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The platinum mine industry is under economic pressure due to decreased production and 

increased electricity prices. Implemented energy saving strategies and projects aim to reduce 

the electricity consumption, but this takes time to bring about change. To speed up the 

process, the platinum mining sector focused on easily achievable savings.  

The impact of these savings is visible when evaluating the performance by means of isolated 

boundaries on which the projects are implemented. However, the average impact of energy 

saving initiatives is less than 10% of the electrical energy consumption of the mine. It is 

therefore required to evaluate the holistic impact of individual projects on a high level and 

not only according to the isolated boundaries. 

The need was identified to develop a framework that evaluates individual energy savings 

projects on whole facility level and also considers the uncertainty associated with facility 

noise. The developed framework consists of four phases, namely; data quality, energy 

balances, energy monitoring, and savings quantification.  

The framework was tested and verified by applying it to a case study that consists of three 

boundary levels. The first level represents the high-level energy balance that is done 

holistically. The second level is a reticulation energy balance, while level 3 focuses on the 

energy balance of a subsystem, such as a compressed air network. 

The energy balances showed differences that ranged between -0.3% and 1.0%, while 

implemented energy savings projects had an impact of 3% of the total energy used. This 

impact was evaluated by using the bottom-up traceability method to consider the differences 

within the system. The framework aims to evaluate the whole facility impact of individual 

energy savings projects that were implemented within isolated boundaries.  
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 Energy efficiency evaluations for platinum mines  

South Africa is one of the leading producers of platinum group metals (PGM) in the world. 

However, the financial crisis of 2013/2014, and the increase of problems due to a number of 

factors, caused strain on the platinum price [1], [2]. These restraining factors include 

financial pressures, infrastructure constraints, and calls for resource nationalisation [3].  

The financial pressure is caused by the stagnant platinum price [4]. Further financial strain 

comes from an oversupply of platinum during 2009 to 2011 which flooded the market [1]. 

Consequently, producing platinum in a sustainable manner has become a concern [3]. In 

addition, infrastructure-related challenges such as limiting water availability, energy supply 

constraints, and the rapid increases in electricity tariffs experienced since 2008 [5], [6] are 

influencing development in the platinum mining sector. These challenges all affect long-

term investment for growth, increasing the need for savings initiatives [3]. 

The consequence of the constraints mentioned above is visualised in Figure 1. The primary 

y-axis represents production, x-axis is time in years and secondary y-axis the electricity 

tariff. The orange line illustrates the production that peaked in 2010 then decreased. This 

was due to a strike in 2012 that lowered production significantly [7]. The lowest point in 

production was in 2014 [3]. Production stabilised again in 2015 but has shown a decrease of 

1.2% since 2015 [8]. Sales have also shown a steady decrease of 1% from 2015 to 2018 [8]. 

The blue line illustrates the increased electricity cost [8], [9]. 

 

Figure 1: South African production figures compared with electricity tariff increase adapted from [8], [9] 
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Figure 1 shows that the mining productivity decrease is directly influenced by the increase 

in electricity cost [15]. The energy price increase has led to the implementation of energy 

efficiency strategies and projects [10]. The enforcement of these policies by government has 

created the need to reduce energy consumption in mining operations [11],[12],[13]. The 

energy efficiency policy programmes introduced by the South African government aim to 

monitor and reduce carbon emissions and energy consumption [14],[15],[16].  

Companies that have a yearly energy consumption above 50 GWh (Gigawatt-hour) are 

required to report on industry-specific energy consumption values [14]. This is in 

accordance to section 19 of the National Energy Act [14]. Additional regulating policies 

known as tax incentives (for example Section 12L regulations) were published on 15 

November 2011. The Section 12L of the Income Tax Act of 1962 regulation stipulates that 

an income tax deduction is allowed when energy efficiency savings are achieved by the 

entity in respect of a year of assessment [9], [17]. Thus, if companies can prove they have 

reduced their energy usage they can receive capital back on their taxes.  

Although there is a clear need for these types of strategies and projects the implementation 

takes time to bring about change [5]. For immediate results the platinum mining sector 

initially focused on easily achievable savings. These projects were non-capital non-invasive 

projects on operational level [5]. Optimising systems on operational level accounts for the 

largest part of energy efficiency savings projects in the industry [5].  

Energy savings are calculated by comparing the energy consumption after a project’s 

implementation to what the energy usage would have been if the project was not 

implemented [11]. Electrical energy savings is the reduction in electricity consumption after 

project implementation [18], [19].  

The energy distribution can be used to identify areas for potential energy savings projects. 

The initial energy savings projects on platinum mines focused on the larger energy users 

[20]. These include the compressed air systems, pumping, hoisting, refrigeration and 

ventilation. Collectively, these energy users are known as auxiliary systems. Figure 2 gives 

the energy distribution of different systems on a platinum mine. 
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Figure 2: Electrical energy distribution of the mining sector adapted from [21] 

 

The auxiliary systems contribute 60% of the mining sector’s electricity consumption. The 

other 40% is attributed to mining activities, processing plants, office buildings, hostels and 

services. The potential for energy savings on the auxiliary systems has been extensively 

investigated in literature [20], [22]. A large portion of a mine’s cost savings projects are 

focused on the compressed air system as it contributes 21% of the total system energy usage 

[20].  The Measurement and Verification (M&V) method for evaluating energy savings is 

done in accordance with the SANS 50010 M&V Standard used in industry [20].  

SANS 50010 is commonly used within M&V as a resource to prove regulatory compliance 

in South Africa. The Standard was developed to standardise the South African M&V 

practice so that consistent, accurate, conservative and traceable results could be obtained. 

SANS 50010 is applicable to residential and industrial M&V activities. An overview of the 

type of M&V options are provided in Table 1 [23]. Column one gives a brief description of 

the four types of M&V options. Column two describes how the savings are calculated. 

Lastly, an application is described for the relevant option. 
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Table 1: Summary of M&V options, adapted from [11] 

M&V Option 
How Savings Are 

Calculated 

Typical Applications 

Lighting 

A. Partially Measured Retrofit Isolation 

Savings are determined by partial field 

measurement of the energy use of the system(s) 

to which an energy savings project was applied, 

separate from the energy use of the rest of the 

facility. Measurements may be either short-term 

or continuous. 

Partial measurement means that some but not all 

parameter(s) may be stipulated, if the total 

impact of possible stipulation error(s) is not 

significant to the resultant savings. Careful 

review of energy savings project design and 

installation will ensure that stipulated values 

fairly represent the probable actual value. 

Stipulations should be shown in the M&V Plan 

along with analysis of the significance of the 

error they may introduce 

Engineering 

calculations using short-term 

or continuous post-retrofit 

measurements and stipulations 

Lighting retrofit where power 

drawn is measured periodically. 

Operating hours of the lights are 

assumed to be one half-hour per 

day longer than store open hours. 

B. Retrofit Isolation 

Savings are determined by field measurement of 

the energy use of the systems to which the 

energy savings project was applied, separate 

from the energy use of the rest of the facility. 

Short-term or continuous measurements are 

taken throughout the post-retrofit period. 

Engineering 

calculations using short term 

or continuous measurements 

analysis. 

Application of controls to vary the 

load on a constant speed pump 

using a variable speed drive. 

Electricity use is measured by a 

kWh meter installed on the 

electrical supply to the pump 

motor. In the base year this meter 

is in place for a week to verify 

constant loading. The meter is in 

place throughout the post-retrofit 

period to track variations in 

energy use. 

C. Whole Facility 

Savings are determined by measuring energy 

use at the whole facility level. Short-term or 

Analysis of whole facility 

utility meter or sub-meter data 

using techniques from simple 

Multifaceted energy management 

program affecting many systems 

in a building. Energy use is 
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continuous measurements are taken throughout 

the post-retrofit period. 

 

comparison to regression 

analysis. 

measured by the gas- and electric 

utility meters for a twelve-month 

base year period and throughout 

the post-retrofit period. 

D. Calibrated Simulation 

Savings 

Savings are determined through simulation of 

the energy use of components or the whole 

facility. Simulation routines must be 

demonstrated to adequately model actual energy 

performance measured in the facility. This 

option usually requires considerable skill in 

calibrated simulation. 

Energy use simulation, 

calibrated with hourly or 

monthly utility billing data 

and/or end- use metering. 

Multifaceted energy management 

program affecting many systems 

in a building but where no base 

year data are available. Post-

retrofit period energy use is 

measured by the gas and electric 

utility meters. Base year energy 

use is determined by a simulation 

using a model calibrated by the 

post-retrofit period utility data. 

 

These M&V methodologies from different guidelines are essentially identical to those 

proposed in the international performance measurement and verification protocol (IPMVP) 

in which four M&V methods, Option A, Option B, Option C, and Option D, are given [24].  

The first two methods, Options A and B, are used in systems where large energy savings 

projects are implemented in the form of isolated projects [23]. The savings boundary is 

selected around the system where the energy saving initiative is implemented, and isolating 

the projects minimises the complexity of energy savings calculations [23].  

When using a system boundary, the size of the energy savings project does not have an 

effect on the evaluation process [23]. The size of saving projects has an effect when the 

boundary is increased to whole facility. The latter two methods, Options C and D, are 

applicable to the whole energy system level and do not consider subsystems independently 

[24]. The IPMVP describes a method that can be used for evaluating the impact of whole 

facility energy savings initiatives. This method calculates the energy savings for all energy 

projects individually; but then evaluates all the energy savings together as one on a whole 

facility level [11].  
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Option C, as mentioned in Table 1, assesses the impact of any type of energy saving 

initiative, but not individually if more than one is applied to an energy meter. This method 

does not account for the individual impact of energy savings projects [24]. This prompts the 

need to be able to evaluate individual energy savings projects on a whole facility level. The 

difficulty remains when considering a project’s size in comparison with the full facility’s 

energy usage. 

A typical compressed air system has an energy saving potential of 5% [25] and, according to 

the IPMVP, energy savings need to be larger than 10% of the whole facility energy 

consumption in order to be separated from the system noise [11]. System noise is seen as the 

expected variance due to the unexplained random behaviour of a facility’s operations [11]. 

Many efforts have gone into measuring industrial energy savings: the difficulty is 

incorporating system changes and the uncertainty associated with noise [26].  

There is a need for a whole facility evaluation method. This method should assess the 

individual saving’s impact on a whole facility, while considering system changes and the 

uncertainty caused by noise is identified. Most conventional M&V methods’ energy 

evaluation is purely based on the savings within the project’s isolating boundary.  

Figure 3 shows a bottom-up approach that focuses on the observed energy savings of the 

isolated savings boundary within the whole facility measurement boundary [23].  
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Figure 3: Bottom-up traceability approach, adapted from [23] 

The bottom-up traceability approach evaluates the energy saving systems on a subsystem 

level. The subsystem level is an isolating boundary on the system on which the projects are 

implemented. This approach works under the assumption that the accumulated energy 

savings observed on each subsystem can be observed on whole facility when reconciliation 

can be obtained between the overall systems performance and subsystem performance  [23].  

The bottom-up traceability approach can be tested in the use of individual savings’ effects 

on the overall system. A top-down approach is then required to ensure reconciliation. 

Energy management can be used as the top-down approach to evaluate the impact of savings 

on whole facility level [27].   
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 Energy management  

Effective energy management can provide a stepping stone towards reducing energy costs 

[28], [29]. Although energy management is a supporting focus in this study, it can also 

ensure the energy savings project’s impact is evaluated from a top-down and bottom-up 

approach as discussed in Section 1.1. 

Literature reports different definitions for energy management. According to Jovanovic 

(2015) energy management is analysing the difference between literature and industry by 

means of monitoring and improving energy efficiency [27], [29]. Another definition from 

the ISO 50001 standard defines energy management as a “set of interacting elements to 

establish energy policy and objectives, and the processes and procedures to achieve those 

objectives” [27], [30]. Energy management is beneficial as it manages energy systems on an 

individual as well as interacting system. Jovanovic (2015) and Pinero (2009) explain that the 

implementation of the ISO 50001 standard can improve energy efficiency by 20% and 

reduce energy cost by 20% [27], [31]. 

Energy management is the improvement of energy usage on a system by means of energy 

balances and monitoring. This is done by capturing the data and managing the data by 

means of different analyses. The analyses are done by means of reports and energy balances 

[32], [33], as well as visualisation methods, such as waterfall diagrams, that can be used to 

evaluate energy usage and savings. Figure 4 illustrates the process approach strategy to 

energy management; adapted from Goosen, Swanepoel and Du Plessis (2016) [28]. 

 

 

Figure 4: Energy management diagram, adapted from [28] 

Energy balance Energy monitoring 
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The energy management diagram is divided into two sections. Section 1 is represented by 

items (1) to (3), and they make up the energy balance part of energy management. Item (1) 

in the energy management diagram is data retrieval. The next steps (2) and (3) are the 

processing and balancing of the data.  

Section 2 consists of (4) which is energy monitoring. The different interacting elements on a 

system are monitored by means of an information dashboard. Energy management is also an 

essential part of quantifying energy consumption and possible energy savings [28]. 

Energy balance 

The first section of energy management consists of collecting energy data (1), processing 

(2), and analysing (3). These steps are needed to balance the amount of energy moving in 

and out of a system. An energy balance is defined as a mathematical statement that accounts 

for energy flow and transformation in a system [34]. There are various forms of energy on a 

mine, but for this study only electrical energy is assessed.  

