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Abstract
Changing mining conditions, legislative issues, rising costs, and the constrained supply of skills
and electricity in South Africa, have been some of the criteria forcing mine operators and
engineers to review the traditional use of compressed air to power underground hand-held
drilling operations in narrow-stope, hard-rock mines. In answering the question, 'What is the
best way to power this mine?', they have resorted to trade-off studies with results of limited
usefulness, because they are site-specific, and use only a few comparative parameters, based
on a small data set.
This paper aims to provide definitive, objective and quantitative decision-making approaches to
evaluate alternative energy delivery systems for stoping in narrow-reef hard rock mines, based
on primary and relevant criteria. These include quantifiable criteria such as capital expenditure,
operating costs, resulting financial returns, energy and water usage, production performance,
life-of-mine, etc. Other important criteria with qualitative aspects are integrated. These are
safety, health and environmental concerns, legislative requirements, business risk, technology
change, etc.
The paper begins with a review of decision making processes available, and proposes the use of
the analytical hierarchy process (AHP) method as a multiple-criteria decision making tool and
the decision tree-based on milestone-driven uncertainties, to validate the selection of the
energy delivery system. The results of a multiple-criteria questionnaire completed by a variety
of industry experts and professionals, such as production and operation managers, consultants,
suppliers and techno-financial analysts, are discussed.
The evaluation indicates the potential for hydropower to be the best solution for narrow reef
hard rock mines, based on current information, mine design layout and production.
Keywords
Hand-held stope drilling, energy delivery system, multiple-criteria decision-making (MCDM),
analytical hierarchical process (AHP), valuation, sensitivities, scenarios, decision-tree analysis.
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Introduction
Mining is an uncertain activity with both technical and economic challenges. The decisionmakers are confronted with multiple primary and derived criteria that involve multiple
scenarios with disproportionate amounts of detail. In such situations, mostly as a result of time
constraints, the tendency is generally to revert back to ’engineering judgement’, biased towards
satisfying the perceived dominant criteria at that point in time.
The solution for the question posed in this study is assigning realistic and numeric ratings to
explicit criteria for multi-criteria decision making, across various energy delivery systems, to
obtain a holistic and optimised outcome. This is because no single criterion can be viewed in
isolation, due to direct or indirect relationships that exist between criteria.
The objective of this paper is to examine the techno-economic and practical criteria pertaining
to the decision, and the selection of an energy delivery system for hand-held stope drilling and
associated equipment in narrow-reef hard rock mines. This is based on current information of
available technologies for a conventional mine layout and feasible production profile derived
from responses of a survey group composed of mining industry experts and professionals.
Decision making criteria
The evaluation of alternative energy delivery systems is based on the set of criteria that
influence decision making shown in Table I. Certainty depends on the quality of the information
base, and its quantification, both of which can facilitate decision making. Controllable criteria
allow decisions to be enumerated more easily unlike criteria susceptible to external influence
factors. An increase in uncertainty across criteria, with fluctuations between the extremes of
control and levels of certainty, makes decision making complex, and resulting in multiple
outcomes based on scenarios.
Table I. Analysis of decision making criteria
Life of Mine operating requirements
Penetration
rate
Technology
Recovery

Uncertainty

Financial returns

Stakeholder
expectations

1038

Commodity
pricing
RDO's
Community
Legislative
Business

Control
Production
performance

Training and skills
Implementation and
Management

Electricity consumption
Operating and
production
Opex and Capex
expenditure

Safety and health regulations
Environmental policies
Electricity costing
Energy availability
Business, risk
and strategy
Eskom buy-back
No Control

Certainty
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The focus of the tabulation is to rank the energy delivery systems by determining the relative
importance of all the criteria under consideration, based on multiple-criteria decision-making
(MCDM). Each criterion has a relative degree of importance in the overall decision, since they
are all risks. However, these criteria are often of conflicting interest. Therefore, the best energy
delivery system based on an independent criteria, may not be the optimal solution for a
number of co-dependent criteria.
Another typical mining example of co-dependence is the transportation of men underground.
There are several safety, technical, operational and financial requirements to be fulfilled
simultaneously, rendering the selection of options such as a chairlift versus man carriers
difficult. The selection of a chairlift introduces increased safety at the expense of high capital
cost and mine planning, whilst man carriers bring flexibility but augment ventilation
requirements.
Valuation and Decision Methodologies
Project valuations range from deterministic to probabilistic, and thus, range from simple
spreadsheet models to sophisticated and dynamic models involving advanced skills. These
include:•
•
•

