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The South African mining industry has been experiencing increasing economic pressure. Deep mines also
suffer from very hot workplaces, which leads to safety risks. These factors place stress on managers to
reach their production targets while providing safe workplace conditions. The data information knowl-
edge wisdom (DIKW) model, also known as the wisdom hierarchy, was implemented on a deep mine
cooling system. This study aims to show that a simple model such as the DIKW model can assist man-
agers in improving their deep mine cooling system’s performance. The study found that the DIKW
approach is a suitable approach for use on mine cooling systems to facilitate operational improvements.
Applying the DIKW approach to a case study on a mine cooling system created substantial awareness and
facilitated a cooling duty improvement of 55% which relates to an increase of 5.3 MW of refrigeration. The
results of this study indicate that the DIKW approach may be a suitable approach to optimise manage-
ment on deep mines using their existing infrastructure.
� 2018 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

According to Macmillan, the South African mining industry has
been experiencing increasing economic pressure over the past 30
years [1]. The mining industry’s contribution to the gross domestic
product (GDP) and employment, continuously decreased during
this time [1]. The decline of mining in the South African economy
can be due to various reasons but emphasises that the mining sec-
tor cannot afford to operate uneconomically in a progressively
competitive market.

Mining in deep-level mines occurs under hazardous conditions
which include physical hazards such as rock falls, fires, explosions,
mobile equipment accidents, falls from a height, entrapment, elec-
trocution and most importantly significantly high underground
temperatures [2]. Government regulators closely monitor these
hazardous conditions and if conditions are dangerous to mine
personnel, will typically result in the shutdown of the mine’s oper-
ations [3]. In South Africa, it was estimated that these stoppages
resulted in a loss to the industry of approximately 376 million
USD during 2015 [4]. These stoppages add extra strain on the
existing economic pressure. From experience, many of these
stoppages in deep-level mines are due to extreme workplace air
temperatures.
The most common heat sources for underground mining
include geothermal energy, auto-compression, mechanised equip-
ment, explosives and blasting, mechanical processes and light [5].
Of these heat sources, geothermal energy and auto-compression of
ventilation air are usually the most significant contributors to the
heat load in deep mines [5]. The geothermal energy of the earth
results in warmer strata temperatures also referred to as virgin
rock temperatures (VRT). According to geological research, the
VRT of deep mines can easily reach above 50 �C [6].

The above-mentioned high temperatures result in heat hazards
such as heat rashes, heat cramps, heat exhaustion and heat stroke
[7]. Heat stroke occurs when the body’s internal temperature
exceeds 40 �C, and it is the most dangerous form of heat stress as
it can result in death [7]. Regulations prohibit persons from work-
ing in conditions in excess of 32.5 �C wet-bulb air temperature as it
is conducive to heat stroke [8]. Thus, it is of the utmost importance
for deep mines to manage these heat risks.

Deep mines use refrigeration and cooling systems to provide
cold air to workplaces [9]. The production and safety of a mine will
thus depend on the reliability of the refrigeration equipment to
cool the mine down. An effective maintenance program will result
in the reliable performance of the equipment. This program is sus-
tainable when the information provided is accurate and complete
[10]. The correct maintenance strategies will thus depend on accu-
rate information regarding the cooling system performance.

It is common to see mine managers under tremendous pressure
to meet their production targets. A study, spanning over 4-years,
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found that mine managers are usually not very involved in mainte-
nance procedures or progress [11]. Management also showed little
interest in preventative maintenance programs. The lack of under-
standing regarding the mining system and its current state could
lead to production losses and possible safety risks [10]. Usually,
such systems deteriorate over time until maintenance cannot keep
up with equipment failure.

A deep-mine cooling system is a complex interconnected cir-
cuit. If maintenance teams apply the necessary maintenance of
refrigeration systems at the right time, the system can operate effi-
ciently [9,12]. However, a lack of labour, as well as management
involvement, could lead to ill-timed maintenance or even the lack
thereof. From a maintenance perspective, there exists a need for
management to regularly evaluate the performance of their
improvement and maintenance initiatives to achieve world-class
maintenance [10,13].

As a manager of a cooling system, it is essential to have a great
understanding of the problems that occur. It is also important to
consider the context of the aforementioned problems [14]. Fig. 1
depicts the relationship between context and understanding in
terms of data, information, knowledge and wisdom (DIKW). There
exists an increasing growth in the relationship between context
and understanding when data develops to information, knowledge
and wisdom [14,15]. The DIKW model looks at simple ways to
extract insight from all sorts of data to make useful decisions [15].

