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Executive summary  

Recent years have seen the expansion of the eMalahleni municipality, both industrially and 

residentially. Along with this growth, water demands of the population have increased 

dramatically, adding pressure onto the already water-stressed Emalahleni Municipality.                                                                                           

As a result, the Emalahleni Water Reclamation Plant was established with the purpose of 

treating contaminated mine water, which it then supplies to the Emalahleni Municipality. 

Currently the plant supplies water in the range of 20ML per day to the Municipal reservoirs. 

Although a fairly substantial amount, it is still insufficient to satisfy the needs of the population.  

The report sets out to investigate the water treatment process in order to establish whether 

room for improvement exists with respect to plant throughput. This is achieved through the 

design of a conceptual model and the application of Industrial engineering tools such as Theory 

of constraints and simulation modeling to highlight problem areas. Based on the findings of the 

investigation, improvement scenarios are formulated and analysed using Arena’s simulation 

software. 

Upon completion of the project, the main deliverables include a fully-functioning simulation 

model of the “AS-IS” state of the process along with actual findings from the investigation. In 

addition to this, the recommended improvement scenario will be presented to the water plant 

Management team, highlighting the benefits which are expected to be realised through its 

implementation.  
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Chapter 1  

Introduction 
 

1.1 Emalahleni Water Reclamation Plant 
 

1.1.1 Project background 
 

The Emalahleni Water Reclamation Plant is a joint initiative between mining companies Anglo 

Coal South Africa (ACSA) and BHP Billiton Energy Coal South Africa (BECSA) that was started 

in the year 2007. The purpose of the initiative is for the removal and effective treatment of 

contaminated underground mine water of four mines. This is achieved through the Keyplan High 

recovery Precipitating Reverse Osmosis (HiPRO) process. The mines include Laundau 

(Navigation), Kleinkopje and Greenside collieries (belonging to Anglo Coal South Africa) as well 

as the South Witbank Colliery (belonging to BHP Billiton Energy Coal South Africa). Refer to 

Appendix A for a schematic of the project concept.                                                                                         

The output is potable quality water, the bulk of which is pumped into the reservoirs of the 

Emalahleni Municipality, and waste in the form of brine. The Water Reclamation Plant currently 

meets approximately 20% of Witbank’s daily water requirements which is the equivalent of 20 

million litres of water per day. The remaining portion of the water, which is approximately 5 

million litres, is divided between the following operations:                                                                                                                                 

• South African Coal Estates (SACE), 

• Greenside colliery,  

• Phola mine, and 

• The White River Beverage Company (a water bottling company). 
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1.2 Problem statement, deliverables and methodology                                         
 
On average, the Emalahleni Water Reclamation Plant recovers 99.5% of the water that is 

treated daily, with the rest being disposed in the form of brine. Although this is quite a 

substantial amount, it is still insufficient to meet the demands of the community. Thus an 

opportunity for the potential improvement of the throughput of water at the plant exists.                                        

The aim of the project therefore is to propose a method by which throughput improvement at the 

plant can be achieved. For this, applicable Industrial Engineering tools such as Theory of 

constraints and simulation modeling methods will be employed. 

The project will cover the set of activities which take place from the time that the mine water 

enters the Water Reclamation Plant up until it exits as potable water. Essentially, this consists of 

all operations taking place in the plant which are involved in the recovery of potable water. 

The project will carried out from March 2010 up until early October 2010. It is comprised of the 

five phases listed below. Each phase describes the steps that will be taken in order to effectively 

solve the problem. 

Mapping the process 
The first phase entails drawing up a detailed process map, outlining the entire sequence that 

takes place during the HiPRO process. The process map will cover the sequence from the time 

that the mine water enters the Water Reclamation Plant up until it exits via the water reservoirs 

as potable water or is disposed of as brine.     

A comprehensive literature review, examining the different methods by which the problem can 

be addressed will also be performed. Based on the review, an appropriate method for modeling 

the process will then be selected. 

Model construction 
Based on the process map and the literature review, a detailed Theory of Constraints analysis 

will be carried out. After the Theory of Constraints analysis has identified the area in the plant 

where the constraint is found, a simulation model will be constructed. The model will focus 

primarily on the area containing the constraint. The model will also be verified and validated to 

ensure that it replicates reality. 

Formulation of improvement scenarios 
In the third phase, methods for de-bottlenecking (or constraint elimination) will be proposed and 

run as improvement scenarios in the simulation model. The results obtained from each scenario 

will be recorded and saved. 
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Selecting the best scenario 
This involves deciding on the most effective/beneficial scenario, using a set of criteria. Once the 

most effective scenario has been selected it will be refined.  

Delivery and close out 
Actual findings will be presented to the team at the Emalahleni Water Reclamation Plant. This 

will include the results of the simulation model, recommendations on the proposed scenario that 

the student finds most beneficial and a list of the benefits which could be realised from the 

proper implementation of the proposed scenario. The implementation plan will not be included. 

Upon completion of the project, a fully functioning simulation model of the “AS IS” state of the 

Emalahleni Water Reclamation Plant will be delivered to the Management team at the 

Emalahleni Water Reclamation Plant. The simulation model will be used to model and test 

different throughput improvement scenarios. In addition to this, actual (project) findings and final 

recommendations highlighting the most applicable improvement scenario, according to the 

student, will be presented along with the potential benefits. 

 

1.3 Document overview  
 

Up to now, it has been identified that an opportunity for throughput improvement at Emalahleni 

Water Reclamation Plant exists. Information regarding project background, aim and deliverables 

has also been included in the chapter. 

In the next phase of the project, a comprehensive literature study is conducted, highlighting 

applicable tools which can assist in solving the problem. Based on the findings of literature 

study, the project approach is mapped out.                                                                                                                                                                 

The development of a conceptual design, the first step which will tackle the problem, is also 

documented. It sets the basis for performing the Theory of Constraints analysis and 

subsequently the construction of the simulation model, which will be use to evaluate different 

scenarios for achieving throughput improvement at the plant. 
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Chapter 2  

Literature review 
 

2.1 Theory of constraints 

2.2.1 Introduction 
 
Goldratt defined the idea of theory of constraints as an overall management philosophy which 

was aimed at assisting organizations to reach their goals. Theory of constraints (abbreviated 

TOC) was traditionally applied in the manufacturing industry. However, the past few decades 

have seen an evolution in both the methodology and area of applications of TOC [2].  Nowadays 

it is viewed as an effective problem-solving approach which can be implemented in virtually any 

area of business, particularly those where people have become the most important factor of 

production [1]. 

2.2.2 Components 
 
Balderstone and Mabin [2] describe the philosophy of TOC as focusing on a central idea – that 

is, any system within an organisation has one or more constraints which dominate the entire 

system. They express further that by managing both the constraints and the system as it 

interacts with the constraints, improved performance of the system as a whole can be achieved. 

A constraint can exist in several forms, such as market, capacity, resource, financial and policy 

constraints [6]. 

TOC uses a five- step continuous improvement approach for constraint management. Aquilano, 

Chase and Jacobs [1] explain the steps followed in the approach: 

1. Identification of system constraint(s). 

2. Decide how the system constraint(s) can be exploited. 

3. Subordinate everything else to the decision reached in step 2. 

4. Elevate the system constraints. 

5. If, in (4) the constraints have been broken, return to the first step, whilst being careful not 

to let inertia become the system constraint.  

Goldratt proposes the implementation of two extra steps which are determined prior to 

embarking on the five - step approach [9]. The first involves defining the goal of the system, and 

the second is the determination of suitable global performance measurements. (Coman and 

Ronen, 1995)                                                                                                                                
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Goldratt [9] defines three important operational measures of performance: 

• Throughput - the rate of money generation by the system, through sales. 

• Inventory – this consists of all the money the system invests in purchasing things which 

are intended for sale. 

• Operating expenses – is the money spent by the system in converting inventory to 

throughput. 

Another tool often used in conjunction with the five-step approach is the TOC thinking 

processes. It has proved invaluable in the process of decision-making for any intervention 

(Scheinkopf, 1999). The tool allows people to learn and use the thinking processes which 

enable them to tackle and develop their own solutions to complex problems [2].                              

A brief discussion of the procedure followed for thinking processes presented by Davies and 

Mabin [10], follows:  

The purpose of thinking processes is mainly for the identification of factors which prevent the 

system from reaching the goals which it has set. It is built of five logical diagrams, comprising 

four trees (A Current reality tree, Future reality tree, Prerequisite tree, and Transition tree) and a 

cloud (the Evaporating cloud), and a set of logical rules (Categories of Legitimate Reservation). 

The steps involve: 

1. Identification of problematic symptoms which are indicative of the system not performing 

according to satisfaction.  