•
•

•

Discounted cash flow to determine the NPV, IRR and earnings ratios
Sensitivity analyses to investigate the stability of the solution with respect to changing
one key criterion at a time, thus determining key drivers
Scenarios involve listing a series of criteria and changing the value of each criterion for
each scenario:
o Analytical hierarchical process (AHP) expressing the relative values of a set of
criteria of different parametric units within a matrix, to rank or eliminate
scenarios
Monte Carlo simulation to calculate a statistical forecast of variability for the scenario
Decision tree analysis to identify possible outcomes of scenarios in sequence, where one
criterion results in a set of outcomes, subject to probability. The result is the optimal
combination of a series of sequential decisions based on the possible future outcomes
and the highest probability of each outcome occurring
Option pricing considers management flexibility by using different inputs to produce the
same output as appropriate.

•
However, each of the valuation and decision methodologies entails a series of benefits and
drawbacks, as suggested in Table II.
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Table II Advantages and disadvantages of valuation methods
Valuation
Method
NPV

Advantages
Shows real value added to the project
Takes account of time value of money

IRR

Provides a cash equivalent which can be
used as an index for comparison at a given
time
Applied to any type of cash flow
Relates returns only to the capital not
recovered
IRR is presented as an “interest rate”
Independent of the cost of capital

Sensitivity
(incl. AHP)

Uncertainties can be defined in a range of
values, instead of a singular value
Relative importance of separate input
measures can be ascertained
Ability to rank choices in the order of their
effectiveness in meeting conflicting
objectives
Ability to detect inconsistent judgments

Scenario
Monte
Carlo

Analyses risk on single and multiple
criteria simultaneously
Correlations and other interdependencies
can be included
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Positive reciprocal matrix format required
Scale range of the weightings (larger range
required for nebulous cases)
Constancy assumed on parameters not
analysed
No management flexibility

Includes randomness (assesses risk)
Suited for uncertainties in parameters

Depend on reliable information

Provides a comprehensive overview for
the alternative scenarios of a decision

Examines only a single criteria at any node

Management flexibility
Option
pricing

Cost of capital must be determined for
single Business Plan
Provides no comparative measure of
profitability
Assumes all parameters carry same risk
and all variables are optimal, thus no
flexibility
Assumes conditions of low uncertainty
Based on hurdle rate. Reinvestment rates
must be considered
Delays do not affect IRR, hence may give a
misleading answer
Multiple root problems exist
Ranking of cashflows and NPV not easy,
since capital expenditure must be similar
Constancy assumed on parameters not
analysed

Must be an accurate representation of the
system investigated
Ignores new information available over
time
Management flexibility

Eliminates bias towards a certain criterion
Decision
tree

Disadvantages

Management impact considered
Multiple outcomes as business conditions
evolve

Changing of sequence of decision can alter
final outcome
Dependent on stock and strike values of
shares
Timeframe is important
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Energy Delivery Systems
The hand-held drilling technologies utilised in platinum and gold mines and considered in this
comparative are illustrated in Error! Reference source not found. to Error! Reference source
not found..

Stope 220V supply box
Hydro ancillaries
Raise
Stope 220V
manifold box

X-cut:
525 V gully box

NOTE: For clarity,
low-pressure flushing

Small power pack

Electric
drills

water hoses not shown

Gully
Travelling way

Jet pump

Figure 1 Electric drilling and equipping within the conventional panel
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Gully

Air
ancillaries
Raise
Air drills
X-cut:
Mine Service
Water
Compressed
Air

NOTE: For clarity,
low-pressure flushing

Gully

water hoses not shown

Travelling way
Figure 2 Pneumatic drilling with compressed air generated and piped from surface

Figure 3 Hydropower (open-circuit) drilling with powerpacks in the crosscut and high pressure pipe
reticulation in the stope
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Hydro ancillaries
Gully

Raise
X-cut:
525 V
gully box

Mine
Service
Water

Closed-loop water
stope power packs Aqua drills

Gully
Travelling way

Figure 4 Aquapower (closed circuit) drilling with powerpack in the stope, one per drill, and the drilling
water is re-circulated back to the powerpack

Assumptions
Assumptions are made to define the study:
•
•
•
•
•

Stope drilling occurs in suitable rock mechanics, such that the rock mass rating (RMR),
and other rock characteristics are suitable
Blasting is considered successful in each conventional mining cycle
The production profile and life of mine utilised in the study are not altered across the
energy delivery system methods
Open-circuit hydropower is modular (localised), and not centralised
Trackless and hybrid mining are not considered, and any requirements, such as supply of
compressed air to the refuge chambers in the production areas are also supplied and
paid for by conventional mining.