The first principle of the DIKW model is that data must be ana-
lyzed to be meaningful [14]. When data is analysed, it results in
information which is structured data and reveals relationships hid-
den within the data [14,15]. The further interpretation of this infor-
mation leads to knowledge which highlights patterns and gives
context to the data captured [14]. Further interpretation of knowl-
edge, by a skilled person, leads to wisdom. Wisdom results in
actionable decisions made with the right understanding as well
as in the correct context [15]. The deep mining industry could ben-
efit from the full maturity of data towards wisdom by enabling
management to make informed decisions regarding their cooling
system’s maintenance plans, and improvement directives.

The DIKW model implementation in the information technol-
ogy service management, safety information management in the
Australian coal industry, the systems engineering process and var-
ious industrial companies, showed great potential [16–19]. This
study aims to test the DIKW approach on a complex mining sys-
tem. The research aims to show that this simple hierarchy of wis-
dom can supply managers of deep mine cooling systems with
valuable context and understanding.

Although there are large amounts of data on mines, it does not
always proceed to information, knowledge and wisdom. A thor-
ough study done on the use of maintenance information suggests
that most mines have access to fully-integrated information sys-
tems, but do not utilise them to their full potential [11]. Managers
in large industries, such as deep mines, need to keep track of and
Fig. 1. Relationship between context and understanding [14,15].
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manage hundreds of resources on a given day [20]. From practical
experience, this is conducted in challenging conditions where
underground accessibility to the equipment is very limited. The
implementation of a DIKW methodology could yield significant
results because deep-mine cooling installations underground usu-
ally have travel times exceeding 30–60 min, placing extra pressure
on mine management to access these locations due to tight sched-
ules. This limited access combined with old equipment makes data
an issue in deep mines. It is thus difficult to understand the system
as well as the context of the underground conditions.

Mine management currently relies on their supervisor control
and data acquisition (SCADA) systems to evaluate their under-
ground systems from the surface [21,22]. These systems typically
operate at the data level of the DIKW context but can enable the
implementation of data interpretation systems to convert the data
to more useful knowledge.

Various data interpretation methods exist, but not all are appro-
priate for the mining environment. Condition monitoring has been
used on surface installations, such as wind turbine gearbox fault
detection [23]. It is a highly effective system to indicate system
state, with a high dependence on accurate performance data.

Another data interpretation system, the overall equipment
effectiveness (OEE) parameter, is a widely known parameter in
the manufacturing industry. The shortcoming for OEE use on mines
is that the value for mining is limited unless contributing factors
are measured and analyzed [24].

Total productive maintenance (TPM) is a company-wide
approach tomaximise equipment effectiveness.However, the short-
coming of this approach is a data collection issue.Manual data is not
always possible and computerised data is not always reliable [20].

Key performance indicators (KPIs) are utilised in various other
industries [25]. Robust KPIs together with the right methodology
could achieve positive outcomes [25]. Site-specific KPIs could be
sustainable in representing data as information [25].

The focus of sensory data should be to improve equipment
effectiveness monitoring. Combined with a thorough analysis of
key performance indicators, it may allow one to identify viable
opportunities and prioritisation of resources. This, in turn, will lead
to a robust assessment of the progress and performance regarding
improvement initiatives [24].

The DIKW model has been shown as a suitable model for deci-
sion making in the industrial context [19]. Thus, it seems likely that
a novel application on mine cooling systems of the DIKW model
could provide the basis for system specific decision making on
these systems of deep-level mines, as these are central to safe
and efficient mining [9].

A mine cooling system usually consists of a chiller/refrigeration
plant, a condenser circuit and an evaporator circuit. The aim is to
move heat (energy) from the evaporator side and reject at the con-
denser side [9]. There are two performance measurement classes of
a refrigeration system. The first type is measures of effectiveness
such as inlet and outlet temperatures. The second type is measures
of quality such as electrical power usage and calculated KPIs such
as a coefficient of performance (COP) [9].