According to Albini & Rajnai (2019), a component can be a main source of energy or a 

subsystem that distributes the energy to different components [35]. In a mining system, the 

service provider, Eskom, sends electricity to the main substation. The mine’s main 

substation subsequently feeds the rest of the mine by supplying electricity to the various 

other substations. The substations, in-turn, feed electricity to the different components 

connected to the various substations. Thus, the system is made up of substations that are 

consumers and feeders of energy. To balance the system’s energy the amount of electrical 

energy into the system needs to equal the amount of energy consumed by the system [34].  

Energy monitoring 

Section 2, item (4), represents the energy monitoring of the system’s energy usage. This is a 

supporting focus in effective energy management and can provide a stepping stone to reduce 

energy costs.  

Energy monitoring can be used to evaluate and, ideally, adjust the energy consumption in a 

system [30], [36], as it offers the potential to link daily activity with energy use [36], [37]. 

Data Analysis Interface (DAI), or information dashboard, is one of the methods that can be 



 

 

Introduction 10 

 

 

 

used to display the energy being monitored [32]. DAI is an automated interface that can be 

used to analyse meter data in different ways to produce useful information. The data 

required for effective energy management can be received from different sources, not only 

meters. These sources range from Eskom invoices, data from External Metering Companies 

(EMCs), as well as data from the mine’s Supervisory Control and Data Acquisition 

(SCADA) system.  

To effectively monitor energy, the data used must be a true representation of the system. A 

large volume of complex data is retrieved from the mine. Monitoring thus requires 

simplification of a system. Simplification requires the evaluation and selection of various 

measurement points [23],[32]. This can lead to certain measurements being excluded, which 

can lead to misinterpretations or lack of information [23],[32]. In order to ensure that the 

whole energy system is accounted for, the ideal solution would be to conduct an energy 

balance across the entire energy system [23],[32].  

Energy monitoring and energy balances use information to evaluate the impact of energy 

usage and savings in a system, such as the platinum mine environment [37]. The quality of 

data used is of importance as it is used as information in the mining industry [32]. Referring 

back to Figure 4, the first step of energy management is retrieving data. The following 

section will discuss the importance of the quality of this data.  

 Data quality 

Data quality, as mentioned in Section 1.2, is important when working with energy 

management. Energy management is split into two sections, namely energy monitoring and 

energy balances. To effectively monitor energy, the data used must be a true representation 

of the system. Thus, data needs to be of high quality. According Paoli, Lupton and Cullen 

(2018), data used in an energy balance also needs to be of high quality [32].  

The effect of the data quality reflects on the energy savings a project achieved. As well as 

the cost benefit to the client as well as the feasibility of implementing the energy 

management projects [32]. The quality can be assessed by using five qualitative indicators: 



 

 

Introduction 11 

 

 

 

Reliability, Completeness, Geographical Correlation, Temporal Correlation, and Other 

Correlation [32].  

Electrical energy is independent of an ideal time reference, geographical parameters and 

specific technology, and is not described in further detail. Electrical energy is dependent on 

the reliability and completeness of the data. These determining factors influence the quality 

of the data.  

Reliability focuses on the data source, for example data generation or measurement, 

validation etc [22]. The concept of completeness focuses on the composition of the data set, 

i.e. missing data [22]. Temporal Correlation is the availability of data with respect to an 

ideal time frame and geographical correlation [22]. It also impacts the correlation of ideal 

data with respect to technology. 

Reliability is dependent on measuring equipment. Data collected from measurements always 

have an error percentage to some extent. Errors can arise from accuracy of sensors, sensor 

drift, inaccurate measurements and data capture errors [23]. For example, consider if 

measuring equipment has an overall measuring accuracy of 0.5%. On a 20 MW (Megawatt) 

energy savings project the measurement could either be negatively or positively biased by 

0.5%; this equals to ± 100 kW [32]. In 24 hours, 2 400 kWh is unaccounted for. The energy 

balance will start with a 0.5% error in this example. Although reliability is an uncontrollable 

factor in this study, the completeness of data can be addressed. 

Completeness is the second factor that can influence electrical energy’s data quality [38]. 

Missing data presents a problem in many fields and can lead to misleading conclusions. The 

data can be missing at random, in patterns, or in large sections [39]. Missing values cannot 

be avoided as it mostly happens unexpectedly. The most common data series to suffer from 

missing data is that of time series data [40]. Figure 5 illustrates missing data found in time 

series data. The figure is an example of an energy profile diagram. The y-axis represents the 

energy and the x-axis the daily time profile.  
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Figure 5: Completeness of a data set, missing data 

Missing data, as presented in Figure 5, results in uncertainty. The amount of energy 

consumed between 09:00 and 13:00 is unknown. The missing data can cause 

misinterpretation of the data. In energy management, data is used to make decisions. Quality 

representative data is therefore important. 

When considering missing data there are two main types of patterns found [40]. The first 

pattern is called monotone, which is when a clear pattern of missing data is observed, and 

the second pattern is arbitrarily missing data. In arbitrarily missing data no clear pattern can 

be observed [10]. These two patterns are illustrated in Table 2, adapted from Pratama, et al. 

(2016) [40]. 

Table 2: Missing data patterns, adapted from [40] 

Monotone  Arbitrary 

X1 X2 X3 X4  X1 X2 X3 X4 

x x x x  x x x  

x x x x  x x x x 

x x x    x x  
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The monotone table in Table 2 illustrates a missing data pattern. This pattern systematically 

decreases in values for columns 𝑋𝑖+1. The arbitrarily missing data is not in a clear pattern.  

Data filling is favoured above deletion of a data set [40], [41]. Missing data can be filled 

with data based on the characteristics of the data set. A simplified method for filling the 

missing data is replacing each of the missing values with the average [40]. Filling data with 

an average is also one of the filling methods studied by McCandless, Haupt & Young [42] 

and Butler & Buckley [41]. These methods will be discussed further in Chapter 2. 

The new data set with filled values alters the true data set and should be undertaken with 

caution [40]. On a mine there is a scope for error with a margin of ±5% for equipment used 

in  utility billing [34]. The data set’s accuracy before and after filling can be tested using the 

±5% margin. The quality of data plays a definite role in the management of energy. Energy 

balances and monitoring require data that is a true representation of a system [23]. 

 

 

 

 Need for the study 

Problem statement 

Conventional methods of evaluating energy savings (M&V methods) are done by selecting 

an isolating boundary around the system where the initiative was implemented. This is 

inadequate for whole facility evaluation. When evaluating the electrical energy savings on a 

whole facility level, the quality of data that is analysed is important. Poor quality data can 

lead to inconsistent interpretations which could have a detrimental impact on the amount of 

energy savings reported on. In this instance the quality of power meter data refers mostly to 

missing values in the datasets. 

The savings from individual energy saving projects with savings less than 10% of the total 

site energy consumption are not visible when using the conventional whole facility approach 

as set out in the IPMVP and SANS 50010. This is due to the inherent uncertainty caused by 
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the system’s noise due to the facility’s energy consumption. Therefore, a new approach is 

required for reporting savings less than 10% on whole facility level while accounting for the 

uncertainty associated with the noise of the facility’s energy consumption. 

 

Objectives 

The objectives of this study are summarised below: 

1. Evaluate the high-level impact of energy savings on whole facility level. 

2. Account for the energy savings that get lost in the uncertainty associated with 

facility noise. The noise is due to complex interaction between areas of importance, 

underperformance or exceptional events.  

3. Data quality needs to be ensured as high-level assessment requires quality on a 

detailed level.  

 

 

 Document overview 

Chapter 1: Introduction  

Chapter 1 presents the introduction and background to this study. Each section leads to the 

problem statement section and emphasises the need for the study. The objectives that must 

be met for the study are also detailed in Chapter 1 under Section 1.4. 

Chapter 2: Methodology  

In this chapter, the development of the framework to evaluate the impact of electricity 

saving on a whole facility level is shown, with each section highlighting the objective it is 

meant to meet in order to solve the problem statement. 

Chapter 3: Results 

In Chapter 3 the methodology is verified by applying it to an actual case study. This case 

study consists of three levels. Level 1 is a high-level energy balance, level 2 is a reticulation 



 

 

Introduction 15 

 

 

 

energy balance and the last level is a system energy balance. These energy balances are a 

part of the framework developed to evaluate the electrical energy savings. 

Chapter 4: Conclusion 

Chapter 4 refers back to the objectives stated in Chapter 1.  It summarises all the objectives 

and how they were met. Furthermore, recommendations for further studies are proposed. 

 Conclusion 

This chapter provided an introduction and background to the need for this study. The 

increase in financial pressure in the platinum market led to the need for implementing 

energy saving initiatives. Further increases in electricity tariffs prompted the need to re-

evaluate energy saving initiatives on a utility bill level (whole facility). 

Current methods for evaluating savings on system and whole facility level were found to be 

inadequate. They do not meet all the objectives identified in this chapter. These objectives 

are listed in Section 1.4. A framework is developed in the following chapter with the aim of 

meeting all the objectives and solving the problem statement. 
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 Preamble 

The literature from Chapter 1 showed that there are different methods for evaluating the 

impact of energy savings on a whole facility level. However, the constraints found on 

platinum mines are not considered. These constraints include: 

➢ Evaluating the high-level impact of energy savings on whole facility level, on 

utility invoices. 

➢ Energy savings that get lost in facility noise, due to complex interaction between 

areas of importance, underperformance or exceptional events.  

➢ High data quality to ensure an accurate assessment of energy usage and 

distribution.  

This chapter provides the framework developed to address these constraints. The framework 

is broken into four phases. The four main phases include data quality, energy balances, 

energy monitoring and, finally, savings quantification, as illustrated in Figure 6. 

 

 

Figure 6: Simplified framework development 

Phase 1 ensures the data used in this study is of high quality. This is fundamentally 

important. The data is then used to manage the energy. Phase 2 and Phase 3 are combined 

and used to manage the system’s energy. Phase 4 combines the information from the data, 

energy balances and monitoring to quantify savings. The final phase evaluates the impact of 

the savings.  

2 Methodology 
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Energy can be defined as fuel sources or electricity; in this study the focus will be on  

electrical energy [43]. The objective, as seen listed above, is to evaluate the energy savings 

on electrical utility bills. Phase 1 is developed to ensure the data is representative of the 

system. The following section will show Phase 1’s development. 

 

 Data quality  

2.2.1 Preamble 

In order to evaluate any system, data is needed. The information gathered from the data can 

then be analysed. The analysed data is used to make informed decisions in regards to the 

system’s operations [23]. The quality of data is thus important to ensure the information 

used is also of good quality [44]. Poor quality data can lead to inconsistent interpretations 

which could have a negative impact on the decisions made with regard to the system [23], 

[45].    

Figure 7 illustrates the three steps of Phase 1. In the first step the relevant data is retrieved. 

Step 2 assesses the data by means of traceability and identifies whether the data sets have 

missing data. The last step in Phase 1 fills the missing data.   

 

Figure 7: Detailed framework development of Phase 1 
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2.2.2 Data retrieval 

The first step of any M&V evaluation study is the retrieval of data; this data is usually 

presented in the form of spreadsheets, layouts and documentation [23], [46], [47]. The 

retrieval of layouts, documentation and spreadsheet data will be briefly discussed in this 

section. Figure 8 is a visual representation of data that shows the type of data retrieved, the 

data sources and alternative data sources. The field of M&V allows for the development of a 

method to evaluate multiple points of measure in a whole facility energy system [48], [49]. 

The data for multiple points of measure (POM) is retrieved from the data sources in the 

figure below.  

 

 

Figure 8: Data retrieval flow diagram 
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The first data that needs to be retrieved is the electrical reticulation layouts of the mine; 

these layouts show the electricity distribution. The electrical layout lays the groundwork for 

understanding and managing the electricity system. Alternative layouts such as system and 

SCADA layouts can be used. These layouts are component-orientated and lack detailed 

information that the electrical layout provides, namely electricity distribution between the 

different substations and equipment. After the electrical layout is obtained a simplified 

layout can be drawn to indicate main system feeders, consumers and system grouping, as 

further discussed in Section 2.3.2 

The grouping configuration used in this study follows a business unit grouping method. 

Figure 9 shows the simplified electrical layout with business unit grouping and multiple 

levels division.   

 

Figure 9: Group configuration of a mine reticulation system 

The mining group is subsequently divided into business units. To simplify utility billing the 

mine groups different electricity consumers together; these groups are called business units. 

Each business unit is made up of different subsystems. The different  subsystems consist of 

different electricity consumers [32], most of which receive electricity from the same sub-

stations. By grouping different components together, the mine’s internal electricity billing is 

Mining group

Business unit 1 Business unit 2

Subsystem A Subsystem B Subsystem C

Component a.1

Component a.2

Component a.3
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simplified. Using the same business grouping in this study simplifies the data retrieval.  This 

is also beneficial as data retrieval from the spreadsheets is also simplified. Power meters that 

are used for billing purposes are more likely to be calibrated [32].  

The second data source required is the utility invoices. Alternatively, the mine’s utility 

billing spreadsheets can be used to estimate the total energy consumption. According to the 

SANS 50010 Eskom invoices are reliable data sources [18]. Figure 10 gives an example of 

an Eskom invoice. 

 

 

Figure 10: Utility bill example, Eskom invoice 

Label A, in Figure 10, gives the monthly total energy consumption for the mine group, 

expressed in kWh. This is the most important value to allow comparison with the different 

levels of the energy distribution. The rest of the invoice is a breakdown of the electricity 

measured at different periods, for example peak energy consumption, 10 827 058.42 kWh.  

A 
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The additional sections on the invoice give information that falls outside the scope of this 

study.  