Analytic Hierarchical Process (AHP)
The analytical hierarchical process uses a multi-level hierarchical structure of independent
objectives, criteria, sub-criteria, and alternatives. The methodology is briefly outlined in the
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Appendix. The pertinent outcome is derived by using a set of pair-wise comparisons configured
in a matrix. These comparisons are used to obtain the weights of importance (ranking) of the
decision criteria, and the relative performance measures of the alternatives, known as relative
values (RV), in terms of each individual decision criterion.
AHP for Energy Delivery Systems
Several co-dependent techno-economic criteria are required to formulate a decision beyond
financial indicators. Since the Life of Mine (LOM) cost is determined on expenditure for a single
business plan, and assumes all criteria carry same risk and are optimal, the decision is biased on
the lowest LOM cost only. The influence and sensitivity of certain criteria, can result in an
alternate selection of energy delivery system, compared to the option with the highest lowest
LOM cost only. Hence, the AHP decision matrix of all criteria provides a method to corroborate
or contradict the initial decision.
The decision matrix in Table III lists pertinent and clustered criteria across various categories.
The lower value in each row indicates less importance, whilst the highest score specifies the
greatest importance. For example, penetration rate is more important than SHE,
implementation and management and business risk, but of equal importance to legislative
aspects, electricity consumption, operating expenditure, capital expenditure and electricity
cost.

Legislative

SHE

Implementation
and
Management

Business Risk

Technical
Penetration Rate

Electricity
Consumption

Opex

Capex

Electricity Cost

Table III Overall preference matrix (OPM)

Legislative

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

SHE

5.500

1.000

3.667

1.833

5.500

5.500

5.500

5.500

5.500

1.500

0.273

1.000

0.500

1.500

1.500

1.500

1.500

1.500

Business risk

3.000

0.545

2.000

1.000

3.000

3.000

3.000

3.000

3.000

Penetration rate

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

Criteria

Implementation
and
management

Electricity
consumption
Opex
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Capex

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

Electricity cost

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

1.000

0.182

0.667

0.333

1.000

1.000

1.000

1.000

1.000

Maximum
negative
cashflow

In In Table IV, the hydropower drilling option is noted to be the preferred solution overall. The
legislative aspects pertaining to noise levels and energy asset management, and the high
electricity consumption of the compressed air delivery to the pneumatic drills are severe
drawbacks of pneumatic energy delivery. However, pneumatic operations are well established,
and implementation and management are habitual.
Table IV, the results of the survey of a variety of expert professionals ranging from production

and operation managers, consultants, suppliers and techno-financial analysts are utilised. The
AHP is yet again applied to the four energy delivery systems for each of the criteria in Table III.
The final ranking by score, indicates the open-circuit hydropower yields the best solution, based
on the overall preference matrix (OPM) and relative value (RV). The value for money (VFM)
indicates the relative merits of the energy delivery systems based on the requirements and
performance across the criteria listing.
In Table IV, the hydropower drilling option is noted to be the preferred solution overall. The
legislative aspects pertaining to noise levels and energy asset management, and the high
electricity consumption of the compressed air delivery to the pneumatic drills are severe
drawbacks of pneumatic energy delivery. However, pneumatic operations are well established,
and implementation and management are habitual.
Table IV Option performance matrix and ranking
Electric Drilling

Pneumatic drilling

Hydropower
Drilling

Aquapower
Drilling

Legislative

0.364

0.092

0.280

0.265

SHE

0.258

0.217

0.290

0.235

Implementation
and management

0.205

0.415

0.208

0.173

Business risk

0.258

0.261

0.274

0.207

Penetration rate

0.158

0.180

0.374

0.287
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Electricity
consumption