Assessing a refrigeration machine’s performance requires the
determination of its steady state (actual) performance, its normal
performance under the given operating conditions and then com-
paring these two. The actual performance calculation depends on
the following key measurements: flows, inlet and outlet tempera-
tures of the water being cooled, as well as electrical input power to
the compressors and auxiliary devices of the system [9]. Verifica-
tion of the performance calculation lies in confirming measure-
ments such as flow-rate and inlet and outlet temperatures of the
condenser and evaporator circuit. It is essential that the circuit is
in a well-maintained state when utilising confirming measure-
ments [9].
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More in-depth surveys are required to verify the actual perfor-
mance calculated from key measurements. One or two persons
generally carry out these surveys on a bi-quarterly basis [9]. How-
ever, a continuous performance assessment could support mainte-
nance initiatives as well as management directives implemented
on the system. A method exists to verify the key measurements
based on a heat balance. The heat balance of a chiller system states
that the sum of the evaporator duty and electrical input power and
condenser heat rejection should equal zero. There are scenarios
presented in literature where faulty measurements can be identi-
fied using relative heat imbalance, COPs and an acceptability plot
[9]. However, these techniques require more measurement points
not usually installed or maintained on a mine cooling system.

Mines are responsible for the aforementioned necessary perfor-
mance measurements or surveys [9]. How effectively the surveyors
portray the measured data to the relevant management personnel
of the system, would lead to the best actionable decisions [11]. The
performance measurements made by mines typically make part of
their SCADA systems or manual measurements [9,21]. However, as
mentioned above these information systems are typically under-
utilised [11]. SCADA systems provide information regarding key
points only at a data or at most information level [22]. Therefore,
it is difficult to see trends only from key data or information
whereas system specific KPIs could increase performance analysis
ability [25]. There is a definite need to develop a centralised tool
which enables operation at least on the knowledge and wisdom
level. This tool should also facilitate clear-cut decision making
from mine management, and so increase their involvement in
maintenance procedures and system performance.

Literature shows that a wisdom hierarchy, such as in Fig. 1,
could assist in transforming data on a mine to useful knowledge.
This data evaluation model depends on the data integrity and
effective data analysis. This paper will test whether the application
of the DIKW principles on a mine cooling system could act as a cat-
alyst to improve the performance of that system.
2. Method

The method describes how the DIKW model was applied to an
underground cooling system in the mining environment for the
first time [15]. This was done to determine if the DIKW model
could provide the basis for system specific decision making on
these systems. The method followed the general DIKW model of
obtaining and converting data into usable information. Data was
Table 1
Minimum data requirements for the waterside of a cooling system.

System Type Water Temp.
in (�C)

Water Temp.
out (�C)

Water flow
(kg/s)

Water
pressu

Fridge plant Evaporator side X X X Option
Fridge plant Condenser side X X X Option
Direct heat

exchanger
Bulk air coolers X X X Option

Indirect heat
exchanger

Cooling towers X X X Option

Table 2
Minimum data requirements for the airside of a cooling system.

System Type Air Temp. in and out (�C)

Fridge plant Evaporator side N/A
Fridge plant Condenser side N/A
Direct heat exchanger Bulk air coolers X
Indirect heat exchanger Cooling towers X
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acquired and audited to ensure accurate information. Knowledge
was then gained through using the information for efficiency mon-
itoring and reporting. Finally, the reports allowed for wisdom in
taking the correct actions based on the information available. The
impact of applying the DIKW model on the system was then
validated by comparing system performance before and after
implementation.

2.1. Data acquisition (data)

This subsection focuses on how the mine cooling system was
approached to ascertain a greater understanding of the system.
The outcome was reliable data of the cooling system parameters.

2.1.1. Determination of site layout
An initial inspection was conducted to determine the site lay-

out. This was achieved by conducting interviews with site person-
nel and sourcing design layouts and specifications by doing a site
visit. The site layout quantifies the number of components and
measuring equipment in the system, and their interconnections
and locations.

2.1.2. Acquiring available data
The next step was to get the design specifications of the refrig-

eration plant, condenser and evaporator circuits. We needed to
confirm whether they use direct contact heat exchangers (spray
ponds) or indirect (coil) heat exchangers, and determine what data
is available from instrumentation readings. Table 1 shows the min-
imum data requirements, marked by ‘‘X”, to characterise the
waterside of a mine cooling system [9].

Table 2 shows the minimum data requirements, marked by ‘‘X”,
to characterise the airside of a mine cooling system.

The data was acquired by using software with logging capabil-
ities such as a real-time energy management system (REMS) in
conjunction with the mine’s SCADA system. Manual on-site mea-
surements discussed later verified the captured data [21].