2. Once identified, structures and guidelines are provided by the tools. These will be used 

for the following: 

• Diagnosis and analysis of the underlying causes of the problematic symptoms - 

to determine what has to be changed. This is achieved via the Current reality tree 

and the Evaporating cloud. 

• Strategy development - to address the cause of the problems. Here, the 

Evaporating cloud and the Future reality tree serve as an important aid. 

The result of this are presented in the form of detailed implementation plans, using the 

Prerequisite tree and the Transition tree. Blackstone, Gardiner and Watson [5] identify two 

major criticisms with this tool, the first being that it relies heavily on a subjective interpretation of 

perceived reality, making it an unreliable tool. Secondly, it is not user-friendly. 
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2.2.3 Advantages and disadvantages                                                                                      

Technology Roadmap for the Recreational Boat Building Sector [21] recognizes important 

advantages of the TOC method. These are: 

• Because it provides benefits almost immediately after being implemented, it is a very 

valuable tool for initiating efforts to achieve improvement.  

• It is an easy-to-implement tool, and finds application in almost any industry. 

• Substantial improvements in a system’s performance can be achieved, with minimal 

changes to the existing operations. 

• Theory of Constraints has been recognized as one of the most powerful, yet cost-

effective tools which can be used to successfully improve/increase capacity in terms of 

production. 

• Teamwork is promoted. This is due to the fact that employees in different areas of a 

system or process are alerted of the constraints. They then work together in eliminating 

the constraint. 

While the method continues to evolve, it has met with widespread difficulties. A comprehensive 

discussion outlining the major drawbacks of TOC is provided by Blackstone, Gardiner and 

Watson [5]. A brief list of these is summarized below: 

• The techniques employed by TOC tools provide results that are feasible. However, they 

are not always optimal. 

• One of the characteristics of TOC is that it has a short-term nature with regards to 

strategic planning, product costing and capital investment decisions. Thus it fails to 

recognize the importance of long-term vision in making executive decisions. (Smith, 

2000, p.131) 

In instances where the constraint(s) is identified, but the tools of TOC do not provide sufficient 

detail to successfully eliminate these constraint(s), other analytical methods should be explored. 

Law and Kelton [16] state that if the relationships of the system are simple, then the problem (of 

constraints in this particular example) can be solved via basic mathematical tools. However, 

they argue, due to most real-life systems being of a complex nature, they can only be studied by 

means of simulation models.  
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2.2 Simulation modeling 

2.2.1 Introduction 
 
Simulation aims to imitate a real-life situation, state or process [25]. Rahman, Pakstas and 

Wang [20] define it as “the discipline of designing a model of an actual or theoretical or physical 

system and manipulating the model in such a way that it operates on a time or place to 

compress it, thus enabling the user to practice the interaction”. The process of simulation is 

composed of three successive interactions as defined by Sargent [22]. They are:                                                                                                               

• The problem entity or the system to be modeled. 

• The conceptual model, which is a representation of the system; and 

• The computer model, a conceptual model coded onto the computer. 

 

2.2.2 Origin 
 
Origins of simulation trace as far back as 1930, which saw the introduction of Monte Carlo 

methods [15]. However, Goldsman, Nance and Wilson [12] argue that only during the period of 

the 1940s was there rapid growth and development in the field of simulation, owing mainly to 

the occurrence of two events: 

• The design and construction of the first general-purpose electronic computers; and 

• The work done by mathematicians Stanislaw Ulam, John von Neumann and others in 

using the Monte Carlo methods on electronic computers. The purpose of this was to 

solve problems in neutron diffusion experienced in the design of the hydrogen bomb.  

According to Hollocks [15] an important contributor was Keith Douglas Tocher, an operations 

research professor at the University of Southampton, who in the late 1950s developed the 

General Steelplant Program. Hollocks explains how this program was used as a tool for 

constructing a simulation of a general steel plant consisting of numerous machines, each of 

which went through different states that changed at discrete events. Tocher used this as the 

basis for his three-phase process. The idea was then developed into computer software, and 

soon after it was realised that this framework could actually be thought of as a General 

Simulation Program (GSP). Following on the developments of Tocher, other advancements in 

simulation during the 1960s included the introduction of a variety of programming languages. 

In the decade following 1970 academics in the field of simulation developed even more 

enhanced modeling and analytical tools, in order to facilitate more complex systems [12]. 

Present day, the field of simulation continues to expand, with developments mostly in simulation 

software which is largely owed to advancements in computer technology. 
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2.2.3 Application and use 
 
The primary purpose for the construction of a simulation model is to gain insight into a system’s 

functioning [18]. It enables the user to identify and understand the controlling factors of a 

system, and also allows for the prediction of future behaviour of that system. In addition, the 

effect that the alteration of certain factors can have on the system can be predicted. Simulation 

has found application in a number of fields, including engineering, education and training, 

healthcare, physics and the finance sector. 

2.2.4 Simulation modeling – discrete versus continuous  
 
According to Law and Kelton [16], a system can be either discrete or continuous, with the 

primary difference being that in a discrete system, state variables change at a countable 

number of points in time. State variables of a continuous system, on the other hand, are 

continuously changing with respect to time. The points in time are the points at which an event 

takes place, thus changing the state of the system.  This is a fundamental principle of discrete 

event and continuous simulation models. 

Often the most preferred between the two, discrete-event simulation finds a wide application in 

systems involving queues, such as banks, hospitals and manufacturing systems to name a few. 

An important factor owing to its success and consequently its popularity lies in its ability to 

model random events. In addition to this, it can predict the effects of the complex interactions 

between these events. Continuous simulation is often more complex, and cannot be solved via 

analytical methods.  

Law and Kelton [16] argue that a number of real world systems contain characteristics of both 

discrete-event and continuous simulation. They are often referred to as a combined discrete-

continuous simulation, or a hybrid. An advantage of most discrete-event simulation software 

packages is that they accommodate both discrete and continuous components simultaneously 

in a model.  
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2.2.5 Advantages and disadvantages 
 
Benedettini and Tjahjono [4] point out that one of the primary benefits of simulation modeling is 

that it can be used in performance prediction of both a real-life and a planned system. Also, it 

compares alternative solutions for a particular design problem – without adjusting the actual 

system. In this way, simulation serves as a decision-making tool.  This allows for savings in 

potential costs and unnecessary disruptions.  

Added advantages exist, and are highlighted by Habchi and Berchet [13].  These include the 

following: 

• Systems that do not exist in reality can be modeled successfully. 

• Realistic models are achievable. 

• Simulation modeling is sufficiently equipped to model complex systems, in cases where   

analytical models prove to be inadequate. 

• The user is not required to be highly skilled in mathematical methods to be able to 

successfully construct a simulation. 

• The simulation model identifies where bottlenecks or other potential problems exist in 

the system. 

Although there are many benefits which stand to be realised by employing simulation modeling, 

it does have its shortcomings. In “Introduction to Modeling and Simulation”, Carson [7] 

discusses the disadvantages listed below: 

• Simulation modeling is often a time-consuming process. 

• Crucial data is not always readily available and may take a considerable amount of time 

to gather, and in certain instances even costly to acquire. 

• Management may not allow enough time for the development, testing, verification and 

validation of the model and proper implementation before decisions must be made. 

Thus, results obtained may often be inaccurate – posing a huge future problem. 

• Simulation analysts often add unnecessary detail to a model or spend more time than is 

required in developing the model, with the result that original goals and project 

timeliness are forgotten. The management team then abandons simulation modeling 

altogether, concluding that it is a costly and time-consuming tool, and not bearing any 

useful results. This problem is often experienced in cases where the concepts of 

simulation are too complex for inexperienced analysts. 

However, the benefits that can be achieved through the use of simulation modeling far outweigh 

the disadvantages and therefore it is a tool worth exploring. 
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2.2.6 Verification and validation 
 
As defined by Law and Kelton [16], verification is the process of determining whether a 

simulation model performs the function for which it is intended. Validation determines whether 

the conceptual simulation model accurately represents the system being studied. In his article 

“Verification and validation of simulation models”, Kleijnen [17] identifies a number of techniques 

that can be used in verifying and validating a simulation model. He adds that there is no set 

procedure for selecting which of the methods to employ, and in some situations more than one 

technique can be used. A few of the techniques are discussed below the subheadings. 

Verification 

Upon completion of a simulation model, it is of utmost importance that the analyst checks 

whether errors are contained within it. This can be achieved through several techniques, 

including: 

• Animation. Because the users are familiar with the real-life system, they can easily pick 

up on programming errors in the simulated system just by observing the dynamic 

displays. 

• General good programming practice. Of this, modular testing has proved to be very 

successful, particularly in large, complex simulation models.  