The last type of data retrieved for this study is the power meter data. Each of the substations 

has power meters that measure the electricity consumption, as well as the components that 

are connected to the substation. These components include compressors, mine shafts, fans 

etc. [32]. Data that is retrieved from spreadsheets in the mining industry is mostly from data 

entries that are typically acquired from instrumental readings [23].  

Power meter data is retrieved from the mine’s data base. The data sets are historic data 

received as a comma-separated value (CSV) file from the database [32]. A CSV file stores 

tabular data in half-hourly intervals which can be combined to daily, weekly or monthly 

values. The data retrieved from the various sources can now be evaluated for traceability – 

see Section 2.2.2. 

2.2.3 Traceability 

Traceability is especially important when working with electrical energy on a whole facility 

level [23]. Traceability is defined as a dataset that can be traced to a distinct data source, and 

the data source can in turn be traced to one or more measurement points [23]. The complex 

interactions in a whole facility evaluation cause energy savings to get lost in the facility 

noise [50].  

Traceability is tested by evaluating the power meter data against the chosen option’s data 

source; this uses the principle that traceability can be proven by means of data comparisons 

with corresponding metering or independent sources [22],[23]. 
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Figure 11: Data traceability options flow diagram 

Figure 11 illustrates a simplified method of testing traceability using measurement points. 

Traceability can be tested against utility invoices, corresponding meters or in the event that 

neither that are available, follow the ISO/IECC 15189:2007 standard can be followed. 

Option 1: Data from an invoice is seen as the most accurate data source on facility level. 

The first option is to compare the power meter data against the invoice data.  

Option 2: The second option can be used when there is no invoice available, or when a 

higher resolution of data is required. Then the power meter data can be compared with a 

corresponding power meter’s data. 

Option 3: In the event that no invoice or corresponding meter data is available to test 

traceability, then the ISO/IECC 15189:2007 standard can be used. 

As mentioned in Section 1.3 the quality of data that affects power meter data is 

completeness. The integrity of the data is further tested by identifying if there are any 

missing data points. The missing data can be caused by data loss, faulty meters, non-routine 

operations, etc. [22], [50].  

One can identify the type of missing data in the data set by testing the zero values. There are 

zero values for different reasons. Table 3  summarises how to identify if the zero values are 

true missing data. True missing data is due to data loss or faulty metering. Missing for 

component like compressors are difficult to identify as true missing data as there is no way 

Option 1 

Option 2 

Option 3 
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to distinguish when the component was in used or off. Thus filling is not recommended for 

component. 

Table 3: Missing data identification and characteristics 

 

Data source Missing data characteristics Example 

True 

missing 

data 

(1) 
Power meter data 

(Feeder or subsystem) 

Arbitrarily, there is no clear 

pattern or reason 
Faulty meter Yes 

(2) 
Power meter data 

(Feeder or subsystem) 

Monotone, there is a clear 

pattern 

Incomer to 

substation switched 
No 

(3) 

Power meter data 

(Component or 

equipment) 

Component that has a set 

schedule and there is missing 

data in the scheduled period 

Man winder Yes 

(4) 

Power meter data 

(Component or 

equipment) 

Component or equipment that 

run as needed 

Compressor or 

pumps 
No 

Column one describes the data source; this could be from a feeder or equipment’s power 

meter. Column two is the missing data’s characteristics: if there is a pattern in the missing 

data, if the data is from an equipment that has a schedule, for running status. Table 3 also 

illustrates 4 examples: 

(1) Arbitrarily missing data from a feeder or system; this is an example of a faulty meter and 

true missing data. 

(2) Monotone missing data from a feeder or system. An example of this is where an incomer 

to a subsystem is switched with another incomer. The incomer with no data is thus not true 

missing data. 

(3) Component or equipment that have a running schedule. For example, a man winder that 

runs before and after shifts. If there is missing data during this period, then it is true missing 
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data but if the man wider is not running, then this is not missing data, the running time is 

just zero. 

(4) Component or equipment that has an inconsistent run period, for example water pumps. 

Missing data cannot be filled as it is unclear if there is true missing data.  

Section 1.3 explained that the problem with missing data is the effect it has on energy 

management. This needs to be addressed to ensure that the quality of the data is good. The 

data filling method is adapted from two processes described by McCandless, Haupt & 

Young (2011) and Butler & Buckley (2017), as seen in Figure 12 [42],[41].  

 

 

Figure 12: Data filling flow diagram, adapted from[41] & [42]. 

In Figure 12 , the first step is to fill the missing data with the input value, this value is 

chosen according to the data set’s characteristics. 

➢ If the data set has the characteristic of having underestimated values, “for example, 

you might want to underestimate if you are trying to fill in missing data on the 

number of students who receive free lunches [41]”, then the data should be filled 

with the minimum value in the data set.  
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➢ If the data set has the characteristic of having overestimated values, “for example, if 

you were filling in values in a dataset describing the number of people who have 

higher educational degrees [41]”, then the data should be filled with the maximum 

value in the data set.  

➢ If the data set has the characteristic of having expected outliers, then the data should 

be filled with the median value in the data set.  

Tobler’s law seems to apply to the data set. Tobler’s law implies that the values of the 

missing data will be like the values of its neighbours in space and or time [41].  

After choosing the most applicable data characteristic, the data set is verified. Verification is 

subjective as it entails evaluating whether the traceability percentage improves. If the 

traceability error percentage decreases, continue with the data set. If the data set is still 

unfavourable and a different characteristic is also applicable, test the next imputed value. 

When a favourable data set is found then the data set can be used as described in the 

following section. 
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 Energy balance  

2.3.1 Preamble 

As mentioned in the previous section, high-quality data is important. High-quality data is 

defined as data that is complete, error-free and representative of a system [23], [32]. Data 

from Phase 1 can now be used within the energy balances phase. The following Section 2.3 

describes the methodology of Phase 2. As described in the introductory Section 1.4, an 

energy balance will assist in the evaluation of the high-level impact of energy saving 

projects. 

Figure 13 illustrates the steps that should be followed in Phase 2. The first step is selecting 

the boundary for the energy balance. Secondly, the energy that flows into the boundary 

should be balanced with the energy flows out of the boundary. The last step is the balance 

assessment that will be described in detail in Section 2.3.4. 

 

Figure 13: Detailed framework development of Phase 2 

2.3.2 Boundary selection 

The first step in Phase 2 is to select a boundary to construct the energy balance. This aims to 

allocate the energy streams to the different sections of the layout. Measurement boundaries 

are usually selected according to the locations of where energy savings measures were 

implemented. 
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Figure 14 illustrates the concept used in choosing balance boundary. The mine’s electricity 

distribution system is divided into three levels. By dividing the network into three 

categories, the energy balances are simplified. 

 

 

 

 

 

 

 

 

  

 

 

 

The first level represents the high-level energy balance that is undertaken holistically. A 

holistic level is a high-level view with minimum detail. This high-level energy balance thus 

balances the energy incomers to the system at the main substation. And the energy from the 

main substation feeders feeds the different business units. 

 Level 2 is a reticulation energy balance. Reticulation is a network of metering equipment 

used for measuring the delivery of electricity from the network’s energy service provider to 

the final equipment [51]. The reticulation energy balance is a balance of the whole energy 

system. Level 3 is a subsystem energy balance. An example of a subsystem is a compressed 

air system.  

Mining group

Business unit 1 Business unit 2

Subsystem A Subsystem B Subsystem C

Component a.1

Component a.2

Component a.3

Figure 14: Boundary selection method adapted from [30].  
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2.3.3 Level energy balance 

The amount of electrical energy into the system is equal to the amount of energy out of or 

consumed by the system: 

𝐸𝑖𝑛 = 𝐸𝑜𝑢𝑡 

 

Figure 15: Visual representation of a simplified energy balance 

 

Energy balance: Level 1 

According to SANS 50010, when evaluating energy savings on a full-facility the energy 

consumption has to be measure directly [11]. Thus, the main substation incomers, feeders 

and Eskom invoices are used. One of the energy to the sources, 𝐸𝑖𝑛 , that can be used is 

supplier invoices [14]. The Eskom invoice will be used as the energy in stream to the 

system, as seen in Figure 10. 

The energy flow into a system is not only measured by the supplier but also measured with 

additional power meters. At the main substation the point of delivery (POD) or Eskom 

incomer power meters are used as a secondary measurement of the energy going into the 

system. As discribed in Section 2.3.2 the 𝐸𝑜𝑢𝑡 in Figure 15 will consist of all the main 

feeders that feed electricity to the different business units.  

Energy balance: Level 2 
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Level 2, as described in Section 2.3.2, balances the reticulation system. Figure 15 illustrates 

the generic energy balance. For level 2, 𝐸𝑖𝑛 consists of Eskom invoices compared with each 

business unit’s electricity usage measured with individual power meters, 𝐸𝑜𝑢𝑡.  

Energy balance: Level 3 

Level 3 is an energy balance on the subsystems level of the mine, for example, a compressor 

system that consists of three compressors, as seen in Figure 14. The 𝐸𝑖𝑛 , the electricity sent 

to the compressor system is balanced to the summation electricity used by each individual 

compressor, 𝐸𝑜𝑢𝑡. 

 

2.3.4 Balance assessment 

The error percentage difference between the input and output is evaluated. The error 

percentage is calculated using Equation 1. 

𝑬𝒓𝒓𝒐𝒓 % =  
𝑬𝑰𝒏 − 𝑬𝒐𝒖𝒕

𝑬𝑰𝒏
× 𝟏𝟎𝟎% 

 

Equation 1 

 

𝑬𝒓𝒓𝒐𝒓 % - difference between energy to a system and energy used  

EIn - energy in 

EOut - energy out 

 

 

A low error percentage means that the level’s energy balance is a good representation of the 

input and output. When a level’s results are compared with the other levels and all the 

level’s error percentage is close to zero, then the certainty of the impact of the energy 

savings on whole facility level increases. 
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 Energy management 

2.4.1 Preamble 

Energy management plays a role in addressing the problems listed in Section 1.4. Phase 3 is 

developed in three steps as illustrated in Figure 16. Step one of Phase 3 is to monitor the 

energy distribution of the system using a DAI. Fockema (2014) evaluated different methods 

for monitoring large amount of data, and found that DAIs are necessary to analyse and 

visualise large amounts of energy data [32]. The second step of Phase 3 is to assess the 

information presented by the energy monitoring process. The assessment uses visualisation 

to show the energy increases and decreases. The third step of Phase 3 is a report that 

summarises the monitoring and assessment of step 1 and step 2. The development of Phase 

3 forms part of energy management that addresses the objectives listed in Section 1.4. 

 

 

Figure 16: Detailed framework development of Phase 3 

2.4.2 Monitoring 

The first step in the energy management Phase is to monitor the electricity usage on the 

mining system. This is done by continuously evaluating the system against predetermined 

values indicating whether the performance is acceptable or should be investigated.  



 

 

Methodology 31 

 

 

 

Figure 17 illustrates the monitoring concept used in this study. The interface is divided into 

two parts of which the columns are the individual days of the month. By grouping 

components into business units, the monitoring system is simplified [32]. 

 

 

 

The first column consists of the business units’ names that are being monitored. The second  

 Energy monitoring is dependent on the chosen assessment period. The current day’s energy 

consumption can be compared for example with the previous day, week, month or year. For 

example, if the chosen assessment period is a week, then each date is evaluated individually 

according to the energy consumption to the seven days’ average energy consumption: 

➢ Red is an increase in electricity consumption for the current date compared with the 

average energy consumption of the assessment period chosen; 

➢ Green is a decrease in electricity consumption for the current date compared with the 

average energy consumption of the assessment period chosen.  

Monitoring is used to track the energy interactions on the mine and mitigate any 

unnecessary increases. Energy monitoring in itself is not enough. The information provided 

by the monitoring needs to be assessed and reported on. Reporting on energy usage can 

make a difference in the overall energy consumption [52]. The next steps in Phase 3 are 

assessment and reporting.  

MONTH

BUSINESS UNIT 28 29 30 1 2 3 4

WEST FAN SUBSTATION 28 29 30 1 2 3 4

SHAFT FAN SUBSTATION 28 29 30 1 2 3 4

OUTDOOR SWITCHYARD 28 29 30 1 2 3 4

SHAFT A SUBSTAION 28 29 30 1 2 3 4

SHAFT B SUBSTATION 28 29 30 1 2 3 4
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Figure 17: Example of a monitoring interface 
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2.4.3 Assessment  

The previous step of Phase 3 is to monitor the increase or decrease of the electricity usage 

on the mining system. The monitored data is then assessed in step two by means of 

visualisation. Figure 18 is an example of the data visualisation method used for assessing 

the cumulative change to set data values.  

The energy consumption is assessed by comparing the baseline’s (BL) energy and the 

chosen assessment period’s energy consumption. The energy breakdown is the difference 

between the two periods. The breakdown in Figure 18 is composed for an example with four 

business units. The business units’ energy increase or decrease between the BL and 

assessment date is illustrated by means of a waterfall diagram, Figure 18. 

 

 

 

Energy consumption is represented by the y-axis and the energy usage breakdown is on the 

x-axis. The green columns represent the baseline year’s value and assessment year’s value; 

the blue represents an increase in energy consumption; and the red represents the decrease in 

energy consumption. 

 

ASSESSMENT DIAGRAM 

Figure 18: Monitoring assessment diagram 
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2.4.4 Reporting  

The last step of Phase 3 is reporting the monitored data. As in the assessment section, the 

BL for the relevant month is compared with the same month in the assessment year. The 

table is used to identify the percentage of increase or decrease of electricity in the different 

business units. Table 4 is an example of how the monitored data can be reported. 

