performance matrix for diesel generators and a
hybrid version with onshore wind is illustrated in Figure 5.
This hybrid was very similar to the hybrid version with solar
PV above. The implementation period of 15 months for the
hybrid onshore wind version was slightly longer than the 12
months required for the solar PV hybrid version. Moreover,
wind had a slightly lower job creation potential. The long-
term net present value savings of a hybrid onshore wind
version in comparison to only diesel generators amounted to
about €55 million, with a possible levelized cost reduction of
€0.081.

The performance matrix of diesel and a hybrid version
with ‘hard rock’ geothermal power in Figure 6 showed
distinctive, different characteristics from the solar PV and
onshore wind hybrids. The strong advantages were superior
fuel-related costs, levelized costs, net present value, and CO,
emission benefits. One reason for the advantages was the
baseload characteristic of 85% of geothermal electricity

Investment cost per kW
100y . (OBM cotS per kW

Effecton wmmunlyA./ \ 3
// /\ ”
s

Corporate image // I?
4

™,
N \\ Prediction of fuel costs /
S, electricity costin 5 yrs

Job (10 W) \ Prediction of initial investmer

Total land requirement for
project m2MW

N Diesel generator (weighted) IS0 Hybrid diesel / wind (weighted)

= == = Diesel generator o « Hybrid diesel / wind

Figure 5 - Performance matrix for diesel/onshore wind

Investment cost per kKW
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', Prediction of iniial investment
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7 Net present value

' Satety
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Figure 6—Performance matrix for diesel and hybrid diesel/geothermal
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generation. The clear disadvantages were the extremely high
initial investment costs and an implementation period of 36
months. The net present value savings amounted to
approximately € 147 million. All three hybrid versions with
diesel showed very similar overall scores in Figure 3 and a
considerably improved rating compared to only diesel
generators.

Figures 7, 8, and 9 represent Eskom and the renewable
hybrid versions. Eskom in hybrid versions with solar PV,
onshore wind, and Eskom alone were the best-performing
sources. As can be seen in Figure 3, the improvement when
using Eskom alone compared with the hybrid versions was
not particularly significant. The hybrid version with
geothermal was ranked in the second-last position and
therefore performed worse than Eskom alone.

The reason for the minimal performance improvement
can be seen in the matrix for Eskom and a hybrid version
with solar PV. The disadvantage of the hybrid version was
again the initial investment cost and the O&M costs. Slight
improvements can be seen in fuel costs, levelized costs, and
net present value. The hybrid version accumulated a net
present value saving of €5 million over the timespan of 20
years. Further improvements can be seen in respect of job
creation, corporate image, effect on community, and CO,
emissions.

The performance matrix for Eskom and a hybrid version
with onshore wind is illustrated in Figure 8. The performance
on all criteria was very similar to the solar PV hybrid version,
which displayed the same pattern as the diesel versions. The
wind hybrid version performed slightly better on all economic
criteria and in respect of CO, emissions. The net present
value savings in comparison to Eskom were only €10
million. However, worse performance, especially relating to
safety, maturity, job creation, and space requirements, moved
this option to the second ranking.

The performance matrix for Eskom and a hybrid version
with geothermal power is shown in Figure 9. The overall poor
ranking can be explained as being due particularly to the very
high initial investment and O&M costs, which represented the
worst values in comparison to the other sources, and their
high importance weight. However, significant long-term
benefits lay in having the lowest fuel costs, and were to be
had in respect of levelized costs, net present value, and CO,
emissions. Net present expenses at €55 million were the
lowest, and were € 15 million less than only Eskom.

Investment cost per kW
100. q.‘ O&M costs per kKW

", Prediction of fuel costs /
 electricity cost in 5 yrs

Prediction of initial investment
costs

Levelised electricity cost

Total land requirement for |
\ kWh)

project m2MW

\tmplementation period in
- manths

Maturity
m— Eskom (weighted) I Hybrid Eskom | solar PV (weighted)
= = =Eskom = = o Hybrid Eskom ! solar PV

Figure 7—Performance matrix for Eskom and hybrid Eskom/solar PV
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Discussion of results

The results show similar patterns for the use of renewables in
hybrid versions with currently used electricity sources.
Economically, the move to renewables has a long-term
advantage as it requires a shift from constant high
operational cost to an initially high capital investment with
low operational expenses, especially for mines running on
diesel generators. Considering the currently increasing Eskom
tariffs, the benefits of using renewables will increase further.

In this study, solar PV had the greatest potential, as a
vast number of mining areas are in prime solar radiated
regions in central South Africa, the service structure is well
developed (Votteler and Brent, 2016), and it is the best
performing source from the perspective of mines connected to
the Eskom grid and almost identical to all renewable hybrid
versions with diesel generators.

Wind power was ranked second owing to the fact that it
can be applied only on a limited scale in the coastal regions of
South Africa, where there are few mines. The service
infrastructure is also well developed (Votteler and Brent,
2016) and performance from the perspective of mines is only
slightly behind that of solar PV. However, the economic
performance of onshore wind is slightly better than that of
solar PV.