• Verification of intermediate simulation output. This method is comprised of manually 

calculating certain intermediate simulation results, and then comparing them with 

outputs obtained from the simulation. 

Validation 

After the simulation model has been verified, validation of the conceptual model follows by 

means of the following methods: 

• Acquisition of real-life data. This data is fed into the model in historical order and run, 

and the output is used for comparison purposes. 

• Comparison of simulated data with actual data. Analysts obtain a time series of 

simulation output which is compared to the historical time series for output of the actual 

system. The process can be achieved through a variety of tests.  

• Sensitivity and risk analysis. Sensitivity analysis is used for models which have 

unobservable inputs and outputs. The main purpose is to establish whether the 

behaviour of the model corresponds with expert predictions. Risk analysis is only 

considered when the sensitivity analysis process becomes too complex. 

The verification and validation of a model are important – they determine whether the result of a 

model can be used for decision-making purposes (Fosset et. al, 1991, p711). Thus they are 

chief components of accreditation. 
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2.2.7 Simulation modeling – achieving success 
 
Musselman [19] emphasizes that by improving the performance of a system, success of a 

project can be achieved. Important guidelines in improving the probability of success of a 

simulation modeling project can be followed, with Carson [7] listing several of these: 

                                                                                                                                                             

Clearly define project goals and scope, making sure that they are achievable. Also, keep these 

same goals in mind throughout the execution of the project. 

• Conduct meetings with project stakeholders on a regular basis, as effective 

communication is central in determining project success. 

• When certain aspects regarding the project are unclear, ask for assistance. Under no 

circumstances must any assumptions be made. 

• Get involvement of all stakeholders, including higher management. 

• Ensure that all assumptions made are documented, and take note of changes made to 

these assumptions. 

Carson [7] extends the topic further by discussing causes which could result in project failure, 

such as: 

• Lack of involvement of stakeholders, who may only appear in the final stages of the 

project, and address issues which have not, up to that point, been taken into account. 

• Scope creep. This occurs primarily as a result of not clearly defining the project scope. 

• Project overrun. 

• Unnecessary detail. The simulation team should focus on solving the problem, in a 

simple as possible manner. 

It must be kept in mind, however, that they are only guidelines, and do not guarantee project 

success. 
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2.2.8 Selecting a suitable software package 
 
As soon as it has been determined what will be simulated (during the project initiation phase), 

and deliverables are defined by the stakeholders, a suitable simulation software package can be 

selected for model construction and testing purposes. According to Hlupic, Nikoukaran and Paul 

[14], selection of the best package entails evaluating a list of expert criteria. They have compiled 

a list of three elements, as well as five software sub-criteria which could aid the user in selecting 

a software package for constructing a simulation model. 

The three elements are the following: 

1. Vendor. The credibility of the vendor and the software he or she provides, such as 

software support and maintenance are taken into account. 

 

2. Software. This is further decomposed into five software sub-criteria: 

• Model and input. Consists of additional criteria including availability of modularity 

and generic models built into the software, and user manuals. 

• Execution. Experimentation features of the model are looked at. 

• Animation. This is usually one of the more important criteria, with evaluation 

being based on factors such as picture quality and speed. 

• Testing and efficiency. Verification and validation are the most important 

considerations. 

• Output. This is usually presented in the form of reports which are generated by 

the simulation software. 

 

3. User. The most important considerations addressed are resources required for the 

implementation of the simulation software package, costs associated with installing and 

maintaining the software, and the type of system to be modeled. However, the user’s 

experience in using a specific simulation software type is probably the most important 

determining factor. 

In “Selecting Simulation Software”, Banks [3] proposes the use of a Scoring Model as a tool for 

identifying a suitable package. To develop the model, the user is required to assign a weight to 

each of the criteria, determining which criteria are most important and which are least important. 

Alternative software packages can then be rated against each other to determine the top 

contenders - which are again scrutinized in order to arrive at the best package. Situations may 

arise, however, where it is impossible to make a final decision. In these cases, either two 

simulation packages are used or a third party is enlisted to help in the selection process. 

Once the user has purchased and successfully installed the best package, the construction of 

the model is set in motion, following suitable simulation steps. 
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2.3 Chapter conclusion  
 
The HiPRO process at the Emalahleni Water Reclamation Plant is a large and highly complex 

one and modeling the entire process using simulation alone will be very difficult to achieve. For 

this reason, the use of TOC as an additional tool in the problem solving process has been 

proposed. Because TOC analysis will be able to detect the areas where the constraints exist, it 

will simplify the task of simulation modeling, enabling the modeler to focus on these areas only.  

In conclusion, if a suitable method for eliminating the process constraints can be determined, so 

as to increase the plants throughput, the primary benefit that stands to be realised is an 

improved capability of the plant to meet water demands. This will in turn also benefit the 

municipality by easing their load. The management team will also have a greater understanding 

of the functioning of the HiPRO process, leading to better control and an overall improvement of 

the entire process. 
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Chapter 3  

Conceptual design  
 
Before methods for improvement can be explored, a thorough understanding of the operations 

taking place at the Water Reclamation Plant is compulsory. Thus, the need to construct a 

process flow map exists, detailing the operations involved in the HiPRO process.  

In order to gain insight into aspects surrounding the plant, the following activities were carried 

out: 

• Regular meetings with the plant manager, engineer-in-training and training officer.  They 

will to provide guidance in understanding plant complexities, particularly the flows. 

• Site visit. Owing to the fact that the Water Reclamation Plant is of both a very large and 

complex nature, more than one plant tour is necessary to become familiar with the 

process. 

• Review of literature, relating to the plant, will also be a valuable aid. 

From the knowledge acquired on-site and from existing literature, a detailed process map was 

developed. 

3.1 Process flow map 
 
The process map outlines the HiPRO process at the Emalahleni Water Reclamation Plant. 

Figures 3.1 and 3.2 illustrate the simplified and detailed process maps respectively.                      
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Figure 1: Simplified process map 
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Figure 2: Detailed process map
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As depicted in the detailed process flow map, the process is divided into three distinct stages, 

as well as the further purification and the recycle of plant water: 

 3.1.1 Process for Stage 1 

Water stored in the two feed dams is pumped, via the main feed pumps, into Stage 1 reactors 

11A and 11B. The reactor consists of four zones, each having its own aerator-agitator mixing. 

Zone 4, the final zone of the reactors, feed the Stage 1 clarifiers, which in turn overflows to the 

clarified water tank. Sludge leaving the clarifiers is pumped back to the stage 1reactors or to the 

first sludge storage tank at set intervals. The clarified water tank makes use of gravity to feed 

the three Greensand filters. Water is then pumped through self-Cleaning strainers. They are 

used for filtering coarse particles within the water. Once complete, the water is then fed through 

the ultra filtration membranes - where micro particles are removed from the water.                          

The filtered water now flows into the Filtered Water tank, after which it is pumped through the 

Reverse Osmosis membranes, by means of high pressure pumps. The Reverse Osmosis 

membranes produce permeate water and reject water. Permeate water contains low salt 

content levels compared to the high level found in the reject water. From here, permeate is 

transferred to the limestone saturator, and reject to the second stage. 

3.1.2 Process for Stage 2 

The second stage is similar to the first in the sequence of processes they entail, with only a few 

differences observed. Reject water from Stage 1 is passed through the Stage 2 reactor, which is 

comprised of three zones. Water is then sucked from the third zone of the reactor and is fed into 

the cyclones. This is achieved via cyclones feed pumps. Cyclones are used for the separation of 

solids - into fine and coarse. Thereafter, less dense slurry (containing fine solids) is transported 

to the Stage 2 clarifier, while a portion of the coarse slurry goes back to the second zone of the 

Stage 2 reactor and the remainder to the gypsum pond. 

Water present in the Stage 2 clarifier is pumped through the self-cleaning strainers and into the 

ultra filtration membranes. Excess water leaving the clarifier is recycled back to the clarifier. 

From the ultra filtration membranes, the water is then transported to the filtered water tank. High 

pressure pumps are now used to pump the water through the reverse osmosis membranes. As 

in Stage 1, the products of Reverse Osmosis are permeate and reject water. Permeate is fed to 

the Limestone saturator and reject to the Stage 3 reactor. 
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3.1.3 Process for Stage 3  

Reject obtained from Stage 2 is passed into the reactor of Stage 3, made up of three zones. 

Water from the third zone is sucked through the bottom by means of the cyclones feed pumps 

located there. This water is fed into the cyclones where fine and coarse solids separation takes 

place. The less dense slurry is fed to the Stage 3 clarifier. Coarse slurry is passed back to the 

first zone of the Stage 3 reactor, with the rest going to zone 3 of the Stage 2 reactor at set time 

intervals. Water which was pumped into the Stage 3 clarifier is now pumped to the ultra filtration 

membranes (through the self-cleaning strainers); and the excess amount overflows to the plant 

drain sump. 