Table 4: The monitoring report template 

 
Business unit 

Increase or Decrease 

(%) 
Observation 

e.g. The business unit 

identifier 

Percentage of electricity 

increased or decreased 
Observed reason for increase or 

decrease 

 

Column one is the business unit identifier, for example Fan A. The second column gives the 

percentage energy increase or decrease a business unit had during the monitored period. The 

last column, observation, describes the reason for the increase or decrease in energy 

consumption. The increase and decrease report are used in the following section to evaluate 

the impact of energy savings by means of using the report to track the events on the system. 

 

 

 

 

 

 

 

 



 

 

Methodology 34 

 

 

 

 Saving quantification 

2.5.1 Preamble 

The savings quantification phase is the final phase in the developed framework. Phase 4 

uses results from the previous three phases to quantify the energy savings. The evaluated 

savings are expected to show the impact of energy saving. The steps developed to quantify 

the savings are illustrated in Figure 19 below. 

The first step of Phase 4 is to calculate the energy savings. In the second step the energy 

savings are evaluated using visualisation methods similar to Phase 3. The last step evaluates 

the energy savings’ impact on whole facility level using the bottom-up traceability method. 

 

Figure 19: Detailed framework development of Phase 4 

 

 

 

 

 



 

 

Methodology 35 

 

 

 

2.5.2 Savings calculations 

Savings calculations are used to calculate the energy savings achieved through 

implementation of the energy savings projects. Energy savings are calculated by comparing 

the energy consumption after a projects implementation to what the energy usage would 

have been if the project was not imprinted [11]. The difference in energy usage is known as 

an energy saving [11].  

The performance of a subsystem is measured, both before and after the project 

implementation. The baseline represents what the electricity usage would have been without 

any saving initiative interventions. Further, detail of an energy savings project is not 

discussed in this study, only the method of calculating the energy savings as applicable to 

the study. The approach set out in this study is only applicable to energy savings projects 

where the baseline model only has electrical meter data as input. Meaning, no other energy 

governing factors are used such as production figures or ambient conditions. 

The general equation for the quantification of energy savings is shown in the general energy 

savings equation, Equation 2 [22], 

 

𝑬𝒔 = 𝑬𝑩𝑳 − 𝑬𝑷𝑨 

 

Equation 2 

 

𝑬𝒔 - energy savings (kW) 

𝑬𝑩𝑳 - baseline energy usage (kW) 

𝑬𝑷𝑨 - energy usage in the assessment period (kW) 

 

 

In the event a baseline adjustment is required, any period of the day can be adjusted as long 

as it’s not for all 24hours of the day. In such a case that an adjustment is required the saving 

will not always necessarily be zero. In Section 3.5  the specific case study parameters for 

this study are given. Equation 3 is used to calculate service level adjustment for each 

measurement period. To ensure that the drill shift has a neutral adjustment [53]. 
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𝑺𝑳𝑨 =  
𝑬𝑨

𝑬𝑩
 

 

Equation 3 

 

SLA  - Service level adjustment (unit less) 

EA  - Measurement period demand for the period 07:00-13:00 

EB - Baseline reference demand for the period 07:00-13:00

   

 

𝑩𝑬 = 𝑬𝑩𝑳  × 𝑺𝑳𝑨 

 

Equation 4 

 

 

𝑩𝑬 - Adjusted baseline (kW) 

EBL - Baseline energy usage (kW) 

SLA  - Service level adjustment 

 

 

As the scaled baseline equation incorporates the changes occurring on the mine, 𝐸𝐵𝐿 is 

replaced by 𝐵𝐸 as the new baseline in Equation 2 and the adjustment is no longer needed. 

The revised energy savings equation is seen in Equation 5. Equation 5 is used to calculate 

the energy saving for an energy savings project. 

 

𝑬𝒔 = 𝑩𝑬 − 𝑬𝑷𝑨 

 

Equation 5 

 

  𝑬𝒔            -         Energy savings (kW) 

𝑩𝑬 - Adjusted baseline (kW) 

𝑬𝑷𝑨 - Energy usage in the assessment period (kW) 
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2.5.3 Savings evaluation  

The next step of Phase 4 is evaluating the energy savings. Figure 20 is an example of a data 

visualisation method used for evaluating the energy savings within the energy consumption 

breakdown, as in Figure 18. The vertical axis represents the electricity consumption and the 

horisontal axis shows the breakdown between the BL and final assessment. The energy 

savings are evaluated against the utility billing: in Figure 21 a month’s energy saving is 

evaluated against the energy consumption breakdown on Eskom invoice energy 

consumption [54]. 

The breakdown is composed for increase or decrease between the BL month and the same 

month in the assessment year. The amount of energy can decrease or increase, as seen from 

the orange column in Figure 18. Furthermore, the orange column can be split into energy 

savings and other energy, see the blue columns in Figure 20. 

 

Figure 20: Savings evaluation diagram 

The other in Figure 20 is due to changes in the service level of the facility or subsystem.  

The service level mostly refers to the production throughput of the facility or subsystem.  If 

the service level is high, the energy consumption would be higher and vice versa. An 

example of a saving’s evaluation diagram is illustrated in Figure 21. 
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Figure 21:Combination between monitoring assessment and savings evaluation diagram 

The vertical axis represents the electricity consumption and the horizontal axis shows the 

breakdown between the baseline year and assessment year. After evaluating the energy 

savings results, the results in combination with the bottom-up traceability can be used to 

evaluate the impact of the energy savings on whole facility level [54]. 
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2.5.4 Bottom-up traceability test 

The final step in the last phase of the methodology is to apply the bottom-up traceability 

method. This method follows a two-way evaluation approach, namely a top-down and 

bottom-up approach. By assuming that the accumulated energy savings observed on level 3 

can be traced back to full-facility level, level 1, then reconciliation can be obtained on level 

2 [23].  

Figure 22 illustrates how the energy balances and bottom-up traceability method are 

combined to evaluate the saving’s impact. As in the boundary selection step of Phase 2, the 

bottom-up traceability test is also divided into three levels; this is to simplify the evaluation 

process.  

➢ Level 1 represents the high-level energy balance that is done holistically; 

➢ Level 2 represents the reticulation energy balance. Reticulation is defined as a 

network of metering equipment used in measuring the distribution system; 

➢ Level 3 represents different subsystems’ energy balance, for example a compressed 

air system. 

 

 

Figure 22: Bottom- up traceability test 
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The bottom-up traceability method is used in the following evaluation steps illustrated by 

Figure 23. Step one evaluates the energy balance and monitoring’s results. The second step 

evaluates the energy savings with the literature statement that energy savings need to be 

larger than 10% of the whole facility energy consumption, in order to be separated from the 

system noise [11]. Step 3 tests for traceability between step one and step two. 

 

 

 

 

 

 

 

 

 

The energy balance error %, Equation 1, is used to calculate the error percentage of each 

level individually. The EB error % represents the band of uncertainty caused by the noise 

wherein the energy savings get lost. If ES is > EB on each of the three levels, bottom-up 

traceability was successful as the energy saving % is larger than the percentage uncertainty. 

 

 

 

 

Figure 23: Energy savings evaluation method  
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 Conclusion 

The methodology developed is broken into four phases, as described in Section 2.1.1 to 

Section 2.4.3. The four main phases include data quality, energy balances, energy 

monitoring and finally savings quantification, shown in Figure 24. 

 

Figure 24: Framework developed to evaluate energy savings on high-level 

The data quality is firstly evaluated by testing for traceability and the missing values. After 

the data set is found favourable the data is used in the second phase. Phase 2 evaluate energy 

balances at three different levels. When the balance assessment is complete the following 

phase can commence. Phase 3 monitors the energy consumption on the system to assist in 

the evaluation by means of mitigating the uncertainty on the whole facility energy network. 

In the last phase (Phase 4) the energy savings are quantified and evaluated on each of the 

boundary levels. And finally, the impact is evaluated on whole facility level using bottom-

up traceability. 
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 Preamble  

The framework developed in the previous chapter provides a method to evaluate the impact 

of energy savings projects on a high level. This framework has four phases: data quality, 

energy balance, energy monitoring and savings quantification. In this chapter, the 

framework is tested on a platinum mine as a case study. The case study focuses on applying 

the framework to evaluate three levels of detail. To improve readability, only specific results 

will be shown in Chapter 3. Additional detail for each case study can be found in the 

Appendix. The results from applying the framework developed in Chapter 2 are shown and 

discussed in the following sections.  

 

Figure 25: Framework development in phases 

Site description 

The following case study applies the developed framework to a platinum mine. The mine is 

comprised of 11 business units. These business units consist of three shafts, two compressor 

houses, two concentrators, two chrome plants, a hostel and workshops and offices. In total 

the average energy usage ranges between 40 GWh and 45 GWh. The energy savings project 

used in this study was implemented on the compressor system consisting of 9 compressors. 

3 Case study results  
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 Data quality  

Data quality is a challenge in industry due to its complex interactions [11] and any irregular 

data will influence calculations. The main irregularity found during the study is missing 

data. In this section, results that highlight significant observations and findings of each level 

will be shown. Detailed results for each case study can be found in the Appendix.  

 

Data retrieval 

The data obtained from the relevant reliable sources consisted of an electrical layout that 

shows the energy distribution of the mine, as well as 37 Eskom invoices and 96 individual 

EMC tag data sets. The electrical layout of the mine’s electricity network was retrieved and 

used to understand the electrical reticulation network. Figure 26 illustrates the simplified 

layout that shows the electrical layout’s distribution breakdown.  

 

Figure 26: Simplified electrical layout with POM for each level 
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Figure 26 illustrates the different points of measure (POM) from where the data was 

retrieved. Measurement point A, indicated by the orange block, illustrates the Eskom 

invoices that were obtained for electricity entering the facility. The second measurement 

point indicated in blue, point B, refers to the Eskom incomer power meters that are 

measured as they go to the main substation. C (green) illustrates the power meters at the 

main substation that feeds the rest of the facility, while D (purple) illustrates the power 

meter at each of the substations. 

Each level in Figure 26 reverts to a boundary selection in Section 2.3.2. Level 1 is a high-

level case study on the electricity incomers and main substation electricity feeder. Level 2 is 

the reticulation case study that represents the whole network of energy distribution on the 

mine. Level 3 is the subsystem level case study that represents the energy to a single system 

on a substation, and the components that make up the system, as seen in Figure 26. 

Chapter 3 will present the results that highlight significant observations and findings of each 

level. Further results for each level can be found in the Appendix. 

Table 5 provides a summary of the data that was retrieved for each POM on each level. The 

table provides a description on the POM, resolution of the data and number of data points 

for each source.   

Table 5: Summary of each level’s data retrieval 

SUMMARY DATA RETRIEVAL 

 
Source 

Number of data 

invoices or tags 
Data resolution 

Number of data 

points obtained 

Level 1 

A Eskom Invoices 37 Monthly 37 

B Power meter 4 Half-hourly 

 

216 000 

 

Level 2 

C Power meter 24 Half-hourly 1 296 000 
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D Power meter 58 Half-hourly 3 132 000 

Level 3 

 
Component power 

meter 
14 Half-hourly 812 

 

 

Column 1 refers to the POM A, B, C and D from Figure 26 . Level 1 contains POM A with 

source data from 37 Eskom invoices, which represents 3 years’ worth of monthly invoices. 

And POM B with source data from 4 incomer power meters on the main substation, 4 

individual data sets that contain half-hourly data for 37 months which equals 216 000 data 

points. The final assessment period used for this study was the last 7 months’ due to data 

constrictions and accuracy concerns of data on levels 2 and 3.  

Level 2 contains POM C with source data from various power meters on the main 

substation, 24 individual data sets that contain half-hourly data for 7 months which equals   

1 296 000 data points. And POM C contains 58 individual data sets, from various 

substations, that contain half-hourly data for 7 months which equals 3 132 000 data points.  

Level 3 contains 14 individual data sets that contain half-hourly data for 7 months, equal to 

812 data points.  

The volume of data points used in this study increases the need to ensure the quality of data 

used. The next steps in the data quality section focus on inspecting the data to ensure that it 

is representable and of good quality, firstly by means of traceability.  

 

Traceability 

Traceability was tested by comparing the Eskom incomer power meter data with the Eskom 

invoices. The traceability is tested by means of the following options Figure 11. 

➢ Option 1: Data from an invoice is seen as the most accurate data source on facility 

level, thus testing the power meter data against the invoice data is the first option.  
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➢ Option 2: When no invoice is available or a higher level of resolution of data is 

required, and a corresponding power meter is available, option 2 is seen as 

favourable.  

➢ Option 3: In the event that no invoice or corresponding meter data is available to test 

traceability, then the ISO/IECC 15189:2007 standard can be used. 

The traceability results for level 1, where option 1 was used and the Eskom incomer power 

meter data was tested against the Eskom invoice data, are illustrated in Figure 27. 

 

 

Figure 27: Visualisation of traceability for level 1 

Figure 27 shows a discrepancy between the values of Month 1 to Month 6. These 

discrepancies were caused by a faulty POD power meter. The fault resulted in a 6% error 

between the Eskom invoice and incomer meter totals. The discrepancy was removed after 

the power meter was fixed. The error for Month 7 and Month 8 was 0%. The traceability for 

the Eskom incomer data improved after the broken meter was fixed. This minimised the 

error between the Eskom invoice and incomer’s data. The incomer data provides a higher 

resolution dataset that can be tested for completeness.  

Table 6 gives a summary of level 1 to 3’s traceability. The differences between the source 

and validation data was calculated to show how good the balance is for each level. Column 

1 refers to each level as previously discussed. The second column gives a description of the 
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datasets that were compared. The option used for testing traceability is given in column 3 

and the percentage difference in column 4. 