2.1.3. Determination of data constraints
The third step was to determine the data constraints and for

which parameters these constraints were valid. This step tested
the feasibility of acquiring the necessary readings as in Tables 1
and 2. The constraints were grouped into one of the following cat-
egories: measurability (can the parameter be measured with the
installed sensors?), sample time required (how frequent should
re (kPa)
Refrigerant
pressure (kPa)

Guide vane
position (%)

Dam level
(%)

Power
usage (kW)

Designed
duty (MW)

al Optional Optional N/A X X
al Optional Optional N/A X X
al N/A N/A Optional N/A X

al N/A N/A Optional N/A X

RH in and out (%) Air mass flow (kg/s) Barometric pressure (kPa)

N/A N/A N/A
N/A N/A N/A
X Optional X
X Optional X
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samples of the parameter be taken?), and dependent/independent
parameter (can this parameter be calculated from other
variables?).

2.1.4. Site instrumentation validation
This subsection focuses on the data validation procedure for the

installed instrumentation. As noted in the background, the under-
ground environment is challenging to access. This harsh environ-
ment also results in sensory equipment failure. The data integrity
is of the utmost importance to ensure reliable monitoring as data
is the lowest level of the DIKW methodology. Errors here will lead
to inaccuracies or incorrect decisions in later steps. Data validation
methods used consist of simple test-based methods and physical
or mathematical model-based methods. A study done on auto-
matic data collection errors on SCADA systems showed the follow-
ing main considerations when validating data: zero value and flat
line detection, and minimum and maximum boundaries detection
based on geometric and data quality constraints as well as histor-
ical values [26].

In-depth data validation techniques are beyond the scope of
this study. A practical method was required for the mining envi-
ronment. Thus, a simple test-based method will result in a sustain-
able solution in the mining environment. This method identifies
sensory data as acceptable or questionable. Acceptable values are
values that adhere to the points mentioned above. The following
tests were used to ensure data integrity.

(1) Sensor measurement range check [27]. Values thus fall into
the range that the installed sensor can measure. A negative
value from a sensor only measuring positive values will thus
be erroneous.

(2) Values are located in a predetermined local realistic range
[27]. A 5 �C measurement for a water temperature usually
above 20 �C will be erroneous.

(3) Constant values check [26]. When the measured variable
was constant for a predefined period, it will be erroneous.

(4) Material redundancy check [27]. When two sensors are
redundant, their readings provide a comparison as an accu-
racy check. For example, when two water temperature sen-
sors on the same pipeline reflect values differing with more
than a predetermined threshold, then one of the values is
erroneous.

2.2. Information audit

This sub-section discusses the in-depth audit of the mine cool-
ing system. The purpose of this section was to determine the cur-
rent system state. The objectives included validating installed
instrumentation readings with on-site measurements and bench-
marking the current system operation.

2.2.1. Measurements
A site inspection was conducted to determine the measurement

points for all the parameters of the available data determined in
Section 2.1.2. This sub-section elaborates on the measurement of
these parameters. This subsection is categorised into water mea-
surements and air measurements. Calibrated instruments ensured
accurate measurements. These measurements formed part of the
installed sensors validation. The calculation of water duty and air
duty provided valuable information regarding the efficiency and
state of the cooling installation.

2.2.2. Water measurements
There were three measurements required to calculate water

duty: water flow (kg/s), water inlet temperature (�C), and water
outlet temperature (�C).
Please cite this article in press as: Pretorius JG et al. Implementing a DIKW mod
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A non-intrusive water flow meter, such as an ultrasonic water
flow meter, was adequate for water flow measurements. Many
mines have thermowells (probe pockets) installed to enable water
temperature measurements. A digital thermometer allowed the
measurement of water temperature. If there were no installed
thermowells, a temperature gun reading on uninsulated pipes
reflected a suitable temperature.

The calculation for water duty (Qw) in kilowatts was one of the
KPIs used. The calculation is

Qw ¼ _mwcpDT

where _mw is the water mass flow rate, kg/s; cp the specific heat of
water, kJ/kg at a constant of 4.187; and DT the difference between
the inlet and outlet water temperature, �C.
2.2.3. Air measurements
The air measurements were primarily on the heat rejection

(condenser side) and air-cooling infrastructure (evaporator side).
The following measurements were required to calculate the air
duty: air volumetric flow (m3/s), air inlet and outlet dry-bulb
temperature (�C), air inlet and outlet wet-bulb temperature (�C)
or relative humidity (%), and barometric pressure (kPa).