Once the water has passed through the ultra filtration membranes, it flows to the filtered water 

tank. From here, it is pumped through the reverse osmosis membranes, via high pressure 

pumps. Of the reverse osmosis products, the permeate goes to the Limestone Saturator and 

Reject back to the Stage 3 reactor. A fraction of the reject is passed to the brine pond. 

3.1.4 Limestone saturation process 

The process of reverse osmosis strips the permeate water of most minerals – these are 

essential for drinking water. Limestone chips, responsible for adding minerals including 

Magnesium and Calcium as well as for adding alkalinity, are loaded into the limestone saturator. 

Hypochlorite, a form of chlorine, is injected into the permeate, after which it is fed upstream 

through the limestone chips. The result is potable water, which is transported to a holding tank. 

From here, it is pumped into the Municipal reservoirs and various mines.         

A small amount of permeate from the reverse osmosis membranes is fed back to the reverse 

osmosis membranes for cleaning purposes. This is indicated by the “reverse osmosis flush 

point” on the detailed process map. 

3.1.5 Drain sump process 

Water from the filter presses and backwash water used to clean the ultra filtration membranes of 

all three stages, and originally drawn from the Stage 1 filtered water tank, is transported to the 

plant drain sump. Also, backwash from the Stage 1 greensand filters; the Stage 3 clarifier 

overflow and the Stage 3 filtered water tank overflow water are all pumped into the drain sump. 

The sum of this water going to the drainsump is recycled back to the Stage 1 reactors. 
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3.2 Chapter conclusion  
 
The conceptual model will serve as the basis for performing the Theory of Constraints analysis, 

which will identify the area(s) of the plant in which bottleneck(s) exist. Once identified, the 

simulation model can be built, focusing on the problem area(s). This will be covered in the next 

phase of the project. 
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Chapter 4 

Data gathering and analysis  
 

4.1 Data collection 
 
Various sources were utilised to obtain data at the Emalahleni Water Reclamation Plant. They 

include the following: 

4.1.1 Piping and instrumentation diagrams (P&IDs)  
 
The P&IDs depict the entire HiPRO process, paying careful detail to the three stages involved in 

the process. It lists the design capacities of all of the components involved in the process. The 

information provided on the P&IDs will be most important in the theory of constraints analysis, 

as it lists the maximum capacities of the pumps and other important components such as the 

reactors, clarifiers, ultra filtration membranes, reverse osmosis membranes and the filter water 

tanks. 

4.1.2 Monthly production certificate  

Although primarily used for external reporting, the monthly production certificate lists important 

information such as the total feed into the plant, product water transferred and plant utilisation 

for the month.  
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4.1.3 Monthly production report  

Important data is stored in the monthly production report, most of which is obtained from the 

daily plant meter reading forms (See Table 1 below). Also included in the report are the plant 

downtimes, flow durations as well as frequencies of various flows. 

 

Table 1: Plant meter readings 

 

 

 

 

PLANT METER READINGS (m3/day)

Plant Feed Brine

Kleinkopje feed Brine Leakage-Pit A

Greenside feed Brine Leakage-Pit B

Navigation feed Brine Pond

South Witbank feed

Feed Dams Filter Press

Feed Dam 1 Level Filter Press 1

Feed Dam 2 Level Filter Press 2

Lime/Limestone Stage 1 filtered water tank UF backwash

Limestone Make-up - to Stage 1 reactors Stage 1 clarified water tank overflow

Limes Make-up -to  Stage 1 reactors Stage 2 Overflow and Recycle

Stage 1 RO membrane feed - Bank 1 & 2 Plant Potable

RO 1 Municipality

RO 2 Cairns potable

RO 3 Phola potable

RO 4 SACE potable

Greenside potable

Draw off point (4 Life)

Stage 1 RO membrane feed - Bank 3 Phase 2 

RO 1/1/3 Phase 2 feed

RO 1/2/3 Product to holding tank

RO 1/3/3 Sludge dump to Stage 1 reactors

RO 1/4/3

Stage 2 RO membrane feed Stage 3 RO membrane feed

RO 2/1 RO 3/1

RO 2/2
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4.1.4 Supervisory control and data acquisition (SCADA) system 
 
Because plant meters have been installed only onto selected pumps throughout the plant, not 

all required data is available. In these instances assumptions have to be made in order to 

complete the water balance. The SCADA system provides assumed values to make the 

relevant calculations. It also records information on frequencies and durations of various flows 

at the plant. Tables 2 through 6 below provide a detailed summary of assumptions made, and 

their associated calculations. 

 

Stage 1: 

Description Freq 

[sec] 

Dur 

[sec] 

Occurrences Pump flow 

rate [m3/hr] 

No. of 

pumps 

Total 

month dur 

[hr] 

Vol.[m3] Vol.[ML] 

Stage 1 RO Flush 172800 600 16 16 4 2.583 3358.3 3.358 

Stage 1 Clarifier sludge 

dump back to reactors 

3000 420 893 893 2 104.16 48327.88 48.328 

Greensand filter 

backwash 

9600 600 279 279 1 0.167 54727.4 54.727 

Table 2: Stage 1 calculation 

 

Stage 2:  

Description Freq 

[sec] 

Dur 

[sec] 

Occurrences Pump flow 

rate [m3/hr] 

No. of 

pumps 

Total 

month dur 

[hr] 

Vol.[m3] Vol.[ML] 

Stage 2 RO Flush 172800 600 16 168 2 2.583 868 0.868 

Table 3: Stage 2 calculation 

 

Stage 3: 

Description Freq 

[sec] 

Dur 

[sec] 

Occurrences Pump flow 

rate [m3/hr] 

No. of 

pumps 

Total 

month dur 

[hr] 

Vol.[m3] Vol.[ML] 

Stage 3 RO Flush 172800 600 16 100 1 2.583 258.3 0.2583 

Table 4: Stage 3 calculation 
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• Formulas used: 

o Occurrences per month = (Duration)/(Frequency) 

o Total month duration = (Duration)*(Occurrences) 

o Volume = (Total month duration)*(Flow rate)*(No. of pumps) 

Filtrate calculation: 

Description Tank 

vol.[ML] 

Avg % 

solids 

Mass of 

solids [kg] 

Avg % 

moisture 

Mass of water 

in solids [kg] 

Water 

density 

[kg/m3] 

Vol.[ML] Filtrate 

[ML] 

Stage 1 5.627 0.1 562700 0.35 196945 1000 0.197 5.430 

Stage 2 19.559 0.106 2073279.602 0.302 626130.440 1000 0.626 18.933 

Stage 3 4.358 0.124 540362.051 0.302 163189.339 1000 0.163 4.195 

Table 5: Filtrate calculation 

• Formulas used: 

o Mass of solids = (Avg % solids)*(Tank volume) 

o Mass of water in solids = (Mass of solids)*(Avg % moisture) 

o Volume of water in solids = (Mass of water in solids)*(Water density) 

o Filtrate (to drainsump) = (Tank volume) – (Volume of water in solids) 

Drainsump calculation: 

Description Total 

Total UF backwash 0.0451 

Total filtrate 28.558 

FWT 1 overflow – 25% assumed factor 5.363 

FWT 3 overflow – 25% assumed factor 1.668 

Stage 3 Clarifier overflow – 15% assumed factor 4.290 

Total to drainsump (in ML) 39.925 

Table 6: Drainsump calculation  
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4.2 Emalahleni Water Reclamation Plant water balance  
 
A water balance over the entire HiPRO process at the plant is necessary in order to verify the 

accuracy of the data currently stored by the plant. It also serves to identify gaps or areas of the 

plant for which essential data is not stored. The water balance was completed in Microsoft 

excel, and focused on the following areas: 

• Feed pond 1 and 2 

• Stage 1  

• Stage 2 

• Stage 3 

• Sludge process 

• Drain sump 

• Limestone saturation process 

Making use of the data from the various sources aided in setting up a water balance for the 

plant. Values were obtained directly from the production report, and calculations based on 

assumptions were made in the case of unknown values. The water balance was carried out for 

the month of January 2010. Daily values were summed to give the monthly totals in megalitres.  
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4.3 Theory of constraints analysis  
 
In order to determine the area(s) of the plant where improvements in the process can be 

achieved, a basic Theory of Constraints analysis is carried out. The primary purpose of the 

analysis is the detection of areas within the process in which constraints exist.                               