 

Table 6: Summary for traceability for level 1 to level 3 

SUMMARY DATA TRACEABILITY 

Case study Description Option used 
% Difference compared 

to main substation 

Level 1 

Compare the Eskom invoices 

with the Eskom incomers on the 

main substation  

1 6% / 0 % 

Level 2 

Compare the feeders on the 

main substation with the power 

meters on the substations 

2 2% 

Level 3 

Compare the feeders from a 

main substation with the power 

meters on each of the system 

substation 

 

2 
8% 

 

Levels 1 to 3 have an average of 4% untraceable energy; this is due to power meter failures 

and data loss. The data filling in the following section will give the result for mitigating the 

data loss problem found during the traceability test. 

This was during the 7th month, the same month the broken incomer meter was fixed. The 

discrepancy was due to data loss in this time period. The main substation feeder’s power 

meter readings were compared with the corresponding substation meters. A 2% difference 

was found for level 3.  

Data filling  

The completeness of the data was analysed and the data sets with missing data were 

identified. The missing data was tested using the criteria described in Table 3. In cases 

where true missing data was identified, it was filled with the appropriate data, as seen in 

Figure 28. 
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Figure 28: Data filling example, data in Excel sheet. 

Figure 28 illustrates the data sets that were identified as having true missing data. This is 

because the data was from a subsystem power meter and arbitrary, meaning there was no 

clear pattern to the missing data. This is part of business unit 2’s raw data set. The 

characteristics of the datasets used to calculate business unit 2’s energy consumption all 

follow Tobler’s law and can thus be filled with the average of neighbouring values. Table 7 

is a summary for the data filling on each level. 

Table 7: Summary of data before and after filling, level 1 to level 3. 

SUMMARY DATA FILLING 

Case study 
True missing 

data 

Missing data 

characteristic 

Difference % 

before filling 

Difference % 

after filling 

Level 1, whole 

system 
Yes Tobler’s law 0.4% 0.3% 

Level 2, 

business unit 

2 

Yes Tobler’s law 28% -2% 

Level 3 No -  - 

 

Table 7 summarises the results for the data filling step for each of the levels. Column one 

refers to the level as well as the part of the system. Column 2 describes if the missing values 

are true missing data. The data characteristics are summarised in column three. Column four 
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describes the percentage error on the energy balance before data filling. Column five 

contains the results of the error percentage on the energy balances after data filling. 

Level 1 consists of 24 data sets. There were 1,275 total missing data points throughout the 

24 data sets. In accordance with the data filling procedure, as shown in Figure 12, the data 

points were filled with average values as the missing values are expected to be similar to 

neighbouring values. The low percentage missing data can be due to the importance of 

meters used for utility billing to be accurate. The filled data improved the 0.4% difference 

by 0.1 %. 

Level 2 consists of 1,296,000 data points. From those data points 11 business units’ energy 

consumption were calculated, and 3 of the 11 business units had high percentages of 

missing data. As seen in Table 7, business unit 2’s data was filled as 17, 550 data points 

(almost a quarter of all business unit 2’s data points) were missing. In accordance with the 

process set out in Figure 12 the data point was filled with average values as the missing 

values are expected to be similar to neighbouring values. The filled data made a 25% 

difference in the energy data used in business unit 2, as traceability increased from 28% 

uncertainty to -2 %. 

No data was filled for level 3, as level 3 consists of a component that has an inconsistent 

running period. 

The traceability was tested to ensure that the data could be compared even after the missing 

data was filled. The quality dataset can now be used to perform energy balances at multiple 

levels of detail in Phase 2. 
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 Energy balance  

Figure 29 illustrates Phase 2 in the framework. Step one was boundary selection. The 

second step was to balance the energy that flows in and out of the boundary. The final step 

was to assess the energy balance. 

 

Figure 29: Phase 2 energy balance steps  

 

Boundary selection 

The first step of Phase 2 was selecting the energy balance boundary. This entails choosing a 

boundary for level 1, level 2 and level 3. Figure 30 illustrates the chosen boundary for level 

one, a high-level energy balance. See the Appendix for level 2 and level 3’s boundary 

selection. 
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Figure 30: Boundary selected for level 1 

The points of measure (POM) A and B represent the energy that flows into the system. 

POM A is the monthly Eskom invoice and POM B is the Eskom incomer power meter. 

Either of these values could be used since they represent the same energy that goes into the 

system. The biggest difference was the resolution of the data. POM A is a monthly value and 

POM B has a daily or higher resolution.  

The POM that measures the electrical energy out of the system is C. POM C represents the 

power meters on the main substation feeders. These feeders serve as the link between the 

main energy source and the rest of the system. 

The electrical energy as described in Section 3.2 was measured at POM A, B and C. The 

amount of electricity into the system was compared with the amount of electricity 

consumed. The data consisted of two periods, namely before and after a faulty power meter 

was fixed. These periods were evaluated separately to present an accurate representation of 

the data. The results are summarised in Table 8. 

 

 

 

In 

 

Out 
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Table 8: Energy balance results for level 1 

SUMMARY ENERGY BALANCE 
Before meter was fixed 

In Out % Difference  

A C -7% 

B C 0.3% 

After meter was fixed 

In Out % Difference  

A C 1% 

B C 0.3% 

 

Table 8 summarises the results for level 1’s energy balance. There were two energy 

balances performed. The first energy balance compares POM A’s measured energy to the 

system with the energy consumed at POM C. The results are divided into two periods, 

namely before and after the faulty meter was fixed. There was a clear improvement on the 

POM A and C energy balance from -7% error percentage to 1% error percentage for level 1. 

The results from the comparison showed that POM A and C balances with an error 

percentage of 1%. The second energy balance on level 1 is done for verification purposes. 

POM B’s energy to the system is compared to POM C with an error percentage of 0.3%. 

Although the second energy balance has a lower error percentage the AC balance is seen as 

the more reliable energy balance. This is because POM A is an Eskom invoice and invoice 

documents are seen by literature to be a reliable data source [48]. 

Detailed results for level 2 and 3 can be found in the Appendix. The energy balance for level 

2 has a difference of -0.3%. The energy balance for level 3 is a balance over the compressed 

air system. The 𝐸𝑜𝑢𝑡 has two energy balances irrespective of each other. The first energy 

balance is between the main substation feeder and the compressor system’s energy usage. 

The resulting difference in the energy balance is 0.1%. The second energy balance is 

between a corresponding meter at the compressor substation, and the result for the energy 

balance is -12% difference.  

All three levels of energy balances are dependent on power meters. The reason for the 

energy differences can be poor meter maintenance and lack of calibration, thus ensuring that 
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regular maintenance and calibration of meters can prevent an error percentage, to a large 

extent. The next part of energy management is energy monitoring, and the results are 

reported in Section 3.4. 

 

 Energy monitoring 

In order to evaluate energy savings projects on a high level, all the interactions on the mine 

need to be monitored. Figure 31illustrates the comparison between the Eskom invoice in the 

baseline year with the following two financial years which represent the assessment years. 

The electricity consumption is on the y-axis, and months are on the x-axis. An 8-month 

period is tested for 3 different years, the bl year, year A and year B. 

The baseline year is the 12 months prior to the first month in which an energy saving 

initiative is implemented. 

 

Figure 31: Eskom invoice comparison between the baseline year and assessment periods 

Figure 31 shows that the electricity usage in some months is higher or lower when 

compared to the bl year. Year A and B exhibit similar trends, except for month 3 where year 

A had an increase and year B had a decrease. From Figure 31, month 3 and month 7 were 

identified to illustrate two scenarios in energy monitoring.  
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Month 3 was selected as a scenario before the power meter was fixed and where the Eskom 

invoice for year A was higher than the baseline year. Month 7 was chosen where the Eskom 

invoice for year B was lower than the bl year and the power meter had been fixed.  

 

Monitoring 

The first step in the energy management phase is to monitor the electricity usage on the 

mining system. Figure 32 illustrates the result for month 3 during year A that is monitored 

as described in Section 2.4.2. The monitoring interface is divided into two parts, the first is 

column one that consists of the business units that are being monitored, BU 1 to 11. The 

second part is the individual days of the month on which the electrical events were 

monitored for the different business units. 

 

Figure 32: Energy monitoring for business units 1 to 11 for month 3, year A 

Each individual day’s energy consumption was compared with the previous seven days’ 

average energy profiles. An average energy profile is a daily half-hourly profile. This period 

was found to be ideal for this specific case study. The seven-day average was found to be a 

clear repetition of incidences on the system. The days marked with red had an increase in 

electricity consumption compared with the previous week, and the green was normal and/or 

decreased electrical consumption on the system. 

The monitoring system can be used to monitor and track the effect the different systems on 

the mine have on the energy system. Monitoring is used to track the energy interactions on 

the mine and mitigate any unnecessary increases. But the monitoring in itself is not enough. 
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The information needs to be assessed and reported on, energy reports can make a difference 

in the overall energy consumption [52]. The next section gives the results for the assessment 

and reporting.  

 

Assessment 

Figure 33 and Figure 34 are visual representations of the total energy consumption 

distribution between the bl year and assessment year, with the electricity consumption on 

the y-axis. The grey columns are the bl year and assessment year, and the columns in 

between represent the change in energy for each individual business unit. Red indicates an 

increase in energy consumption and green a decrease in energy consumption. 

Figure 33 is a visualisation of the energy distribution between the bl years and assessment 

year, Year A’s Month 3. The energy consumption for the distribution is represented by the 

y-axis. The energy usage increases from the bl utility bill (Month 3) to Year A (Month 3). 

The columns between the grey columns show the energy distribution between the bl year 

and Year A for Month 3. There are more energy increases (red) than in energy consumption 

(green). 

 

Figure 33:Visualisation of energy distribution monitored for Month 3, year A 
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Figure 34 is a visualisation of the energy distribution between the bl years and assessment 

year, Year B’s Month 7. The energy usage decreases from the bl utility bill (Month 7) to 

Year B (Month 7). The columns between the grey columns show the energy distribution. 

There is a decrease in overall energy usage between these years. Section 3.5 will elaborate 

on the decrease in energy usage. 

 

Figure 34: Visualisation of energy distribution monitored for Month 7, year B 

Reporting 

The report consists of two summary tables that summarise the energy monitoring of Step 2. 

Table 9 reports on the energy distribution for scenario 1. The report shows the assessment 

between the bl’s month 3 and Month 3 from Year A. 

Table 9: Report summary for Scenario 1 

 Description Increase or Decrease (%) Monitoring 

(1) Shaft A & Fans 26% Increase on both incomers 

(2) Shaft B 19% 
Incomers and shaft compressor 

increase, rock winder increase 

(3) Shaft C -36% Decrease on incomer 

(4) Shaft B compressors 14% All compressors except Vk40 increase 

(5) Shaft C compressors -35% Decrease in all compressors 
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(6) Shaft B concentrator 47% Incomer increase 

(7) Shaft B chrome plant 1% Production increase 

(8) Shaft C concentrator 27% Incomer 1 decrease 

(9) Shaft C chrome plant 25% Increase, production increase 

(10) Hostel 12% Both feeders increase 

(11) Workshops and offices 1% Decrease in usage 

The description of each of the 11 business units are seen in column 2; column 3 includes the 

percentage energy breakdown; and column 4 gives the reason for the increase or decrease. 

According to the monitoring the decrease in energy usage occurred in all business units 

except (3) and (5). The increased consumption was mainly caused by an increase in 

production for this month.  

Table 10 reports on the energy distribution for scenario 2, an assessment between the bl’s 

month 7 and Month 7 from Year B. According to the monitoring the decrease in energy 

usage occurred due to a shaft closure. The decreased consumption was mainly caused by a 

shaft closure and less production on shaft A and shaft B. 

Table 10: Report summary for Scenario 2 

 Description Increase or Decrease (%) Monitoring 

(1) Shaft A & Fans -9% Decrease due to production decrease 

(2) Shaft B -22% 
Incomers and shaft compressor 

increase, rock winder decrease 

(3) Shaft C -12% Incomer decrease 

(4) Shaft B compressors -25% Shaft closure 

(5) Shaft C compressors 8% Shaft closure, minimal  

(6) Shaft B concentrator -47% Incomer decrease 

(7) Shaft B chrome plant 1% Increase in production 

(8) Shaft C concentrator 7% Incomer 1 increase 

(9) Shaft C chrome plant 7% Increase, production increase 

(10) Hostel 5% Both feeders increase 

(11) Workshops and offices 0% Usage unchanged 
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 Savings quantification 

Savings calculation 

The savings calculations used, as mentioned in Section 2.5.2, shows one of the savings 

calculations done. 𝑩𝑬 is an example of a calculation for the scaled baseline. The actual 

energy is timed by the scaling factor. 𝑬𝒔 is an example of an energy savings calculation, 

where the energy usage of the assessment period is subtracted from the scaled baseline. 

𝑩𝑬 = 17 544 𝑘𝑊ℎ × 1.0 = 17 544 kW 

𝑬𝒔 = 17 544 𝑘𝑊ℎ − 16 055 𝑘𝑊ℎ = 1 489 kW 

The scaled baseline for a single point in time was calculated using Equation 3 and equal to 

17 544 𝑘𝑊ℎ. The energy savings are calculated using Equation 5, the result was 

1 489 𝑘𝑊ℎ. 

Figure 35 gives the average daily savings calculation’s results for month 3 for a compressed 

air energy saving initiative. The green area represents the energy savings. The energy 

savings is the baseline (BE) minus the actual energy of the assessment period (EPA). The 

calculated values for each half-hourly interval can be found in the Appendix, Section 5.5. 