Air temperature measuring equipment such as a whirling
hygrometer, a barometer and airflow measuring equipment, was
required. A vane anemometer (to calculate air velocity) and a dis-
tance meter (to calculate flow area) enabled the measurement of
airflow. The installed sensors did not measure all of these parame-
ters, and the manual measurements were used in the calculations.

The calculation for air duty (Qa) in kilowatts was one of the KPIs
used. The calculation is

Qa ¼ _maDSa

where _ma is the air mass flow rate, kg/s; andDSa the change on
sigma energies across the heat exchanger, kJ/kg. Sigma energy is a
function of relative humidity, air dry-bulb temperature and baro-
metric pressure. In mining applications, the air duty of direct con-
tact heat exchangers depends on sigma energy. The air duty
calculation for indirect heat exchangers depends on enthalpy even
though enthalpy is applicable for both [28].
2.2.4. Instrumentation recommendation
A full-scale audit of all the relevant measuring equipment on-

site was conducted to ensure that all sensors provide accurate
readings. The full-scale audit of the measuring equipment deter-
mined the unavailable instrumentation required for sustainable
system monitoring. A list of instrumentation operating accurately,
sensors requiring calibration and outstanding sensors to install,
were provided to the mine.
2.2.5. System state
The initial system audit results were compared with the system

design benchmark. This comparison indicated how much the
system had deteriorated. This allowed for the identification of
improvement initiatives to get the specific deteriorated system
parameters back to or at least near to design. The results of this
comparison identified the critical system parameters required to
monitor for effective system state tracking.
2.3. Knowledge through effectiveness monitoring and reporting

The system state was continuously monitored and reported on
to make the most out of the information gathered in the previous
step.
el on a deep mine cooling system. Int J Min Sci Technol (2018), https://doi.
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2.3.1. Performance indicators
KPIs were chosen to transform the information and data regard-

ing the critical system parameters into useful knowledge and wis-
dom daily. For an underground mine cooling system, the following
KPIs were used:

(1) Fridge plant cooling duty and COP – these KPIs indicate how
much cooling is achieved and at what performance rate.

(2) Condenser pond heat rejection and evaporator pond cooling
duty – these KPIs indicate how much air-cooling is achieved
and how much heat is removed from the mine ventilation
system.

(3) Cold dam water temperature – this parameter shows the
deliverable product of a mine cooling system and is essential
to track. Cold water is necessary for mine drill operators,
cooling cars, dust suppression and various other activities.

2.3.2. Automatic reporting
The data and information were consolidated in an automated

report to facilitate the continuous use of the DIKW method
described. The existing SCADA installation was used in conjunction
with an open platform connection (OPC) setup for communication
between a data logger system and the mine’s instrumentation net-
work. The SCADA system’s Archestra platform acted as the tag
manager on the mine’s side. The data logger system used was
real-time energy management system (REMS), which enabled
automatic logging on the user side of the OPC [21]. REMS sent data
to a central server which provided data analysis based on the KPIs
described, and the required automatic daily reports.

2.4. Wisdom through report interpretation

The cooling installation of a deep mine mainly consists of the
fridge plants, evaporator and condenser heat rejection circuits
[9]. The daily efficiency report reported on each section’s perfor-
mance. The server sent the report to each role player and relevant
manager daily. This allowed for reflection on the previous day’s
performance and a quick reaction from management to take place.
Further interpretation leads to the necessary wisdom in the identi-
fication of improvement initiatives and tracking thereof. This
resulted in better decision making and prompting of the relevant
action. This action will quantify the effect of the DIKW approach.

2.5. Impact of the DIKW model

The DIKWmodel was used to facilitate system improvement on
the cooling system of a deep-level gold mine. This implementation
of the DIKW model was a first on mine cooling systems. We quan-
tified this impact using two measured aspects. The first was com-
paring the KPIs before and after implementation of the DIKW
model. The second method was an independent validation done
Table 3
Instrumentation verification.