Before the analysis can be carried out, a detailed process flow map outlining the entire HiPRO 

process is drawn up. It contains listed capacities of each component as well as demands on 

those components, expressed in volumetric units. Once complete, the analysis is carried out, by 

comparing the capacity with the demand. In instances where demand is greater than the 

capacity, a constraint exists.  

A full Theory of Constraints analysis is presented in tabular format below. 

 

Plant Feed 

Description Tank volume 

[m
3
] 

Design flow 

rate [m3/hr] 

Design flow 

rate [ML/month] 

Design flow 

[ML/month] 

Demand flow 

[ML/month] 

Mine feed      

Greenside - 208.333 5 155 101.559 

Kleinkopje - 625 15 465 399.637 

Navigation - 125 3 93 107.507 

South Witbank - 125 3 93 84.816 

Feed Ponds      

Feed Pond 1 20 000 664.545 15.949 494.422 438.181 

Feed Pond 2 20 000 664.545 15.949 494.422 438.181 

Plant feed pumps (x3) - 631 per pump 45.423 1408.392 876.362 

To Phase 1 - 1371.605 32.919 1020.474 634.983 

To Phase 2 - 521.395 12.513 387.918 241.379 
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Stage 1 

Description Tank volume 

[m
3
] 

Design flow 

rate [m3/hr] 
Design flow 

rate [ML/day] 
Design flow 

[ML/month] 
Demand flow 

[ML/month] 
Reactor      

Feed splitterbox - 1371.605 32.918 1020.474 634.983 

Reactor 12A 486 685.803 16.459 510.237 439.406 

Reactor 11B 486 685.803 16.459 510.237 439.406 

Reactor drain pump - 200 4.8 148.80  

Clarifiers      

Clarifier 11A 615 685.803 16.459 510.237 439.406 

Clarifier 11B 615 685.803 16.459 510.237 439.406 

Sludge recycle pumps (2):  259 12.432 385.392 53.955 

Sludge dump to stage 1 reactors - 463.976 11.135 345.198 48.328 

Sludge dump to sludge storage 

tank 1 

- 54.024 1.297 40.194 5.627 

Clarified water tank 19.74 1152.374 27.657 857.366 898.492 

Clarified water tank overflow to feed 

ponds 

-    41.126 

Greensand filters      

Greensand filter feed pump - 1300 31.2 967.2 857.366 

Greensand filters (3) - 433.333 per GSF 31.2 967.2 857.366 

Phase 2 product into greensand 

filters 

- 82.593 1.982 61.449 61.449 

Greensand filter backwash to 

drainsump  

- 73.558 1.765 54.727 54.727 

Greensand filter backwash pump - 1300 31.2 967.2  

Ultrafiltration membranes      

UF feed pump 1 - 381 9.144 283.464 259.635 

UF feed pump 2 - 381 9.144 283.464 259.635 

UF feed pump 3 - 381 9.144 283.464 259.635 

UF feed pump 4 - 125 3 93 85.182 

Flow to UF membranes - 1268 30.432 943.392 864.088 

UF product to filter water tank - 1154.157 27.700 858.693 864.088 

Backwash water from filter water 

tank 

- 0.061 0.00145 0.0451 0.0451 

Backwash from stage 1 UF to 

drainsump 

- 0.043 0.00104 0.0322 0.0322 

Filter water tank 1 450 1154.157 27.700 858.693 864.056 

Filter water tank 1 overflow to 

drainsump 

- - - - 5.363 

UF backwash pump - 480    

Reverse osmosis membranes      

RO feed pumps (4) - 325 per pump 31.2 967.200 862.006 

RO product:      

Permeate - 845 20.28 628.680 560.304 

Reject - 455 10.92 338.520 301.702 

Permeate flush - 4.514 0.1083 3.358 3.358 

*Overflow 

because 

tank filled 

to capacity 

*Maximum 

capacity 

exceeded 
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The table illustrates the following: 

• A constraint exists at the stage 1 clarified water tank. The tank is only able to 

accommodate 857.366 ML, but 898.492 ML of water flows out of the clarifier. This is the 

reason for the overflow back to the feed ponds. 

• The stage 1 filter water tank has a maximum capacity of 858.693 ML which is exceeded 

as the ultra filtration membranes pump a total of 864.058 ML. The excess amount is 

considered overflow to the drainsump 
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Stage 2  

Description Tank volume 

[m
3
] 

Design flow 

rate[m3/hr] 
Design flow 

rate [ML/month] 
Design flow 

[ML/month] 
Demand flow 

[ML/month] 
Reactor      

Reactor 12A 518 631.657 15.160 469.953 404.723 

Cyclones      

Cyclone feed pumps (3) - 235 per pump 16.920 524.520  

Cyclones - 705 16.920 524.520 404.723 

Cyclones underflow pumps (2) - 50 per pump 2.400 74.400 45.058 

Back to reactor - 99.237 2.382 73.833 45.058 

To gypsum ponds - 0.763 0.018 0.567 0.346 

To clarifier 12A - 772 18.528 574.368 359.319 

Clarifier      

Clarifier 772 772 18.528 574.368 390.206 

Sludge recycle pump (1) - 340 8.160 252.96  

Clarifier output:      

- Clarifier sludge underflow - 208.176 4.996 154.883 30.877 

-Clarifier sludge dump to sludge 

storage tank 2 

- 131.824 3.164 98.077 19.559 

-Balance to stage 2 UF membranes - 381 9.144 283.464 339.755 

Actual clarifier flow to stage 2 UF 

membranes 

- 381 9.144 283.464 216.418 

Clarifier recycle to stage 1 reactors - - - - 123.341 

Ultrafiltration membranes (3)      

UF feed pump 5 - 381 9.144 283.464  

Flow to UF membranes - 381 9.144 283.464 216.418 

UF product to filter water tank 2 - 381 9.144 283.464 216.418 

Backwash water from filter water 

tank 1 to UF 

- 0.0130 0.000311751 0.00966 0.00966 

Backwash from stage 2 UF to 

drainsump 

-   0.00966 0.00966 

Filter water tank 2 150   283.464 216.418 

Filter water tank output:      

-Reverse osmosis feed    193.321 216.418 

Actual reverse osmosis feed    193.321 193.321 

Filter water tank overflow to stage 1 

reactors 

-    23.965 

Reverse osmosis membranes      

RO feed pumps (2) - 130 per pump 6.236 193.321 193.321 

RO product:      

Permeate - 161.101 3.866 119.859 119.859 

Reject to reactor 2 - 49.370 1.185 36.731 36.731 

Reject to reactor 3 - 49.370 1.185 36.731 36.731 

Permeate flush - 1.167 0.028 0.868 0.868 

 

*Because UF 

membranes 

cannot 

accommodate 

this entire 

amount, a 

portion is 

recycled back 

to stage 1 

*Maximum 

capacity 

exceeded 
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The table illustrates the following: (From the table, the following observations/deductions are 

made) 

• A constraint exists at the stage 2 clarifier flow to the ultra filtration membranes, which 

results in the recycle of a portion of this water back to the stage 1 reactors. The total 

recycle amounts to 123.341 ML. As it is a fairly substantial amount, it is worth 

investigating further.  

• The stage 2 reverse osmosis membranes can only process 193.321 ML of the 216.418 

ML pumped by the filter water tank. The difference is sent back to the stage 1 reactors 

as overflow. 
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Stage 3 

Description Tank volume 

[m
3
] 

Design flow 

rate [m3/hr] 
Design flow 

rate [ML/month] 
Design flow 

[ML/month] 
Demand flow 

[ML/month] 
Reactor      

Reactor 12A 63 87.710 2.105 65.256 56.199 

Cyclones      

Cyclone feed pump (1) - 110 2.64 81.84  

Cyclones - 110 2.64 81.84 56.199 

To stage 2 reactor - 25.950 0.623 19.307 13.258 

To stage 3 reactor - 25.950 0.623 19.307 13.258 

To clarifier 13A - 58.100 1.394 43.226 29.683 

Clarifier      

Clarifier 172 172 4.128 127.986 30.513 

Sludge recycle pump (1) - 88 2.112 65.472  

Clarifier output:      

- Clarifier sludge underflow - 14.083 0.338 10.478 0.83 

-Clarifier sludge dump to sludge 

storage tank 2 

- 73.917 1.774 54.994 4.358 

-Balance to stage 3 UF membranes - 28.272 0.679 21.035 25.325 

Actual clarifier flow to stage 3 UF 

membranes 

 28.272 0.679 21.035 21.035 

Clarifier overflow to drainsump - - - - 4.290 

Ultrafiltration membranes (1)      

UF feed pump 6 - 28.272 0.679 21.035  

Flow to UF membranes -   21.035 21.035 

Backwash water from filter water 

tank 1 to UF 

- 0.004 0.000104 0.00322 0.00322 

UF output:      

-Product to filter water tank 3 - 26.030 0.625 19.366 21.035 

Actual amount to filter water tank 3 140 26.030 0.625 19.366 19.366 

Filter water tank overflow to stage 1 

drainsump 

- - - - 1.668 

Reverse osmosis membranes      

RO feed pump (1) - 31.183 0.748 23.200 19.336 

RO product:      

Permeate - 16.066 0.386 11.953 11.186 

Reject to reactor 3 - 12.120 0.291 9.018 6.210 

Reject to brine pond - 2.996 0.072 2.229 2.229 

 

 

 

 

*Because UF 

membranes 

cannot 

accommodate 

this entire 

amount, a 

portion 

overflows to 

drainsump 

 

*Because FWT 

3 cannot 

accommodate 

this entire 

amount, a 

portion 

overflows to 

drainsump 
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The table illustrates the following: 

• The stage 3 ultra filtration membranes are unable to process all of the output from the 

clarifier, resulting in the overflow of a portion of this water back to the drainsump. The 

ultra filtration membranes can only treat 21.035 ML of the clarified water, and an excess 

of 4.290 ML is transported to the drainsump. 