 

Figure 35: The average daily savings calculation’s data for month 
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From Figure 35 it can be seen that the baseline is adjusted for the drill shift period and is 

known as the drill shift energy neutral adjustment. The reason for this adjustment is that the 

average deviation in energy consumption is noticeable in the drill shift period, between 

07:00 -13:00. The compressed air demand should remain constant throughout the initiative’s 

performance assessment. The concept of a drill shift energy neutrality is to ensure that an 

adjusted compressed air system baseline is representative of what would actually have 

happened during a performance assessment period.  

The total savings calculated for month 3 was 1 177 362 kWh, this was done by multiplying 

the average kWh per day, 42 058 kW, with the number of days in a month. The savings 

calculated for scenario 2 was 1 533 298.23 kWh. See the Appendix for scenario 2’s savings 

calculations table.  

 

 

Savings evaluation 

The energy balance results show that there is an error of 1% between the Eskom invoice 

data and the main substation feeders. This error infers that the real value can be either 1% 

lower or 1% higher than the measured value. In scenario 1 the energy savings project was 

3% of the total energy usage for Year A, Month 3. This is lower than the 10% required by 

literature but higher than the uncertainty percentage caused by the system noise.  

Figure 36 illustrates the energy monitoring breakdown for scenario 1 including the energy 

savings project. The orange column is the amount of savings for the energy savings project. 

Without the energy savings the utility bill’s amount for Month 3 would have been 1 177 362 

kWh more than it currently is. Only the individual impact of an energy savings project was 

tested for this study, as it is part of the objectives to evaluate the individual impact of energy 

savings projects on a whole facility level. 
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Figure 36: Energy usage breakdown including savings for month 3, year A 

Figure 37 illustrates the energy monitoring breakdown for scenario 2 including the energy 

savings project. The orange column is the amount of savings for the energy savings project, 

which is 1 533 MWh. 
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Figure 37: Energy usage breakdown including savings for month 7, year B 

In scenario 2 the energy savings project was also 3% of the total energy usage for Year B, 

Month 7. This is lower than the 10% stated by literature needed to be seen on whole facility 

level, and higher than the 1% error percentage calculated in the energy balance. From Figure 

37 the impact of the savings for scenario 2 need the bottom-up traceability method to be 

seen on the utility bill level. The utility bill for Year B (Month 7) is lower than the bl utility 

bill. This figure also illustrates that, without the energy saving, the utility bill would be 

higher than it currently is. 
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Bottom-up traceability  

The following table summarises scenario 1 where the energy savings were lower than the 

10% as stated by literature that is needed to be seen on whole facility level. Thus bottom-up 

traceability is needed. 

Table 11: Summary for bottom up traceability for month 3, year A 

Energy balance (EB) 

% 

Energy savings 

(ES) %  
ES < or > EB  Traceability 

Level 1 

1% 3% > 

ES is larger than EB thus ES will 

be able to be seen in the 

reticulation system uncertainty. 
Level 2 

-0.3% 3% > 

ES is larger than EB thus ES will 

be able to be seen in the 

reticulation system uncertainty. 

Level 3 

0.1% 3% > 

ES is larger than EB thus ES will 

be able to be seen in the 

reticulation system uncertainty 

The resulting percentage difference on each of the energy balances is seen as the system’s 

uncertainty percentage. By comparing the energy saving calculated to the uncertainty 

percentage and literature, the energy savings can be evaluated. The evaluation by means of 

the bottom-up traceability method shows that the ES % is higher than EB % on each level; 

thus, the impact of energy savings can be seen on whole facility level. 

 

 Conclusion 

This chapter described how the framework approach in Chapter 2 was practically applied to 

obtain results that would satisfy the objectives of the study, presented in Chapter 3. Each 

phase was verified in this chapter by applying it to three cases. Each of these case studies 

consisted of different operational levels. In this chapter only significant observations were 

highlighted with respect to each focus area of the framework.  
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However, it can be seen from the data quality phase that data quality needs to increase when 

the volume of data used increases. For example, level 2 had 3 132 000 data points whereas, 

in comparison, level 1 only has 216 000 data points. Level 2 had a greater need for data 

filling than level 1. The quality of data is proportional to the traceability of the data and the 

percentage improvement after filling. The quality of data on level 1 was already quite high. 

Quality was increased further from 0.4 % to 0.1 %. Level 2 had a quality increase of 25%, 

see Section 3.2, with no data filled for level 3, as level 3 consists of a component that has an 

inconsistent running period. 

The energy balances-, monitoring- together with the savings quantification phase were used 

to meet the main objectives in Chapter 1. Level 1’s energy balance had an error percentage 

of 1%, between the Eskom invoices and main-substation feeders. Level 2, the reticulation 

energy balance, had a difference of -0.3% and level 3 a 0.1% difference. The resulting 

percentage difference on each level is seen as the system’s uncertainty percentage. By 

comparing the energy saving calculated to the uncertainty percentage and literature, the 

energy savings can be evaluated.   

The energy savings project for scenario 1 had a 3% saving of the total energy usage for year 

A, month 3. The savings are thus lower than the 10% stated by literature that is needed to 

see the energy savings on a whole facility level. The energy savings percentage of scenario 

2 was higher than the energy balance uncertainty percentage on each level; thus the impact 

of energy savings can be seen on whole facility level.  

By means of the developed framework and the bottom-up traceability method the impact of 

the savings could be evaluated. Both scenarios, where the savings were smaller than the 10 

% of total energy use, were evaluated on a whole facility level, and the impact of an 

individual savings project was distinguished. 
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 Preamble 

This study addresses the uncertainty surrounding the impact of energy savings projects on 

whole facility level. The need to develop a general energy balance framework to evaluate 

the impact was identified. This study focused on meeting this need by addressing various 

objectives set out in Chapter 1.  

A general framework was developed in Chapter 2 to address the objectives of the previous 

chapter. Chapter 3 verifies the framework that was developed by applying it on a case study 

with three level boundaries. These three levels of detail on a mine were high level, 

reticulation level, and subsystem level. 

This chapter provides an overview of the study in Section 4.2, and Section 4.3 summarises 

how each objective was met. Recommendations for further studies are proposed in Section 

4.4, concluding with Section 4.5. 

 Overview of study 

The literature throughout the study highlights the inadequacy of the conventional methods 

when evaluating energy saving projects on whole facility level. These methods use isolating 

boundaries to evaluate the energy saving on the system on which the initiative is 

implemented. The whole facility evaluation method, that is found in literature, uses a 

collective energy saving method. This method includes all the initiatives as one big energy 

savings when evaluating on a whole facility level. 

The need for a method to evaluate the individual energy saving’s impact on whole facility 

level was thus identified. This raises the second problem: to distinguish energy savings from 

the uncertainty caused by system noise [11]. Thus, a framework was developed that could 

address these problems.  

4 CONCLUSION AND RECOMMENDATIONS 
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As different levels of detail are tested by the developed framework, the level of data quality 

grows ever more important. Poor quality can lead to inconsistent interpretations which could 

have a detrimental impact on decision-making and the end results [23], [45]. 

As previously mentioned, the energy balance framework was tested on three levels of detail 

on the mine. The framework firstly evaluated the data quality in Phase 1, where any missing 

data that was identified as data loss or power meter malfunction was filled. The filled values 

were chosen through adapted methods out of literature (Section 2.2).  

Secondly, energy management was addressed by using energy balances and energy 

monitoring to evaluate the energy on each level of detail on the mine. These were Phases 2 

and 3 in the framework. Lastly, Phase 4 quantifies the energy savings and is used to validate 

the previous phases by using the bottom-up traceability test as well as waterfall diagrams.  

The combination of all four phases makes up the energy balance framework, which is used 

to evaluate the energy savings impact on whole facility level by means of a visualisation of 

the energy breakdown in the utility billing.  

 Meeting the objectives 

The main problem was identified through the literature review in Chapter 1; this chapter 

also investigated the conventional methods used to evaluate energy savings. These methods 

included M&V methods, energy balances and a traceability test, all of which can be used 

separately in isolated boundaries to successfully evaluate energy savings. A general 

approach was developed that combines all of these methods to evaluate energy savings on a 

whole facility.  

In order to achieve this, the following objectives had to be met:  

1. Evaluate the high-level impact of energy savings on whole facility level. 

2. Account for the energy savings that become lost in facility noise due to the complex 

interactions between areas of importance, underperformance, or exceptional events. 

3. Data quality needs to be ensured, as high-level assessment requires quality on a 

detailed level.  
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The remaining part of this section will demonstrate how all of the objectives, as stated in 

Section 1.4, were achieved.  

4.3.1 Objective 1 

The high-level impact is evaluated using each of the phases that were developed in the 

framework. The combination of each phase plays an important role in meeting the main 

objective. 

The energy balance framework needs quality data: this is addressed in Phase 1, to be able to 

balance each level of balance accurately in Phase 2. By balancing the energy on each level 

of detail the reconciliation of the bottom-up traceability test, Phase 4, can be validated. By 

validating the traceability test the energy saving can be quantified and visualised in Phase 4. 

Phase 4 uses waterfall graphs to show the energy distribution identified by the energy 

monitoring in Phase 3 but also includes the energy savings value. All four phases in the 

developed framework are thus used to meet objective 1. 

4.3.2 Objective 2 

To meet objective 2 the literature from Chapter 1, as well as Phase 2 and Phases 3, are used. 

The literature states that energy saving needs to be larger than 10% of the whole facility 

energy consumption, in order to be separated from the uncertainty caused by the system 

noise [11]. The energy balances in Phase 2 are also used to calculate the percentage 

uncertainty associated with noise on each level and Phase 3 is used to account for the 

uncertainty on the system, thus meeting the objective of accounting for the system 

uncertainty caused by noise in which energy savings can get lost. 

4.3.3 Objective 3 

To ensure data quality, methods adapted from literature were used in Phase 1. The problem 

with data quality, with regards to electrical data, was the completeness of the data. The 

completeness, as seen in the previous objectives, ensures the accuracy. 
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 Recommendation for further research 

Three recommendations are listed below and subsequently discussed in more detail. The 

execution of these recommendations could further improve the results of this study. 

➢ Test the frame on different types of mines, i.e. gold mine 

➢ Investigate the reliability parameters in data quality 

➢ Investigate the effect of overlapping utility bills. 

➢ Traceability Option 3 was not tested in a case study. It is recommended to apply it in 

real-world applications. 

4.4.1 Test the frame on different mine 

This study focused on platinum mines. As the general framework was developed in the 

platinum mine environment, further validation of the effectiveness of the framework should 

be tested on a different type of mine. The electricity consumers on a gold mine, for example, 

differ in size and distribution in comparison with those of a platinum mine. The impact of 

this change should be evaluated. 

4.4.2 Investigate reliability parameter in data quality 

As mentioned in Section 1.3, data quality for electrical energy data is measured by 

reliability and completeness [55]. This study focused on the completeness parameter, but 

further study could be investigated in regard to the reliability parameter.  

4.4.3 Investigate the effect of overlapping utility billing  

Investigate the effect of f energy savings on a mining ring that has overlapping utility bills. 

This study focused on a mine that has one utility bill per mining ring. The effectiveness of 

this general framework should be tested on a facility that has overlapping energy 

distribution, i.e. different utility bills for different business units on the same mining ring. 

 Final conclusion 

In this study a general energy balance framework was developed and evaluated the impact 

of energy saving on whole facility level on platinum mines. This was achieved by providing 
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a well-defined problem statement and clear objectives for the study. These objectives were 

identified from literature. Additionally, knowledge obtained from the literature study was 

then used to develop a framework that used a combination of: 

➢ Data quality 

➢ Energy management (energy balance and energy monitoring) 

➢ Saving quantification (traceability test and waterfall diagrams) 

to address and meet the objectives. By meeting the objectives, the problem statement was 

solved. The evaluation of the impact of energy savings on a whole facility level was 

achieved. 
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APPENDIX  

 Preamble  

The framework developed in the previous chapter provides a method to evaluate the impact 

of energy savings projects on a high level. This framework has four phases; data quality, 

energy balance, energy monitoring and savings quantification. In this chapter, the framework 

is tested on a platinum mine as a case study. The case study focusses on applying the 

framework to evaluate three levels of detail.  

 

Figure 38: Appendix - Framework development in phases 

 Data quality  

Data retrieval 

The data obtained from the relevant reliable sources consisted of an electrical layout that 

shows the energy distribution of the mine. As well as 37 Eskom invoices and 96 individual 

EMC tag data sets. The electrical layout of the mine’s electricity network was retrieved and 

used to understand the electrical reticulation network. Figure 26 illustrates the simplified 

layout that shows the electrical layouts distribution breakdown.  
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Figure 39: Appendix - Simplified electrical layout with POM for each level 

Figure 39 illustrates the different points of measure (POM) from where the data was 

retrieved. Measurement point A, indicated by the orange block, illustrates the Eskom invoices 

that were obtained for electricity entering the facility. The second measurement point 

indicated in blue, point B, refers to the Eskom incomer power meters that is measured as it 

goes to the main substation. C (green) illustrates the power meters at the main substation that 

feeds the rest of the facility. While D (purple) illustrates the power meter at each of the 

substations. 

Each level in Figure 39, revert to boundary selection in Section 2.3.2. Level 1 is a high-level 

case study on the electricity incomers and main substation electricity feeder. Level 2 is the 

reticulation case study that represents the whole network of energy distribution on the mine. 