Geothermal power had the weakest overall potential for
mining operations in South Africa. Although it has long-term
benefits from the perspective of mines, a considerable initial
investment has to be made. The source did not outperform
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Figure 9—Performance matrix for Eskom and hybrid Eskom/geothermal
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Eskom alone and is only minimally ahead of the other diesel
hybrid versions. The disadvantage of a relatively young
technology, in which there is little experience in South Africa,
is that it increases the investment risk. Moreover, service
infrastructure has not been developed yet and areas with
good geothermal potential in the northeastern region of South
Affrica are well connected to the Eskom grid (Votteler and
Brent, 2016). Nevertheless, the study has shown a great
potential for future development, especially for long-term
success, which could be realized with a growing geothermal
industry in South Africa.

Sensitivity analysis

The following sections address how changes in the most
influential input data would influence the overall results. The
selected variables are the system lifespan, the predicted fuel
cost, and the forecast implementation of a CO, tax. The
lifespan is of interest for mining corporations, as lifespans of
mines differ—which has an impact especially on the
economic framework of the project. The prediction of tariff
increases by Eskom and fuel and diesel costs have a great
influence on economic criteria and were therefore double-
checked with official sources. However, exact forecasts for
the next 20 years can be imperfect, which necessitates an
investigation into consequences of the results for worst- and
best-case scenarios. Lastly, the possible impact of a CO, tax
was considered, as all contributing mining corporations
mentioned it as a point of concern.

Lifespan of the project

The lifespans considered in this section are 10 and 5 years.
The criteria selected to illustrate the effect on performance are
the levelized costs and the net present value, as shown in
Table VIII. The options with a diesel generator remain in the
same order for both criteria; nevertheless, the shorter the
lifespan the smaller the advantage becomes. Options with
Eskom, on the other hand, undergo a change in ranking on
those two criteria. On a 20-year lifespan all hybrid sources
perform better than Eskom alone. On a 10-year span only the

hybrid version with onshore wind can compete. Based on 5
years, Eskom alone is the best-performing option.

Nevertheless, the overall ranking on considering all
criteria does not change significantly, as the change of
lifespan affects only economic criteria and CO, emission. The
hybrid versions of Eskom with solar PV and wind are in top
position, followed by Eskom alone. The only change is the
shift of the diesel hybrid geothermal version from fourth to
seventh place. The reason for this is the gain in weight of
initial investment on a lower calculated lifespan, as there is a
smaller saving on fuel costs.

Eskom tariff and diesel price forecast analysis

Changes in fuel and tariff costs of present sources over the
next 20 years cannot be forecast precisely. As discussed
previously, predictions were made with the aid of experts’
opinions and a literature review. However, as the influence of
the forecast on the running costs is considerable, a scenario
analysis was conducted. The results are presented in Table
IX. For illustration purposes, the levelized cost and net
present value criteria were considered.

The costs of the diesel generator and hybrid version are
presented in the top section of Table IX. A variation of about
5% of the predicted annual 7% diesel price increase was
investigated. The different scenarios did not affect the overall
ranking of the sources. The levelized costs showed a great
sensitivity to a change in the diesel price, with the costs of
the worst-case scenario being more than double those of the
best case. The net present values showed that the usage of
renewables lowers the sensitivity to fuel price changes. The
differences in value between worst and best case were
significantly less for the hybrid versions.

Again, the overall rankings for all Eskom versions were
not affected by the changes. It is noteworthy that only the
hybrid version with wind could compete with Eskom alone in
the best-case scenario based on the two criteria. In the other
scenarios Eskom is the most expensive version. The greater
independence from tariff changes was still noticeable, but not
as great as with diesel versions.

Table VIl
Project lifespan and costs
Levelised electricity cost (kWh) Net present value
Syears 10years 20 years S years 10 years 20 years
Diesel
generator €0,262 €0299 €0,373  -€81553 544,41 -€ 140 266 230,37  -€ 254 725 448,75
Hybrid
diesel / €0,230 €0255 €031 -€ 71 635 936,68 -€ 127 492 730,87  -€ 212 271 668,37
Solar PV
Hybrid
diesel / €0,216 € 0,240 € 0,292 -€ 67 199 275,49 -€ 119637 232,19 €199 272 705,30
Wind
Hybrid
diesel / €0,156 €0,150 €0,158  -€48 375876,12 -€ 74 820 983,01 -€ 107 782 002,70
Geothermal
Eskom € 0,061 €0,071 € 0,094 -€ 20 289 802,31 -€ 38 009 734,70 -€ 70 067 085,60
Hybrid
Eskom / €0,072 €0074 €0,088  -€23833 906,90 -€ 39 749 667,50 -€ 65 116 461,09
Solar PV
Hybrid
Eskom / € 0,066 € 0,069 € 0,082 -€ 21 828 424,56 -€ 36 655 721,09 -€ 60 552 526,57
Wind
Hybrid
Eskom / €0,102 €0086 €0076  -€ 33546 884,90 -€ 45 458 865,02 -€ 55 189 202,54
Geothermal
» 310 MARCH 2017 VOLUME 117
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Implications of a CO, tax

The possible impact of the implementation of a CO, tax in
2016 is again illustrated with the criteria of levelized costs
and net present value, as the effect is the greatest. The
overall ranking of all electricity sources was not affected. A
tax of R120 per ton of CO, was considered, with an annual
increase of 10%. As it is not yet certain how Eskom is going
to handle the tax, the full amount was calculated for
illustration purposes (Mbadlanyana, 2013; The Carbon
Report, 2015). As can be seen in Table X, the effect on
levelized costs for diesel and Eskom alone amounted to just
over €0.01 and € 10 million net present worth. The usage of
hybrid versions reduces the increase to less than €0.01 and
€6 million.