• The stage 1 filter water tank has a maximum capacity of 19.366 ML which is exceeded 

as the ultra filtration membranes pump a total of 21.035 ML. The difference is 

considered overflow to the drainsump and equals 1.668 ML. 
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Sludge, drainsump and potable product calculation 

Description Tank volume 

[m
3
] 

Design flow 

rate [m3/hr] 
Design flow 

rate [ML/month] 
Design flow 

[ML/month] 
Demand  flow 

[ML/month] 
Sludge storage tanks      

Sludge storage tank 1 80 54.024 1.297 40.194 5.627 

Sludge storage tank 2 80 205.741 4.938 153.071 23.917 

Filter press      

Filter press feed pumps (3) - 140 per pump 10.08 312.480  

Filter presses (3) 2.7 140 per pump 10.08 312.480 29.544 

Filter press product:      

-Water lost with sludge cake - 14.021 0.336 10.431 0.986 

Filtrate to drainsump - 405.979 9.744 302.049 28.558 

Drainsump      

Drainsump 200 405.979 9.744 302.049 39.925 

Recycle to stage 1 reactors - 405.979 9.744 302.049 39.925 

Plant drain pumps (3) - 195 14.040 435.24  

Limestone saturator      

Permeate - 1022.167 24.532 760.492 686.813 

Permeate flush - 6.028 0.145 4.485 4.485 

Reservoir feed pumps (2) - 1000 per pump 1 48 1488 

Potable product      

Reservoir 1 inlet 9800  24 744 343.407 

Reservoir 2 inlet 9800  24 744 343.407 

Water distribution      

Municipality (2 feed pumps) - 1000 per pump 48 1488 537.833 

Greenside - 144 3.456 107.136 71.291 

Phola - 65 1.56 48.36 5.115 

SACE - 140 3.36 104.16 72.091 

Cairns - 180 4.32 133.920 12.368 

 

In the areas listed in the table above, it is clear that no system constraints exist. 
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4.4 Chapter conclusion 
 
Based on the results of the analysis, the following points are identified as possible constraint 

areas: 

• Stage 1: Clarified water tank and filter water tank. 

• Stage 2: Ultra filtration membranes and reverse osmosis membranes. 

• Stage 3: Ultra filtration membranes and filter water tank. 

All of the areas listed above cause either overflows or recycles, which need to be addressed. 

However, for the remainder of the project, stage 2 will be investigated further as it contains the 

highest numbers in terms of recycle and overflow.      

The next phase of the project involves the construction of an “As-Is” simulation model in Arena, 

detailing the steps involved in processing water during Stage 2.  
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Chapter 5 

Computer model 
 
A simulation model of the Stage 2 HiPRO process at the Emalahleni Water Reclamation Plant 

was constructed using Rockwell’s Arena software. The main purpose for the construction of the 

model is to enable the user to test and observe the effects that the improvement scenarios will 

have on the process. This will ultimately aid the user in selecting the best improvement 

scenario. 

5.1 Model construction methodology 

 

Figure 3: Model construction methodology 

The first step in conducting the simulation model involved the design of a conceptual model, 

which is presented in Chapter 3 of the document. Following this, relevant plant data was 

collected and verified by means of a plant water balance. This same data is used as input 

parameters for the simulation model. Model construction and testing take place in the third step, 

finally followed by experimentation and analysis - where the proposed improvement scenarios 

will be run and their effects on the simulation model will be observed.         
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5.2 Input parameters 
 

The data presented in the tables below is utilised in the construction of the simulation model. 

First, the inter-arrival times for the various entities are listed in table 7. A brief description of the 

failures which take place, the frequency of their occurrence and failure duration are provided in 

table 8. Table 9 consists of the regulator sets, their associated pumps as well as the capacities 

of each pump. It is assumed that all regulators run on a continuous basis – that is 24 hours a 

day.  

Description Module Time between arrivals [min] 

Cyclones input arrival Create 110.4 per megalitre 

Clarifier input arrival Create 108.6 per megalitre 

Ultrafiltration input arrival Create 206.4 per megalitre 

Filter water tank input arrival Create 206.4 per megalitre 

Reverse osmosis input arrival Create 231 per megalitre 

Table 7: Inter-arrival details 

 

Failure description Frequency [hr] Duration [hr] 

Ultrafiltration membrane cleans 48 0.167 

Reverse osmosis membrane cleans 48 0.167 

Table 8: System Failures 
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Regulator set name Associated regulators Regulator capacity [m3/hr] 

Reactor 12A Stage 1 reject feed into Reactor 12A 405.5 

 Stage 2 reject feed into Reactor 12A 49.37 

 Stage 2 cyclones underflow pump 1 30.513 

 Stage 3 cyclones underflow pump 1 17.82 

Cyclones input Cyclones feed pump 1 181.328 

 Cyclones feed pump 2 181.328 

 Cyclones feed pump 3 181.328 

Clarifier input Clarifier feed pump 1 262.235 

 Clarifier feed pump 2 262.235 

 Clarifier underflow pump 41.515 

Ultrafiltration input Ultrafiltration feed pump 290.884 

Filter water tank input Filter water tank feed pump 1 145.261 

 Filter water tank feed pump 2 145.261 

Reverse osmosis input Reverse osmosis feed pump 1 129.92 

 Reverse osmosis feed pump 2 129.92 

Table 9: Regulator sets 
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5.3 Stage 2 computer model 

5.3.1 Model components  
Since the process of water flow at the plant is characteristic of continuous simulation, Arena’s 

Flow process template is primarily used to construct the model. The simulation model is 

comprised of the following modules from the Flow process template: 

• Tank -The tank module is primarily used to define areas where material is temporarily 

stored within the process, and the maximum capacities of these storage areas. It also 

defines the various devices which add to or remove from the material in the tank, 

including their flow rates. 

• Sensor - Used mainly for monitoring of tank levels, it transmits a signal when the tank is 

either full or at a low level. This signal activates or deactivates the tank’s associated 

regulators in order to execute the filling or emptying process. Thereafter the regulators 

are released. 

• Regulator set - It is often convenient to group certain regulators which serve a common 

purpose. This is achieved by combining these regulators into a set, using the regulator 

set module. 

• Seize regulator - For the flow operation to be initiated, this module is used to seize 

control of the regulators associated with a particular flow. The flow type can either be an 

addition, a removal, or transfer.  

• Flow - Once all of the necessary regulators have been seized, the flow module is used 

to execute the flow process. 

• Release regulator - The module is used for releasing control of a tank’s regulator or 

regulator set, which was previously allocated to an entity via the seize regulator module. 
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Various modules from Arena’s templates such as the Basic process template, advanced 

process template and advanced transfer template are also used for modeling the discrete 

portion of the process. These are: 

Basic process template 

• Create - The create module allows the user to model the arrival of the entity into the 

system. 

• Entity - This is the element of the system being worked on by a specific resource. Here, 

various entity types as well as their initially assigned pictures are defined. 

• Resource - A resource is defined as the constituent of the system which does work on 

the entity, leading to its transformation. 

• Decide - A decision-making point in the system either based on a condition or a 

probability. 

• Assign - This module is used to assign new values to variables, entity types, and entity 

pictures or to entity attributes. 

• Record - The module is used for the collection of model statistics. 

• Dispose - The ending point where an entity exits the system. 

Advanced process template 

• Failure - Failures occur as a result of a temporary unavailability of resources in the 

system. Frequencies and durations of failures are defined in the module. 