Level 3 is the subsystem level case study that represents the energy to a single system on a 

substation. The components that make up the system Are shown in Figure 26. 
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Table 12 provides a summary of the data that was retrieved for each POM on each level. The 

table provides a description on the POM, resolution of the data and amount of data points for 

each source.   

Table 12: Appendix - Summary of each level’s data retrieval 

SUMMARY DATA RETRIEVAL 

 
Source 

Number of data 

invoices or tags 
Data resolution 

Number of data 

points obtained 

Level 1 

A Eskom Invoices 37 Monthly 37 

B Power meter 4 Half-hourly 

 

216 000 

 

Level 2 

C Power meter 24 Half-hourly 1 296 000 

D Power meter 58 Half-hourly 3 132 000 

Level 3 

 
Component power 

meter 
14 Half-hourly 812 

 

Column 1 refers to the POM A, B, C and D from Figure 26. Level 1 contains POM A with 

source data from 37 Eskom invoices, which represents 3 years’ worth of monthly invoices. 

POM B contains source data from 4 incomer power meters on the main substation, and 4 

individual data sets that contain half-hourly data for 7 months equal 216 000 data points. 

Level 2 contains POM C with source data from various power meters on the main substation, 

24 individual data sets that contain half-hourly data for 7 months equal 1 296 000 data points. 

POM C contains 58 individual data sets, from various substations, that contain half-hourly 

data for 7 months equal 3 132 000 data points.  

Level 3 contains of 14 individual data sets that contain half-hourly data for 7 months and 

equal 812 data points.  
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The volume of data points used in this study increases the need to ensure the quality of data 

used. The next steps in the data quality section focus on inspecting the data to ensure that it is 

representable and of good quality, firstly by means of traceability.  

Traceability 

Traceability was tested by comparing the Eskom incomer power meter data with the Eskom 

invoices. The traceability is tested by means of Figure 11 by means of the following option. 

The traceability results for level 2, where option 2 was used and the Eskom incomer power 

meter data was tested against corresponding power meter data, is illustrated in Figure 40. 

Figure 40shows a discrepancy Month 7. These discrepancies were caused by a faulty POD 

power meter. The fault resulted in a 2% error between the Eskom incomer meter and 

corresponding power meter on the main substation. The discrepancy was removed after the 

power meter was fixed. 

 

Figure 40: Appendix - Visualisation of traceability for level 2 

 

The traceability results for level 3, where option 2 was used and the main substation power 

meter data was tested against corresponding power meter data, is illustrated in Figure 41. 

Figure 41 shows a constant error percentage. These discrepancies could be caused by power 

meter that are not calibrated. The fault resulted in an 8% error between the main substation 

power meter and corresponding power meter on the compressor substation.  
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Figure 41: Appendix - Visualisation of traceability for level 3 

Table 13 gives a summary of Level one to three’s traceability. The difference between the 

source and validation data were calculated to show how good the balance is for each level. 

Column 1 refers to each level as previously discussed. The second column gives a description 

of the datasets that were compared. The option used for testing traceability is given in column 

3 and the percentage difference in column 4. 

Table 13: Appendix - Summary for traceability for level 1 to level 3 

SUMMARY DATA TRACEABILITY 

Case study Description Option used 
% Difference compared 

to main substation 

Level 1 

Compare the Eskom invoices to 

the Eskom incomers on the main 

substation  

1 6% / 0 % 

Level 2 

Compare the feeders on the 

main substation to the power 

meters on the substations 

2 2% 

Level 3 

Compare the feeders from a 

main substation to the power 

meters on each of the system 

substation 

 

2 
8% 

Levels one to three have an average of 4% untraceable energy, this is due to power meter 

failures and data loss. The data filling in the following section will give the result for 

mitigating the data loss problem found during the traceability test. This was during the 7th 

month, the same month the broken incomer meter was fixed. The discrepancy was due to data 
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loss in this time period. The main substation feeders power meter readings were compared to 

the corresponding substation meters. A 2% difference was found for level 3.  

Data filling  

The completeness of the data was analysed and the data sets with missing data were 

identified. The missing data was tested using the criteria described in Table 2. In cases where 

true missing data was identified, it was filled with the appropriate data, as seen in Figure 42. 

 

Figure 42: Appendix - Data filling example, data in Excel sheet 

Figure 42, illustrates the data sets that were identified of having true missing data. This is 

because the data was from a subsystem power meter and arbitrarily. Meaning there was no 

clear pattern to the missing data. This is part of business unit two’s raw data set. The 

characteristics of the datasets used to calculate business unit 2’s energy consumption, all 

follow Tobler’s law and can thus be filled with the average of neighbouring values. Table 14 

is a summary for the data filling on each level. 
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Table 14: Appendix - Summary of data before and after filling, level 1 to level 3 

SUMMARY DATA FILLING 

Case study 
True missing 

data 

Missing data 

characteristic 

Difference % 

Before filling 

Difference % 

after filling 

Level 1, whole 

system 
Yes Tobler’s law 0.4% 0.3% 

Level 2, 

Business unit 

2 

Yes Tobler’s law 28% -2% 

Level 3 No -  - 

 

Table 14 summarises the results for the data filling step for each of the levels. Column one 

refers to the level as well as the part of the system. Column 2 describes if the missing values 

are true missing data. The data characteristics are summarised in column 3. Column four 

describes the percentage error on the energy balance before data filling. Column five contains 

the results of the error percentage on the energy balances after data filling. 

Level one consists of 24 data sets. There were 1 275 total missing data points throughout the 

24 data sets. In accordance with the data filling procedure, as shown in Figure 12, the data 

points were filled with average values as the missing values are expected to be similar to 

neighbouring values. The low percentage missing data can be due to the importance of meters 

used for utility billing to be accurate. The filled data improved the 0.4% difference by 0.1 %. 

Level 2 consists of 1 296 000 data points. From those data points 11 business units’ energy 

consumption were calculated, and 3 of the 11 business units had high percentages of missing 

data. As seen in Table 7, business unit 2’s data was filled as 17 550 data points (almost a 

quarter of all business unit 2’s data points) were missing. In accordance with the process set 

out in Figure 12 the data point was filled with average values as the missing values are 

expected to be similar to neighbouring values. The filled data made a 25% difference in the 

energy data used in business unit 2, as traceability increased from 28% uncertainty to -2 %. 

No data was filled for level 3, as level 3 consists of a component that has an inconsistent 

running period. 
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The traceability was tested to ensure that the data could be compared even after the missing 

data was filled. The quality dataset can now be used to perform energy balances at multiple 

levels of detail in Phase 2. 

 

 Energy balance  

Figure 43 illustrates the energy balance phase in the framework. Step one was boundary 

selection. The second step was to balance the energy that flows in and out of the boundary. 

The final step was to assess the energy balance. 

 

Figure 43: Appendix - Phase 2 energy balance steps  

 

Boundary selection 

The first step of phase 2 was selecting the energy balance boundary. This consists of 

choosing a boundary for level 1, level 2 and level 3. Figure 30 illustrates the chosen boundary 

for level one, a high-level energy balance. The points of measure (POM) A and B represent 

the energy that flows into the system. A is the monthly Eskom invoice and B is the Eskom 

incomer power meter. Either of these values could be used since they represent the same 
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energy that goes into the system. The biggest difference was the resolution of the data. POM 

A is a monthly value and POM B has a daily or higher resolution.  

The POM that measures the electrical energy out of the system is C. POM C represents the 

power meters on the main substation feeders. These feeders serve as the link between the 

main energy source and the rest of the system. 

Boundary selection level 1 

 

Figure 44: Appendix - Boundary selected for level 1 

The electrical energy as described in the previous Section 3.2 was measured at POM A, B and 

C. The amount of electricity into the system was compared to the amount of electricity 

consumed. The data consisted out of two periods, before and after a faulty power meter was 

fixed. These periods were evaluated separately to present an accurate representation of the 

data. The results are summarised in Table 15. 

Table 15: Appendix - Energy balance results for level 1 

SUMMARY ENERGY BALANCE 
Before meter was fixed 

In Out % Difference  

A C -7% 

B C 0.3% 

After meter was fixed 

In Out % Difference  

A C 1% 

B C 0.3% 

In 

 

Out 
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There were two energy balances performed. the first energy balance compares POM A’s 

measured energy to the system with the energy consumed at POM C. The results are divided 

into two periods, before and after the faulty meter was fixed. There was a clear improvement 

on the AC energy balance from -7% error percentage to 1% error percentage for level 1. 

The results from the comparison showed that POM AC balances with an error percentage of 

1%. The second energy balance on level 1 is done for verification purposes. POM B’s energy 

to the system is compared to POM C with an error percentage of 0.3%. Although the second 

energy balance has a lower error percentage the AC balance is seen as the more reliable 

energy balance, This is because POM A is an Eskom invoice and the is seen by literature to 

be a reliable data source [48]. 

Boundary selection level 2 

The first step of phase 2 is a boundary selection for an energy balance. Figure 45 provides a 

diagram of the chosen boundary for level 2, a reticulation energy balance.  

 

Figure 45: Boundary selected for level 2 
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Out 

 

A 
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The POM A represent the energy that flows into the system, the main incomers and B is the 

power meters at each of the different business units. The energy balance results for the 

boundary that was chosen, level one, can be seen in the section that follows. 

Electricity is the primary energy source on the mine and as previously mentioned, the only 

energy source that was balanced in the energy balance. The electrical energy as described in 

the boundary selection section was measured from the main substation, POM A, and at each 

individual business units, POM B.  

The results are summarised in Table 16, the amount of electricity in was compared to the 

amount of electricity consumed, out. The sum of all the power meters in POM A had an -

0.3% difference to the sum of the power meters in POM B. 

Table 16: Appendix - Energy balance results for level 2 

SUMMARY ENERGY BALANCE 

In Out % Difference  

A B -0.3 % 

Boundary selection level 3 

The first step of phase 2 is a boundary selection for an energy balance. Figure 46 provides a 

layout of the chosen boundary for level 3, a compressed air system A and B.  

 

Figure 46: Appendix - Boundary selected for level 3 
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Figure 47: Compressed air system layout 

Electricity is the primary energy source on the mine and as previously mentioned, the only 

energy source that was balanced in the energy balance. POM A is the energy sent to the 

compressed air system which is represented in the equations below as  𝑊13 and 𝑊14. POM B 

is the collective energy consumption of each compressor, second part of the equations. 

𝑊13 = 𝑊1 + 𝑊2 + 𝑊3 

𝑊14 = 𝑊5 + 𝑊6 + 𝑊7 + 𝑊8 + 𝑊9 + 𝑊10 

The results are summarised in Table 17, the amount of electricity in was compared to the 

amount of electricity consumed, out. The balance results are shown before the meter was 

fixed and after the meter was fixed.  

 

 

 



 

 

 86 

 

 

 

Table 17: Appendix - Energy balance results for level 3 

SUMMARY ENERGY BALANCE 

Before meter was fixed 

In Out % Difference  

W13 Total 0% 

After meter was fixed 

In Out % Difference  

W14 Total 0% 

 

All three levels of energy balances are dependent on power meters. The reason for the energy 

differences can be poor meter maintenance and lack of calibration. The next part of energy 

management is energy monitoring, Section 3.4 gives the results for energy monitoring. 

 Energy monitoring 

In order to evaluate energy savings projects on a high level, all the interactions on the mine 

needs to be monitored. Figure 31 illustrates the comparison between the Eskom invoice in the 

baseline (bl) year with the following two financial years which represent the assessment 

years. The electricity consumption is on the y-axis. And months are on the x-axis. An 8-

month period is tested for 3 different years, the bl year, year A and year B. 

 

Figure 48: Appendix - Eskom invoice comparison between the bl year and assessment periods 
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Figure 48 shows that the electricity usage in some months are higher or lower when 

compared to bl year. Year A and B seem to have the same trend, except for month 3 where 

year A had an increase and year B had a decrease. From Figure 31, Month 3 and Month 7 

were identified to illustrate two scenarios in energy monitoring.  

Month 3 was selected as a scenario before the power meter was fixed and where the Eskom 

invoice for year A was higher than the baseline year. Month 7 was chosen where the Eskom 

invoice for year B was lower than the baseline year and the power meter had been fixed.  

Monitoring 

The first step in the energy management phase, is to monitor the electricity usage on the 

mining system. Figure 49 illustrates the result for month 7 during year B that is monitored as 

described in Section 2.4.2. The monitoring interface is divided into two parts, the first is 

column one that consists of the business units that are being monitored, BU 1 to 11. The 

second part is the individual days of the month of which the electrical events were monitored 

for the different business units.  

 

Figure 49: Energy monitoring for business units 1 to 11 for Month 7, year B 

Each individual day’s energy consumption was compared to the previous seven days average 

energy profile. An average energy profile is a 48-hour profile, thus a daily profile of half-

hourly data. This period was found to be ideal for this specific case study. The seven-day 

average was found to be a clear repetitive of incidences on the system. The days mark with 

red had an increase in electricity consumption compared to the previous week. The green 

represents normal and or decreased electrical consumption on the system.  
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Assessment 

Figure 50 and Figure 51 are visual representations of the total energy consumption 

distribution between the bl year and assessment year, with the electricity consumption on the 

y-axis. The grey columns are the bl year and assessment year, and the columns in between 

represent the change in energy for each individual business unit. Red indicates an increase in 

energy consumption and green a decrease in energy consumption. 