Description SCADA
reading

Sensor
measurement
range

Local
realistic
range

Constant
value
check

Materia
redund
check

FP01 Current (A) 63.0 0–200 0–120 Pass Not pos
FP01 evap. flow (kg/s) 58.4 0–350 0–100 Pass Not pos

FP01 evap. temp in (�C) 16.7 �10 to 100 5–25 Pass Not pos
FP01 evap. temp out (�C) 12.7 �10 to 100 5–25 Pass Not pos
FP01 cond. flow (kg/s) 78.6 0–350 0–250 Pass Possibl
FP01 cond. temp in (�C) 37.8 �10 to 100 30–60 Pass Possibl
FP01 cond. temp out (�C) 42.8 �10 to 100 30–60 Pass Possibl
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by comparing the in-stope cooling car water temperatures before
and after implementation of the DIKW model on the cooling sys-
tem. The in-stope cooling car water temperatures are the final pro-
duct of improving cooling performance.
3. Results and discussion

This section discusses the implementation of the DIKW
methodology on a deep-level mine for the first time (Mine A). This
mine’s refrigeration system is located approximately 2 km under-
ground. It consists of nine fridge plants, four condenser ponds
and six evaporator ponds. The mining operations stretch as deep
as 2.4 km. The mine also has a very high VRT of about 64 �C. The
shaft and executive management had no platform to access cooling
performance data in a compact format. They needed a tool to
increase their involvement in cooling performance improvements
while utilising existing infrastructure.

3.1. Data

The data integrity of Mine A was verified with the steps
explained in Section 2.1.4. Table 3 shows the result of this imple-
mentation on the case study. The results are only shown for fridge
plant 1 (FP) as an example.

The results show that there were some instruments installed
that had questionable values. The temperature probes installed
were resistance temperature detection (RTD) PT100 probes. These
probes were replaced or calibrated. However, to replace the
installed Krohne water flow meters was much more tedious. For
the purpose of this study, one was replaced and the other cali-
brated. This step was crucial for accurate reporting.

Table 3 also indicates what corrective action took place.

3.2. Information

3.2.1. System effectiveness report
Once the data was verified the next step was to convert the data

into usable information. This was achieved by developing a daily
report. Fig. 2 shows an overview of the system architecture for
the developed daily report.

The system performance summary includes a summary of each
section’s performance. The progressive performance graph
includes daily average graphs for the evaporator cooling duty of
the fridge plants. It is necessary to include the cold dam tempera-
ture on the graph, as shown in Fig. 3, to ensure proper reflection of
system performance. This will prevent plant operators from
increasing flow to display an improved fridge plants cooling duty
performance. The cold dam temperature will increase in the afore-
mentioned case.

The second page reflects on the performance of each subsection.
The fridge plant section includes water cooling duty (kW), design
l
ancy

Measured
value

Tolerance
(%)

Recommendation Result

sible 64.3 2.0 Acceptable N/A
sible 68.0 14.1 Questionable: calibrate Flow meter sent for

calibration
sible 18.0 7.2 Calibrate Calibrated
sible 9.9 28.3 Questionable: calibrate Replaced
e 111.0 29.2 Questionable: calibrate Flow meter replaced
e 38.5 1.8 Acceptable N/A
e 43.3 1.2 Acceptable N/A
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Fig. 3. Progressive cooling duty graph.

Fig. 2. Report system architecture.
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cooling duty (kW), evaporator inlet and delta temperature (�C),
condenser inlet and delta temperature (�C), condenser and evapo-
rator flows (kg/s) as well as COP. The COP and cooling duty act as
the KPIs for this section. The evaporator and condenser sections
include water and air cooling duty (kW), water flow (kg/s) and
inlet and delta temperatures (�C). In the case of using direct contact
heat exchangers (spray ponds), the water loading KPI is also added
to the ponds section.

The dynamic system layout includes the layout together with
daily averages on dam levels, temperatures, column flows, fridge
plant performances, pond performances and all the possible system
parameters to provide a snapshot of the daily system performance.

The report transforms the sensory data into information daily.
Table 4 depicts the information acquired from the daily individual
fridge plant analysis.
Table 4
Fridge plants cooling performance–averages while running.

Fridge
plant (FP)

Utilisation
(%)

Guide vane
position (%)

Cooling duty
(kW)

Interim duty
target (kW)

Evap. inle
temp. (�C

FP1 90.0 97.6 1612 2269 20.2
FP2 0.0
FP3 87.5 63.9 4566 4096 22.8a

FP4 100.0 99.0 4863b 2269 21.1
FP5 100.0 99.3 2130 2269 22.0a

FP6 0.0
FP7 0.0
FP9 0.0
FP10 100.0 89.8 1759a 4096 23.7a

a Critical values.
b Questionable values.
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3.3. Knowledge

The implementation of the report showed that the essential sec-
tions differ for each position of appointment. The upper-level man-
agement uses the progressive performance graphs more than the
individual fridge plants, condenser ponds and chill ponds perfor-
mance sections. The fridge plant supervisor uses each section.
The progressive performance graphs include the daily evaporator
water cooling duty of all the plants. The graph also includes the
cold dam temperature. Both indicators have a target line. This
graph easily shows trend developments.