Tables 10, 11 and 12 provide a summary of the application of various modules in the model. 
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Module Description 

 

 

 
• Demand for Cyclones input 

• Demand for Cyclones output 

• Demand for Clarifier input 

• Demand for Clarifier output 

• Demand for Ultrafiltration input 

• Demand for Filter water tank input 

• Demand for Filter water tank output 

• Demand for Reverse osmosis input 

• Demand for Reverse osmosis output 

 

 

• Reactor 12A 

• Cyclones 

• Clarifier 12A 

• Ultrafiltration membranes 

• Filter water tank 

• Reverse osmosis membranes 

 

 

 

 

 

• Detect when Reactor 12A full 

• Detect when Reactor 12A empty 

 

 

 

• Reactor 12A input pumps 

• Cyclones input pumps 

• Underflow pump 2 

• Clarifier input pumps 

• Ultrafiltration input pumps 

• Filter water tank input pumps 

• Reverse osmosis input pumps 

 

Table 10: Simulation model building blocks 1 

 

 

 

Create

0      

Tank

Tank Level

   0 . 0 0
Tank Net Rate

   0 . 0 0

Sensor

Regulator
Seize
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Module Description 

 

 

• Flow into Reactor 12A 

• Flow through Cyclones 

• Flow to Gypsum ponds 

• Flow of fines to Clarifier 

• Flow to Ultrafiltration membranes 

• Flow to Filter water tank 

• Flow to Reverse osmosis membranes 

 

 

• Reactor 12A input pumps 

• Cyclones input pumps 

• Underflow pump 2 

• Clarifier input pumps 

• Ultrafiltration input pump 

• Filter water tank input pumps 

• Reverse osmosis input pumps 

 

 

• Fines or dense? 

• Recycle or ultrafiltration? 

• Overflow or reverse osmosis? 

• Permeate or reject? 

• Back to stage 2 or stage 3 reactors? 

 

 

• Fines amount 

• Recycled amount 

• Overflow amount 

• Total permeate 

Table 11: Simulation model building blocks 2 

 

 

Flow

Regulator
Release

Decide
True

False

0      

     0

Record
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Module Description 

 

 

 

Set type 1: 

• Assign to fines 

• Assign to dense 

Set type 2: 

• Assign to recycle 

• Assign to ultrafiltration 

Set type 3: 

• Assign to overflow 

• Assign to reverse osmosis 

Set type 4: 

• Assign to permeate 

• Assign to reject 

 

 

 

• ent Water 

• ent CycloWater 

• ent Fines 

• ent Dense 

• ent ClarifierIn 

• ent ClarifierOut 

• ent UltrafiltrationIn 

• ent UltrafiltrationOut 

• ent Filter 

• ent Reverse OsmosisIn 

• ent Reverse OsmosisOut 

 

 

 

 

• Dispose of all entities entering the 

system 

Table 12: Simulation model building blocks 3 

 

Assign

Dispose

0      
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5.3.2 Simulation model description 
The model constructed in Arena is divided into six process areas. A detailed description of each 

follows. Refer to Appendix B for the complete design of the simulation model in Arena. 

Reactor 12A feed 

Reject water from the stage one reverse osmosis membranes is fed into stage two’s reactor 
12A. Other contributing sources into reactor 12A include the stage two reverse osmosis reject, 
stage two cyclones dense slurry underflow and stage three cyclones dense slurry underflow. 
The water entering reactor 12A is termed ‘ent Water’. 
 
Cyclones feed 

Once water begins flowing out of the reactor, the create module is used to establish a demand 
for reactor 12A output. The cyclones input pumps are then seized, allowing ‘ent CycloWater’ to 
flow into the cyclones. As water passes through the cyclones, dense and fines solid separation 
takes place. Based on the collected data, approximately 89% of water processed through the 
cyclones is transferred as fines to clarifier 12A (‘ent Fines’). Of the 11% remaining dense slurry 
(‘ent Dense’), 99% is transferred back to reactor 12A and the difference flows into the gypsum 
ponds. 
 
Clarifier feed 

Fines which were previously transferred to the clarifier are fed into the ultrafiltration membranes 
(‘ent UltrafiltrationIn’). The ultra filtration membranes only have enough capacity to treat 64% of 
the water leaving the clarifier. Water that cannot be processed is recycled back to the stage 1 
reactors. 
 
Ultrafiltration feed  

The ultrafiltration feed membranes product is fed into the filter water tank (‘ent Filter’). 
 
Filter water tank feed 

Here, the reverse osmosis membranes cannot process all of the water that leaves the filter 
water tank. Using the collected data, it was determined that only 89% of water leaving the filter 
water tank enters the reverse osmosis membranes (‘ent ReverseOsmosisIn’). The remainder 
exits as overflow to the stage 1 reactors. 
 
Reverse osmosis feed 

The stage 2 reverse osmosis membranes are designed such that 62% of all water input leaves 
as permeate and 38% as reject. The permeate flows into the limestone saturator for further 
processing. The reject is fed equally between the stage 2 and stage 3 reactor input feeds. 
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5.3 Model verification and validation 
 
It is vital to ensure that the simulation model performs the function for which it is intended, and 

that the results it generates replicate reality. Thus, verification and validation is an essential 

process for any simulation study. 

The simulation model was run for 31 days, with a length of 24 hours per day. Table 13 lists 

actual plant data obtained from the Plant Water Balance, as well as simulation model data.  

Description Actual data 

[ML/month] 

Simulation data 

[ML/month] 

Deviation [%] 

Reactor product 404.723 419.617 3.68 

Cyclones product 404.723 422.207 4.32 

Clarifier product 390.206 404.49 3.65 

Recycle amount 123.341 127.920 3.71 

Ultrafiltration product 216.418 226.133 4.49 

Overflow amount 23.965 24.981 4.24 

Filter water tank product 193.321 201.152 4.05 

Reverse osmosis product    

Permeate 119.859 124.714 4.19 

Reject 73.462 76.437 3.98 

Table 13: Verification data 

The results show that the values obtained from the simulation model appear to be slightly higher 

than the actual plant data in terms of output. This is attributed to the fact that plant maintenance 

and trips on the reverse osmosis membranes have not been taken into account, due to limited 

information. Therefore it can be concluded that the results are indicative of a model that 

sufficiently represents reality. 
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5.4 Chapter conclusion 
 

In the next chapter, improvement scenarios will be formulated and the appropriate adjustments 

to the model will be made in order to test the success of the scenarios. 
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Chapter 6 

Experimentation and analysis 
 

The last phase of the project, experimentation and analysis, involves the formulation and testing 

of the improvement scenarios in the simulation model. Thereafter, the scenarios will be 

evaluated based on results obtained, and the best scenario will be selected. 

6.1 Improvement scenarios formulation 

Scenario 1 
The first scenario which will be tested in the simulation model involves placing a buffer tank 

between the clarifier and ultrafiltration membranes, so that each time the ultrafiltration 

membranes have reached instantaneous capacity, the clarifier output will be redirected to the 

buffer tank instead of being recycled to stage 1. 

To treat this water, when the buffer tank reaches capacity, all flow pumps including the stage 2 

clarifier output pumps will be temporarily stopped at set intervals. This will allow for the 

treatment of buffer tank water via the ultrafiltration membranes. The flow rate out of the filter 

water tank will also have to be increased. Thus more pumps will be added.                           

Based on calculations and assumptions, the following were listed as specifications regarding the 

design of scenario 1: 

• The buffer tank is designed to store 4 ML of water a day, or 166 m3/hr. All tanks on the 

plant are filled to 90% of their maximum capacity. Therefore, the maximum capacity of 

the buffer tank is designed to store 188 m3. 

• Each ultrafiltration membrane treats 55m3 of water over a day, or 2.3 m3 on an hourly 

basis. To treat 4 ML per day, 73 of the 126 membranes would have to be allocated to 

the buffer water. This means only 53 membranes would remain for the treatment of 

normal clarifier output, which is equivalent to treating only 2.936 ML of normal clarifier 

output a day. 

• The buffer tank is expected to reach capacity once in an hour. When this occurs, flow 

pumps are stopped for duration of 35 minutes, to drain the buffer tank and to prevent the 

clarifier from overflowing. Thereafter, all flow processes resume normally. 
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Using this input data, the model was run and the results below were outputted: 

Description Simulation data [ML/month] 

Recycle amount   3.57 

Ultrafiltration product   214.551 

Overflow amount   13.984 

Filter water tank product   200.567 

Reverse osmosis product  

Reverse osmosis permeate   124.438 

Reverse osmosis reject   76.129 

Table 14: Simulation output - Scenario 1 
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Scenario 2 
To aid in resolving the problem of recycle water, it is proposed that extra ultrafiltration 

membranes be installed in stage 2. The quantity of recycled water amounts to 123.341 ML a 

month, or approximately 4 ML per day. Currently, only 3 ultrafiltration skids are installed in stage 

2 of the HiPRO process, with each skid containing 42 membrane vessels. 