0.339

0.093

0.280

0.288

Opex

0.253

0.274

0.289

0.184

Capex

0.290

0.278

0.278

0.153

Electricity cost

0.273

0.218

0.282

0.227

Maximum
negative cashflow

0.257

0.246

0.283

0.215

VFM

0.261

0.234

0.282

0.223

Other evaluation methods were applied to verify and justify the result with the AHP
methodology.
Sensitivity analysis for Energy Delivery Systems
The AHP uses the relevant values of identified criteria to minimise uncertainty and control risk
when formulating a strategy. The sensitivity of these criteria is then analysed with a 10% range
for each criteria, and the effect on the LOM cost is calculated.
Different parameters are sensitive on the LOM cost for each of the energy sources and drilling
options. The most significant changes on the LOM cost are shown in Error! Reference source
not found. to Error! Reference source not found.. The most sensitive parameter for all energy
delivery systems is the operating expenditure.
It is to be noted that for pneumatic drilling, the electricity cost is the primary cost component
for the operation, and other operating costs are negligible. The least sensitive energy delivery
system across all criteria is hydropower, where SHE is the most sensitive criteria.
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Opex

918,213,222

813,355,458

Penetration rate

858,323,538

Electricity cost

858,114,440

Electricity consumption

858,114,439

Business risk

906,518,175
888,433,921
873,274,180

870,619,986

Capex

889,199,346

864,087,464

SHE

873,274,180
875,236,889

858,294,500

Implementation and management

872,439,024

Legislative

873,274,180

873,271,889

873,276,472

90%

110%

Base Case LOM cost

Figure 5 LOM cost scenarios with various sensitivities for electric energy system

Electricity cost

1,727,366,722

2,028,841,969

Electricity consumption

1,727,366,722

2,028,841,969

Opex
Capex
Penetration rate

1,855,856,634
1,863,279,246
1,872,595,094

1,900,352,057
1,892,929,445
1,884,215,439

SHE

1,875,774,695

1,880,433,995

Business risk

1,877,643,545

1,882,251,545

Implementation and management

1,876,756,609

1,879,452,082

Legislative

1,878,102,175

1,878,106,516

90%

110%

Base Case LOM cost

Figure 6 LOM cost scenarios with various sensitivities for pneumatic energy system
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SHE

1,065,789,294

826,493,806

Opex

878,258,851

Electricity cost

1,003,654,777
919,271,702

Penetration rate

962,641,926

928,241,734

Capex

931,244,208

955,021,225
950,669,421

Business risk

940,507,214

Implementation and management

940,073,850

941,839,778

Electricity consumption

940,955,668

940,957,960

Legislative

940,955,669

940,957,949

945,003,214

90%

110%

Base Case LOM cost

Figure 7 LOM cost scenarios with various sensitivities for hydropower energy system

Opex
SHE
Penetration rate
Electricity consumption
Electricity cost
Capex

1,793,228,926

1,608,145,327
1,614,741,748

1,794,418,498

1,628,946,623

1,779,656,805

1,639,855,088

1,761,519,166

1,644,388,818

1,756,985,435
1,679,458,522

1,721,915,731

Business risk

1,699,080,719

Implementation and management

1,698,757,253

Legislative

1,700,684,956

1,715,144,800
1,702,617,000
1,700,689,298

90%

110%

Base Case LOM cost

Figure 8 LOM cost scenarios with various sensitivities for Aquapower energy system

Decision tree for Energy Delivery Systems
The decision tree is a strategic planning technique based on the sequential method of
eliminating quantifiable criteria that do not offer the most advantageous solution.
Uncertainties increase complexity on account of risk. The operating cost is selected as the
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criterion because it is a sensitive parameter across all energy delivery systems, and affects
criteria such as capital expenditure, SHE, business risk and technology change, whilst it is
affected by other criteria namely production performance, electricity consumption and cost.
The application of the ratings from the survey results compiled for the energy delivery systems
and the calculated LOM costs, are utilised to the current operating cost (base case), and the
scenario whereby the operating cost is lowered by 5%, for the same criteria ratings. The best
expected monetary value (EMV) is achieved with open-circuit hydropower, because the
probability of selection from the survey respondents is the highest and the capital expenditure
is the lowest, followed closely by the electric counterpart. However, the best percentage
improvement for the scenario is the electric energy delivery system by 3.55%, closely followed
by hydropower by 3.45%. This confirms the result of the AHP ranking process and the
observation from the sensitivity analysis.
Table V Improvement of the base case with 5% lower operating cost

2,000
1,730

Operating costs (ZAR million)