The individual fridge plant table helps identify when a plant is
depreciating in performance. Usually, this is an indicator of fouling
in the tubes, dirty strainer boxes and even gas leaks. The report
helped identify each of these cases. Management acted and the
next day’s daily report indicated normal operation. The individual
chill ponds and condenser ponds sections showed the impact of
cleaning the ponds. The report could indicate the impact of opera-
tional directives in terms of heat rejection and cooling duty to
management.

Conditional formatting of each value in the table according to
the expected value as well as other checks as performed in the
instrumentation check, lead to rapid action. The report indicated
instrumentation faults and the instrumentation technicians could
easily rectify the erroneous instrumentation. Most commonly the
faulty readings were due to temperature probes not properly
pushed back into their respective thermowell. Table 4 shows an
instance where Fridge plant 4 had a questionable flow. After
further investigation, the flowmeter was found faulty and replaced.
3.4. Successes, challenges and actions (Wisdom)

The on-site impact of the report included increased awareness
of the system’s performance. The recipient list for the daily report
includes 22 recipients. The recipients are from low-level to high-
level mine management. All the recipients requested that they
receive the report. The report quickly became the backbone of
meeting discussions. The report also helped identify instrumenta-
tion errors, which were then quickly rectified. This reporting
system also enabled quick identification of questionable system
behavior such as refrigerant gas leaks. This system provided a
measuring stick by which to track the performance of improve-
ment initiatives. The report also enabled the identification of
new initiatives.

The report is highly dependent on the condition of the site
instrumentation. This poses a significant challenge for accurate
reporting. This also shows the importance of building in smart data
integrity testing features as mentioned in Section 2.1.4. Other chal-
lenges include report interpretation. The mining personnel do not
always understand how the report works. It requires a thorough
t
)

Evap.
Dtemp. (�C)

Evap. flow
(kg/s)

Cond. inlet
temp. (�C)

Cond.
Dtemp. (�C)

Cond. flow
(kg/s)

COP

7.1 54.5 44.9a 5.2 105.1 2.6

9.0 120.9 47.1a 3.7a 225.2 3.2
9.6 121.1b 43.7a 7.9 106.5 5.9b

8.5 60.2 44.0a 6.5 99.7 2.9

3.1a 138.1 43.4 7.4 106.3 2.4
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explanation of the report structure to all of the personnel.
Instances also occurred where the daily email was forwarded to
the personnel’s spam folder. This report delivery issue also posed
the challenge of ensuring the mining personnel to receive the
report. Development of a generic report is also very challenging.
Every site has a unique setup and requires a unique report. How-
ever, the reporting method is still valid for multiple sites.

The lack of previous studies relating to the DIKW approach to
mine cooling systems resulted in the last challenge which was to
quantify the impact of such a report. As discussed in the introduc-
tion of this paper, data needs to develop to wisdom. A study on
knowledge management emphasised that the level of human con-
tribution increase as data develop to information and knowledge
[29]. Thus, a practical way is to show that action followed on the
data recorded. Fig. 3 shows the improvement in average cooling
duty of the cooling circuits as well as colder water temperatures
after upper-level management initiated action. In both these cases,
the report led upper management to question the decrease in
cooling performance of the refrigeration system. An increase in
cooling duty resulted directly in a few days after these email
communications.

Overall the report was well received by mine personnel. The
actions taken on the report are also evident from the long-term
system performance.

3.5. Impact of the DIKW approach

Since the implementation of the report, system performance
has increased. Fig. 4 shows values obtained from the daily report
before it was made available to mining personnel and three
months after implementation. There was an increase in fridge
plants cooling duty of 5.3 MW; condenser ponds heat rejection of
5.0 MW and an improved cold dam temperature of 3.2 �C.

A separate investigation on the cooling cars in the mining block
provided extra verification of these results. The cold dam feeds the
cooling cars with cold water which act as spot air coolers in the
mining block. Colder inlet water to the cooling cars results in
colder air to the working areas. Fig. 5 shows that there was a reduc-
tion in the cooling car inlet water temperature after the implemen-
tation of the DIKW methodology. On average the inlet water
temperature to the cooling cars improved by 13%, with a standard
deviation of 1.06 �C.
Fig. 4. Cooling system performance comparison.