On a monthly basis, each ultrafiltration membrane vessel is designed to treat approximately 

1.72 ML, or 55 m3 per day. If additional ultrafiltration membranes were to be installed for the 

treatment of 123.341 ML, 72 more membrane vessels would be required for the treatment of 

recycle water. 

This scenario was tested in the simulation model, and yielded the following results: 

Description Simulation data [ML/month] 

Recycle amount   5.16 

Ultrafiltration product   339.178 

Overflow amount   137.873 

Filter water tank product   201.305 

Reverse osmosis product  

Reverse osmosis permeate   124.438 

Reverse osmosis reject   76.129 

Table 15: Simulation output - Scenario 2 
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Scenario 3 
Based on the results of scenario 2, it is evident that if additional ultrafiltration membranes alone 

are to be installed, the biggest system constraint then becomes the filter water tank overflow to 

the stage 1 reactors. Throughput improvement, expressed as reverse osmosis permeate in the 

table, has also not been achieved. 

To counter this new problem, together with more ultrafiltration membranes, an increased 

amount of reverse osmosis membrane vessels and a third reverse osmosis feed pump are 

added to the design of Stage 2. Presently, there are 2 reverse osmosis skids installed in stage 2 

of the HiPRO process, with each skid containing 30 membrane vessels. 

On a monthly basis, each reverse osmosis membrane vessel is designed to treat approximately 

3.2 ML, or 104 m3 per day. If additional reverse osmosis membranes were to be installed for the 

treatment of 137.873 ML, 43 more membrane vessels would have to be added to the design, 

along with an additional feed pump having a flow rate of 182 m3/hr. 

The following table provides the results of scenario 3: 

Description Simulation data [ML/month] 

Recycle amount   5.16 

Ultrafiltration product   339.178 

Overflow amount   2.17 

Filter water tank product   337.008 

Reverse osmosis product  

Reverse osmosis permeate   208.945 

Reverse osmosis reject   128.063 

Table 16: Simulation output - Scenario 3 

The results indicate that this improvement scenario reduces both the clarifier recycle and the 

filter water tank overflow amount. This is because the greater the number of ultrafiltration and 

reverse osmosis membranes available, and the greater the flow rate of water out of the filter 

water tank the larger the amount of water that can be treated at a time. The design of scenario 

two has lead to the overall improvement in the amount of permeate water, and thus throughput 

improvement has in fact been accomplished.  
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6.2 Improvement evaluation 

6.2.1 Financial implications of improvement scenarios 
An estimate of the costs involved in the implementation of the proposed scenarios is presented 

in table 17. Only total values are given, which is comprised of all the separate cost components. 

Cost details were obtained from figures provided by the plant. In the case of scenario 1, cost 

details were not available at the plant. Therefore figures based on current market price were 

used. 

Description Cost components Total cost [R] 

Current scenario Chemical costs for the 

retreatment of recycle and 

overflow water. Chemicals 

include lime, sulphuric acid 

and the addition of a 

polymer. 

154 564 355.80 

Scenario 1 Addition of a buffer tank, as 

well as input and output 

buffer tank pumps. 

567 452.43 

 

Scenario 2 Purchasing and installation 

of ultrafiltration membrane 

vessels and additional feed 

pumps. 

2 256 076.79 

 

Scenario 3 Purchasing and installation 

of ultrafiltration membrane 

vessels, reverse osmosis 

membrane vessels and 

additional feed pumps. 

4 116 618.09 

Table 17: Implementation costs 

The current scenario is clearly the most costly to maintain. Scenario three’s implementation 

costs are slightly above those of the second scenario, which can be attributed to the additional 

reverse osmosis membrane elements as well as the reverse osmosis feed pumps. Although 

costs are higher, the results of scenario three are more favourable than the second scenario’s 

results. Scenario one appears to be the most economical option, but at a reduced performance 

in comparison to scenario three. 
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6.2.2 Scenario evaluation matrix 
The evaluation matrix is used for comparison purposes, to arrive at the best improvement 

scenario alternative. The scenarios are compared against each other with regards to three 

perspectives. These are: 

• Implementation cost - The sum of all costs involved in carrying out the changes as 

proposed in the scenario description. 

• Ease of implementation - This criterion explores the extent to which the changes can be 

carried out, without impacting negatively on the rest of the process, and whether the 

proposed changes are realistic. 

• Performance – The degree to which the new design is able to resolve the problem being 

experienced with the recycle and overflow. This will be determined using figures attained 

from the simulation model output. 

  Evaluation criteria  

Description Implementation cost Ease of implementation   Performance 

Current scenario 1 3 1 

Scenario 1 4 1 2 

Scenario 2 2 3 2 

Scenario 3 2 3 4 

Table 18: Scenario alternatives evaluation matrix 

A minimum of one and a maximum of four may be allocated to each scenario evaluation area. 

The more adequate a scenario is in terms of the evaluation criterion, the more stars allocated to 

it. 

Based on the evaluation, it is apparent that the most suitable alternative is scenario three. The 

reasons for selecting scenario two include: 

• According to the simulation model results, scenario three yields the best results with 

respect to a reduced amount of recycle and overflow water. It also accomplishes a 

significant amount of throughput increase.  

• Although the implementation costs are substantial, they are still fall below the costs 

involved in the retreatment process of the current scenario, which further supports the 

decision of scenario three. 

• Scenario two reduces recycle water, but adds to the overflow and therefore proves to be 

ineffective in resolving the problem. The third scenario does achieve a significant 

improvement as compared to scenario two, at a higher cost. Although scenario one is 
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also very effective in reducing the amount of recycle and is the most cost- effective 

alternative, it does not increase the plant’s throughput amount. Further, the process of 

stopping normal plant activities in order to treat the buffer tank contents produces many 

system complications.  
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6.3 Conclusion and recommendations  
 

The aim of the project was to propose a method by which throughput improvement at the plant 

could be achieved. This was addressed by identifying areas of the process in which constraints 

exist. The Theory of Constraints analysis (Chapter 4) indicated that the biggest constraint to the 

system exists between stage two’s clarifier and ultrafiltration membranes. Owing to the fact that 

the membranes cannot treat the entire clarifier output amount, a portion of this output is 

redirected to the stage 1 reactors as recycle. This results in the unnecessary retreatment of 

water. Based on the constraints, improvement scenarios were put forth and tested in the model. 

For scenario one a buffer tank, with its respective input and output pumps, was put in place 

between the clarifier and the ultrafiltration membranes. The purpose of this was for the 

temporary storage of water that would otherwise have been recycled. This scenario involved 

turning off the various input and output pumps at set intervals in order to treat buffer tank water. 

Although it proved to be fairly successful in addressing the system constraints, throughput was 

not improved, largely due to the fact that the amount of clarifier product had been reduced.  

In scenario two, additional ultrafiltration membrane vessels were added to the design of the 

simulation model. This served to address the problem being experienced with recycle water. 

However, the amount of reverse osmosis membranes currently in place proved to be 

inadequate in processing all of the water, leading to the appearance of a larger constraint, this 

time being the overflow water. Furthermore, throughput improvement was not accomplished.                                      

Scenario three proposed that, along with additional ultrafiltration membranes, more reverse 

osmosis membranes be added to the design. Also, supplementary input and output pumps 

would be required for the filter water tank, in order to transport the increased amount of water 

received from the ultrafiltration membranes, thus preventing the tank from overflowing.                 

Having analysed all three scenarios, output data attained from the simulation model supports 

scenario two as the best improvement alternative. This scenario is able to effectively treat the 

recycle and overflow amounts, and improve the plant throughput in the form of permeate water. 

This scenario will be presented to the plant Management team. They will be responsible for the 

implementation plan as they contain more expertise regarding plant dynamics.    

In conclusion, if process improvement can be achieved the primary benefit that stands to be 

realised is an improved capability of the plant to meet water demands. This will in turn benefit 

the municipality by easing their load with respect to water demands. The management team will 

also have a greater understanding of the functioning of the HiPRO process, leading to better 

control and an overall enhancement of the entire process. 
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Appendix A: Overall Water Reclamation Project 

Concept 
 

 

 

Figure 4: Overall water reclamation project concept 
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Appendix B: Simulation model in Arena 
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Figure 6: Cyclones 
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Figure 9: Filter water tank 
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Figure 10: Reverse osmosis



MG Steele                                                   27181112 Page 63 

 

 


	Cover page2
	Final document