Conclusion

The research presented in this paper is based on the results
from the previous paper, in which the MCDA method was
selected as the most appropriate research framework and the
criteria that South African mining corporations used to
evaluate the selected electricity sources were revealed. The
purpose of this paper was firstly, to identify the most suitable
MCDA method for adaptation, therefore the MAVT method
was selected, and secondly to analyse and evaluate the
selected sources — which was conducted in cooperation with
mining and energy companies operating in South Affica.
The main results of the adapted MAVT method showed
that the hybrid versions with solar PV and onshore wind
were more favourable than diesel generators or the Eskom

Net present value

Worst case Normal case Best case
(12%) (7%) (2%)

-€ 403 203 031,68

-€ 330 272 273,76

-€ 310 240 162,02

-€ 149 980 894,69

-€ 254 725 448,75

-€ 212 271 668,37

-€ 199 272 705,30

-€ 107 782 002,70

-€ 169 526 278,34

-€ 144 560 748,73

-€ 135 597 535,84

-€ 83 567 501,64

Worst case Normal case Best case
(14%) (9%) (4%)
-€ 112 187 877,94 -€ 70 067 085,60 -€ 46 281 517,24

-€ 96 823 003,47

-€ 90 656 876,65

-€ 63 263 408,48

-€ 65 116 461,09

-€ 60 552 526,57

-€ 55 189 202,54

-€ 47 211 809,04

-€ 43 552 630,87

-€ 50 628 706,71

Net present value

Tax

-€ 263 039 856,58

-€ 218 879 434,60

=€ 205 486 631,16

=€ 110 145 044,93

-€ B0 958 808,89

-€ 73 315 235,78

-€ 68 337 001,48

Table IX
Eskom tariff and diesel price forecast analysis
Levelised electricity cost (kWh)
Worst case  MNormal case Best case
(12%) (7%) (2%)
Diesel generator ¢ 591 €0,373 €0,248
Hybrid diesel /
Solar PV € 0,484 €0,311 €0,212
Hybrid diesel /
Wind € 0,455 €0,292 €0,199
Hybrid diesel /
Geothermal €0,220 €0,158 €0,122
Worst case  Normal case  Best case
(14%) (9%) (4%)
Eskom €0,151 €0,094 €0,062
Hybrid Eskom /
Solar PV €0,131 €0,088 €0,064
Hybrid Eskom /
Wind €0,123 €0,082 €0,059
Hybrid Eskom /
Geothermal €0,088 €0,076 €0,070
Table X
Impact of carbon emission tax
Levelised electricity cost (kWh)
Tax No tax
Diesel generator
€0,385 €0,373
Hybrid diesel /
Solar PV €0,321 €0,311
Hybrid diesel /
Wind € 0,301 €0,202
Hybrid diesel /
Geothermal € 0,161 €0,158
Eskom
€0,109 € 0,004
Hybrid Eskom /
Solar PV € 0,099 €0,088
Hybrid Eskom /
Wind €0,003 €0,082
Hybrid Eskom /
Geothermal €0,079 €0,076

-€ 57 277 055,41

No tax

-€ 254 725 448,75

-€ 212 271 668,37

-€ 189 272 705,30

-€ 107 782 002,70

-€ 70 067 085,60

-€65 116 461,09

-€ 60 552 526,57

-€ 55 189 202,54
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grid connection alone. The advantages of diesel generators
were significantly greater than those of Eskom grid
connection. As renewable sources are steadily advancing and
the currently used sources are becoming ever more
expensive, the trend will shift further towards renewables. In
combining the macroeconomic influences with the MAVT
results of this paper, hybrid solar versions were identified as
having the greatest potential. Hybrid wind solutions were in
second place, as good wind conditions occur only in coastal
regions where there are fewer mining activities. Geothermal
hybrid versions were selected as least favourable owing to
the poor service infrastructure and high initial investment
costs.

The performance matrixes indicate that the usage of
renewable hybrid versions contributes to long-term success,
but requires an initial shift from operational to capital
expenses. Considering the overall rankings and specifically
the levelized costs, renewables are already profitable with a
5-year lifespan and diesel generators. However, for Eskom
hybrid versions, only wind is profitable over a 10-year span
and the rest over 20 years.

This paper provides objective information for use by the
management of mining corporations in South Africa. The aim
is to illustrate how the relatively new opportunity of
renewables could perform from the perspective of mining
corporations, while at the same time considering the
macroeconomic influences.
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