1,800

1,719

1,600

1,488

1,442

1,400
1,200

Electric

1,000
800

751

844

721

812

Pneumatic
Hydropower
Aquapower

600
400
200
0
Current operating cost

5% lower operating cost

Conclusions
Decision making under complex conditions requires analyses beyond the static LOM cost and
NPV methodology. LOM costs comparing energy delivery systems incorporate the implicit
assumption that variables such capital and operating expenses are certain to occur as predicted
in this deterministic valuation method.
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The selection of energy delivery system, based on criteria containing uncertainty and varying
measures of control, depends greatly on quality of information available, and therefore, is
important for multiple-criteria decision-making.
This study concludes that:
1. Pneumatic, electric and hydro-powered drilling methods are well established in the
mining industry, and successfully drill holes in conventional mining
2. Aquapower drilling is new to the industry and still in research and development stage.
Respondent to the survey were not all able to quantify criteria for this energy delivery
and drilling system
3. Stope drilling comprises not only the drilling activity itself, but includes the ancillary
stope equipping which must also be efficient and cost effective
4. Both the future electricity supply and the cost rate are risks to be considered. Energy
delivery methods with lower power consumption are preferred. The electricity
consumption of pneumatic drilling versus other drilling methods is substantial.
5. Pneumatic drilling requires early capital investment in compressors, infrastructure and
large diameter shaft piping
6. By virtue of the complexity of mining, and the extensive Life of Mine, the business risk
(on-going) is more important than the initial financial risk (capital)
7. Capital cost committed later in the Life of Mine spread over a longer period of time is
preferred, as realised with hydropower. The lease agreement option for electric drilling
is most advantageous, especially for a prolonged Life of Mine
8. Penetration rate, and thus the ability to complete drilling of a stope panel, if delays have
occurred during the shift, is important, with hydropower delivering the highest
consistent penetration rates
9. The application of the Analytical Hierarchy Process, corroborated by other decision
making and valuation methods should be applied for multiple-criteria decision-making.
Trade-off studies are of limited usefulness, because they are site-specific, and use only a
few comparative parameters, based on a small data set.
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Appendix - summary analytic hierarchical process
The pairwise combinations for the analytic hierarchical process (AHP) are established in a
judgement matrix, called the overall preference matrix (OPM). The values of the pairwise
criteria are assigned, according to the rating scale (see Table VI), and are reciprocal (one-on-one
mapping). Studies have suggested limiting the number of parameters (order of the matrix) to
ten. By using the geometric mean, the nth root factor, and subsequently by normalising, the
relative value vector (RVV), also known as the eigenvector, is then applied to calculate the
relative importance of the criteria. The sum of the RVV equate to unity. The eigen value, Aw, is
then obtained by the multiplying the RVVs with the matrix. The division of the eigen value by
the RVV yields the maximum eigen value λmax for each parameter.
Table VI. Scale of Relative Importance

Preference
Definition
Weights

Explanation

1-2

Equal importance Two factors contribute equally to the objective.

3-4

Somewhat more
important

Experience and judgement slightly favour one over the
other.

5-6

Much more
important

Experience and judgement strongly favour one over the
other.

7-8

Very much more
important

Experience and judgement very strongly favour one over the
other. Its importance is demonstrated in practice.

9 - 10

Absolutely more
important

The evidence favouring one over the other is of the highest
possible validity.

The next step is to determine the consistency of the judgement matrix. A consistency index, CI,
is dividing the average eigen value per parameter by the number of parameters. The
consistency ratio (CR) is then determined by dividing the Random Consistency Index, RCI, in
Table VII.
Table VII. RCI values corresponding to the order of the matrix
No. of
criteria

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

RCI

0

0

0.58

0.9

1.12

1.24

1.32

1.41

1.45

1.49

1.51

1.48

1.56

1.57

1.59
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If the CR is greater than the threshold ratio of 10%, the ratings in the OPM are untrustworthy,
because they are too random, and the OPM should be re-populated. An alternative option in
abstruse cases is to increase the scale of the rating. If one option consistently scores favourably
with different scales, it is likely to be a convincing choice.
After the RVV is confirmed, each alternative also needs to be evaluated according the pairwise
comparison for each criteria. At this stage, certain basic assumptions need to be made. The
subsequent scores are derived by a diverse team of mining experts, including engineers,
technology suppliers, financial analysts, operational managers, technical services and company
executives, increasing the confidence in the ratings since they are subject to disparate, and in
some instances, opposing views and priorities.
In instances where alternatives are too close, the exercise can be repeated by including
additional criteria to increase the order of the matrix. However, the outcome should not affect
the best alternative, but could potentially affect the ranking of the subsequent alternatives by
increasing the differential between them.
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