Figure 50 is a visualisation of the energy distribution between the bl years and assessment 

year, Year A’s Month 3. The energy consumption for the distribution is represented by the y-

axis. The energy usage increases from the bl utility bill (Month 3) to Year A (Month 3). The 

columns between the grey columns show the energy distribution between the bl year and 

Year A for Month 3. There are more energy increases (red) than (green) in energy 

consumption 

 

Figure 50: Appendix - Visualisation of energy distribution monitored for Month 3, year A 

Figure 51 is a visualisation of the energy distribution between the bl years and assessment 

year, Year B’s Month 7. The energy usage decreases from the bl utility bill (Month 7) to Year 

B (Month 7). The columns between the grey columns show the energy distribution. There is a 

decrease in overall energy usage between these years. Section 3.5 will elaborate on the 

decrease in energy usage. 
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Figure 51: Appendix - Visualisation of energy distribution monitored for Month 7, year B 

Reporting 

The report consists of two summary tables that summarise the energy monitoring of step 2. 2. 

Table 18 reports on the energy distribution for scenario 1. The report shows the assessment 

between the bl’s month 3 and Month 3 from Year A. 

Table 18: Appendix - Report summary for Scenario 1 

 Description Increase or Decrease (%) Monitoring 

(1) Shaft A & Fans 26% Increase on both incomers 

(2) Shaft B 19% 
Incomers and shaft compressor 

increase, rock winder increase 

(3) Shaft C -36% Decrease on incomer 

(4) Shaft B compressors 14% All compressors except Vk40 increase 

(5) Shaft C compressors -35% Decrease in all compressors 

(6) Shaft B concentrator 47% Incomer increase 

(7) Shaft B chrome plant 1% Production increase 

(8) Shaft C concentrator 27% Incomer 1  

(9) Shaft C chrome plant 25% Increase, production increase 

(10) Hostel 12% Both feeders increase 

(11) Workshops and offices 1% Decrease in usage 
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The description of each of the 11 business units are seen in column 2; column 3 includes the 

percentage energy breakdown; and column 4 gives the reason for the increase or decrease. 

According to the monitoring the decrease in energy usage occurred in all business units 

except (3) and (5). The increased consumption was mainly caused by increase in production 

for this month.  

Table 19 reports on the energy distribution for scenario 2, an assessment between the bl’s 

month 7 and Month 7 from Year B. According to the monitoring the decrease in energy usage 

occurred due to a shaft closure. The decreased consumption was mainly caused by a shaft 

closure and less production on shaft A and shaft B. 

Table 19: Appendix - Report summary for Scenario 2 

 Description Increase or Decrease (%) Monitoring 

(1) Shaft A & Fans -9% Decrease due to production decrease 

(2) Shaft B -22% 
Incomers and shaft compressor 

increase, rock winder decrease 

(3) Shaft C -12% Incomer decrease 

(4) Shaft B compressors -25% Shaft closure 

(5) Shaft C compressors 8% Shaft closure, minimal  

(6) Shaft B concentrator -47% Incomer decrease 

(7) Shaft B chrome plant 1% Increase in production 

(8) Shaft C concentrator 7% Incomer 1 increase 

(9) Shaft C chrome plant -7% Decrease in production 

(10) Hostel 5% Both feeders increase 

(11) Workshops and offices 0% Usage unchanged 

 

 Savings quantification 

Savings calculation 

The savings calculations used, as mentioned in Section 2.5.2, the following shows one of the 

savings calculations done. BE
 is an example of a calculation for the scaled baseline. The 

actual energy is timed by the scaling factor. And 𝐸𝑠 is an example of an energy savings 
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calculation. Where the energy usage of the assessment period is subtracted from the scaled 

baseline. 

𝑩𝑬 = 16.761 𝑘𝑊ℎ × 1.0  

𝑬𝒔 = 16 761 𝑘𝑊ℎ − 14 546 𝑘𝑊ℎ 

The scaled baseline for a single point in time was calculated using Equation 3 and equal to 

16 761 𝑘𝑊ℎ. The energy savings are calculated using Equation 5, the result was 2 215 𝑘𝑊ℎ 

Table 20 gives the average daily savings calculation’s data for month 3. Column 1 is time in 

half-hourly resolution. The second column is the calculated scaled baseline for the 

corresponding period in time. Column 3 is the energy usage during the assessment period and 

the last column is the calculated energy savings. Both are reported for the corresponding 

period in time. 

Table 20: Average daily half-hourly savings results for month 3, year A 

Time 𝐵𝐸 𝐸𝑃𝐴 𝐸𝑠 

00:00:00 17 544 16 055 1 489 

00:30:00 17 305 15 951 1 355 

01:00:00 17 206 15 940 1 266 

01:30:00 17 154 15 846 1 308 

02:00:00 16 914 15 617 1 296 

02:30:00 16 729 15 422 1 307 

03:00:00 16 599 15 322 1 277 

03:30:00 16 562 15 247 1 315 

04:00:00 16 576 15 347 1 228 

04:30:00 17 012 15 903 1 109 

05:00:00 17 057 16 456 602 

05:30:00 17 511 17 268 243 

06:00:00 18 737 18 478 259 

06:30:00 20 079 20 612 -533                 

07:00:00 21 137 20 798 339 

07:30:00 21 875 21 783 92 

08:00:00 22 651 22 635 16 

08:30:00 23 010 22 942 67 

09:00:00 23 285 23 233 53 

09:30:00 23 471 23 368 103 

10:00:00 23 317 23 320 -2 
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10:30:00 22 927 23 147 - 22                       

11:00:00 22 363 22 870 - 507                        

11:30:00 21 752 22 232 - 48                    

12:00:00 21 312 20 977 335 

12:30:00 20 845 19 453 1 392 

13:00:00 19 929 17 823 2 106 

13:30:00 18 207 16 635 1 572 

14:00:00 16 802 14 924 1 878 

14:30:00 16 189 14 462 1 727 

15:00:00 16 387 15 260 1 127 

15:30:00 16 444 15 323 1 121 

16:00:00 16 200 15 088 1 111 

16:30:00 15 548 14 093 1 455 

17:00:00 15 111 13 763 1 348 

17:30:00 15 208 13 916 1 292 

18:00:00 15 962 14 584 1 379 

18:30:00 17 012 15 461 1 551 

19:00:00 17 124 15 834 1 290 

19:30:00 17 126 16 065 1 061 

20:00:00 17 235 16 276 958 

20:30:00 17 288 16 297 991 

21:00:00 17 489 16 582 906 

21:30:00 17 528 16 619 909 

22:00:00 17 475 16 810 665 

22:30:00 17 493 16 662 830 

23:00:00 17 527 16 445 1 083 

23:30:00 17 365 16 375 990 

Total 883 581  841522.7 42 058  

Table 21 gives the average daily savings calculation’s data for month 7. Column 1 is time in 

half hourly resolution. The second column is the calculated scaled baseline for the 

corresponding period in time. Column 3 is the energy usage during the assessment period and 

the last column is the calculated energy savings. Both are reported for the corresponding 

period in time. 

Table 21: Average daily half-hourly savings results for Month 7, year B 

Time 𝐵𝐸 𝐸𝑃𝐴 𝐸𝑠 

00:00:00 16 761  14 546 2 215  

00:30:00 16 508  14 403 2 105  



 

 

 93 

 

 

 

01:00:00 16 410  14 614 1 796  

01:30:00 16 358  14 584 1 774  

02:00:00 16 136  14 458 1 677  

02:30:00 15 965  14 205 1 759  

03:00:00 15 845  14 117  1 727  

03:30:00 15 813  14 078 1 734  

04:00:00 15 827  14 237 1 590  

04:30:00 16 240  14 702 1 537  

05:00:00 16 284  15 091  1 193  

05:30:00 16 715  15 288  1 427  

06:00:00 17 829  17 770 59  

06:30:00 19 061  19 698       -637             

07:00:00 20 046  20 428  -383 

07:30:00 20 726  20 733 -8 

08:00:00 21 448  21 172 276  

08:30:00 21 774  21 544 230  

09:00:00 22 036  21 794 242  

09:30:00 22 210  21 977 233  

10:00:00 22 066  21 924  141  

10:30:00 21 699  21 790 -91 

11:00:00 21 181  21 366  -185 

11:30:00 20 612  20 967  -355 

12:00:00 20 196  19 295  900  

12:30:00 19 752  17 897  1 855  

13:00:00 18 895  1 6416 2 479  

13:30:00 17 291  15 226  2 065  

14:00:00 15 982  14 572  1 409  

14:30:00 15 417  14 237  1 179  

15:00:00 15 608  14146  1 461  

15:30:00 15 660  14 129  1 531  

16:00:00 15 430  13 955  1 475  

16:30:00 14 822  13 801 1 021  

17:00:00 14 418  13 901 516  

17:30:00 14 509  14 008 501  

18:00:00 15 211  14 572 638  

18:30:00 16 204  15 200  1 003  

19:00:00 16 318  15 535  783  

19:30:00 16 322  15 582 739  

20:00:00 16 425  15 675 750  

20:30:00 16 477  15 897 579  
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21:00:00 16 695  15 620  1 074  

21:30:00 16 747  15 258  1 488  

22:00:00 16 698  14 894 1 804  

22:30:00 16 718  14 849  1 869  

23:00:00 16 759  14 736  2 022  

23:30:00 16 597  14 680 1 917  

Total 840 699  789 589  51 110  

The total savings calculated for month 3 was 1 177 362 kWh and the savings calculated for 

scenario 2 was 1 533 298.23 kWh.  

 

Savings evaluation 

The energy balance results show that there is an error of 1% between the Eskom invoice data 

and the main substation feeders. This error infers that the real value can be either 1% lower or 

1% higher than the measured value. In scenario 1 the energy savings project was 3% of the 

total energy usage for Year A, Month 3. This is lower than the 10% required by literature but 

higher than the uncertainty percentage.  

Figure 52 illustrates the energy monitoring breakdown for scenario 1 including the energy 

savings project. The orange column is the amount of savings for the energy savings project. 

Without the energy savings the utility bill’s amount for Month 3 would have been 

1 177 362 kWh more than it currently is. Only the individual impact of an energy savings 

project was tested for this study, as it is part of the objectives to evaluate the individual 

impact of energy savings projects on a whole facility level. 
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Figure 52:Appendix - Energy usage breakdown including savings for month 3, year A 

Figure 53 illustrates the energy monitoring breakdown for scenario 2 including the energy 

savings project. The orange column is the amount of savings for the energy savings project, 

which is 1 533 MWh. 

1 177 362 
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Figure 53: Appendix - Energy usage breakdown including savings for month 7, year B 

In Scenario 2 the energy savings project was also 3% of the total energy usage for Year B, 

Month 7. This is lower than the 10% stated by literature needed to be seen on whole facility 

level, and higher than the 1% error percentage calculated in the energy balance. 

Bottom up traceability  

The following table summarises scenario 1 where the energy savings were lower than the 

10% as stated by literate that is needed to be seen on whole facility level. Thus bottom-up 

traceability is needed. 

 

 

1 533  
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Table 22: Summary for bottom up traceability for Month 7, year B 

Energy balance (EB) 

% 

Energy savings 

(ES) %  
ES < or > EB  Traceability 

Level 1 

1% 3% > 

ES is larger than EB thus ES will 

be able to be seen in the 

reticulation system uncertainty. 
Level 2 

-0.3% 3% > 

ES is larger than EB thus ES will 

be able to be seen in the 

reticulation system uncertainty 

Level 3 

0.1% 3% > 

ES is larger than EB thus ES will 

be able to be seen in the 

reticulation system uncertainty 

The resulting percentage difference on each of the energy balances are seen as the system’s 

uncertainty percentage. By comparing the energy saving calculated to the uncertainty 

percentage and literature, the energy savings can be evaluated. The evaluation by means of 

the bottom-up traceability method shows that the ES % is higher than EB % on each level, 

thus the impact of energy savings can be seen on whole facility level. 

 Conclusion 

This chapter described how the framework approach in Chapter 2 was practically applied to 

obtain results that would satisfy the objectives of the study, presented in Chapter 3. Each 

phase was verified in this chapter by applying it to three case. Each of these case studies each 

consisting of a different operational level. In this chapter only significant observations were 

highlighted with respect to each focus area of the framework.  

However, we can see from the data quality phase, that data quality needs to increase when 

the volume of data used increases. For example, level 2 had 3 132 000 data points where as in 

comparison level 1which only have 216 000 data points. Level 2 had a greater need for data 

filling then level 1. The quality of data is proportional to the traceability of the data and the 

percentage improvement after filling. The quality of data on level one was already quite high. 

Quality was increased further by 0.3% from 0.4% to 0.1 %. Level 2 had a quality increase of 



 

 

 98 

 

 

 

25%, see Section 3.2. With no data filled for level 3, as level 3 consists of component that has 

an inconsistent running period. 

The energy balances, monitoring together with the savings quantification phase was used to 

meet the main objectives in Chapter 1. Level 1’s energy balance had an error percentage of 

1%, between the Eskom invoices and main-substation feeders. Level 2, the reticulation 

energy balance had a difference of -0.3% and level 3 a 0.1% difference.  The resulting 

percentage difference on each level is seen as the system’s uncertainty percentage. By 

comparing the energy saving calculated to the uncertainty percentage and literature, the 

energy savings can be evaluated.   

The energy savings project for scenario 1 had a 3% saving of the total energy usage for year 

A, month 3. The savings is thus lower than the 10% stated by literature that is needed to see 

the energy savings on a whole facility level. The energy savings percentage of scenario 2 was 

higher than energy balance uncertainty percentage on each level, thus the impact of energy 

savings can be seen on whole facility level.  

By means of the developed framework and the bottom-up traceability method the impact of 

the savings was able to be evaluated. Both scenarios where the savings were r smaller than 

the 10% of total energy use was evaluated on a whole facility level and the impact of an 

individual savings project was seen. 

 