Fig. 5. Cooling car-inlet water temperatures.
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These lower cold-water temperatures to the cooling cars enable
colder workplace air temperatures. This results in safer working
place temperatures and relates to an increase in production [30].
The implementation of the DIKW methodology on a mining refrig-
eration system facilitated significant operational improvement
with a cooling performance improvement of 55% or 5.3 MW
observed.

The results are promising because a deep mine cooling system
is complex with many interconnected components and the same
DIKW model approach can be applied to the other systems on
the mines. A daily report could add substantial value to the man-
agement and improvement of compressed air systems, dewatering
and other pumping systems, ventilation systems and various
mechanical and electrical systems on a mine.

A DIKW approach could lead to sustainable energy efficiency
projects such as implemented on mine water reticulation and cool-
ing integration projects [31]. It could help managers monitor the
effect of water flow control on bulk air coolers [32]. A DIKW
approach could help managers monitor crucial points in a mine’s
ventilation network, and a daily report could enable day-to-day
reflection on the underground environmental conditions, which
is crucial for mine ventilation engineering [33]. These results show
promise for management and informative monitoring and decision
making in the mining industry.

3.6. Study limitations and further work

The implementation of the DIKW method on a deep mine cool-
ing system showed great promise. However, this study encoun-
tered a few challenges, as discussed in Section 3.4, which
highlighted the limitations listed below:

(1) The dependence on instrumentation availability and accu-
racy posed a significant challenge. Although we imple-
mented smart data integrity features into the reporting, it
still required significant maintenance and upkeep to ensure
the reliability of the results. Quarterly, biannual or annual
instrumentation audits are recommended to ensure opera-
tors do not tamper with or neglect to maintain the installed
sensors. This limitation creates a need for further work
whereas the reporting system should provide the instru-
mentation technicians with a dynamic list of sensors requir-
ing maintenance. The quality of the installed sensors acts as
the backbone of the reporting system, and further work
should address this problem.

(2) Report interpretation depended on the competency of the
reader. We noticed that the level of an individual’s compe-
tency to understand the underlying factors, contributing to
the performance reflected by the report, had a significant
impact on how effectively a person utilised the daily report.
Training of mine personnel eradicated this problem to a cer-
tain extent, but it still happened that personnel ignored indi-
vidual sections of the report. This step is crucial in extracting
wisdom from the knowledge provided in the report. Further
work to increase report interpretation of the DIKW method
will be to adopt better information visualisation techniques
[34]. It is also evident, from environmental reporting sup-
ported by standards set out by the global reporting initiative
(GRI), that adopting global standards on reporting and even
disclosing performance data enhances reporting techniques
and interpretation [35].

(3) Report delivery and reading on a daily basis were uncon-
firmed. The reports were delivered automatically to all the
recipients. However, whether the report was read, deleted
or ignored was challenging to measure. Although we
received a lot of positive feedback and reaction on the
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report, the daily use of it by all parties could not be quanti-
fied. A web-based delivery method to confirm report deliv-
ery and reading could enable further work to address this
issue.

(4) High reporting frequency had its advantages and disadvan-
tages. A study on world-class maintenance suggested that
overly frequent evaluation of performance indices start out
enthusiastically but are ultimately abandoned [10]. Our
implementation of the report also experienced a very enthu-
siastic start, as stated in the study above. However, the daily
evaluation of cooling performance has many benefits, but
this danger of losing its appeal cannot be ignored. The imple-
mentation of a generic report on multiple sites or systems
could help prevent this. Therefore, suggestions for further
work should be to create a standard of reporting which is
rolled-out over multiple systems and sites which is well
accepted and used by the mine personnel.

4. Conclusions

In a highly competitive market, mines cannot afford to operate
inefficiently. The DIKW model was implemented on a deep mine
cooling system for the first time to gain knowledge and wisdom
pertaining to the data available on the mine on a daily basis. Data
was aggregated into information in a daily report which aided
managers in improving their mine cooling systems by reacting to
the information given. The full maturity of the data to wisdom
resulted in prompt corrective action by mining personnel. The
DIKW approach facilitated the overall cooling improvement of
the refrigeration system by 55% or 5.3 MW observed. The improved
cooling performance led to cooler workplace temperatures and a
safer working environment. The results showed that this wisdom
hierarchy could be beneficial on a deep mine cooling system when
implemented daily. The results also indicated that the DIKW
approach might be a suitable approach to optimise management
on deep mines using their existing infrastructure.
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