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CHAPTER ONE 

 

 

INTRODUCTION 

 

In this chapter, background information to the metal finishing industry and cleaner 

production is detailed (Section 1.1). In section 1.2 and 1.3 current methodologies 

employed in conducting cleaner production evaluations is discussed with a focus on the 

application of cleaner production evaluation tools in South Africa. Section 1.4 highlights 

the need for an alternate tool for cleaner production evaluation for the metal finishing 

industry. Section 1.5 details the objectives and approach of this study. The approach is 

discussed with reference to the different chapters in this thesis.                                                                                       

 

 

1.1. Introduction 

 

The services provided by the metal finishing industry range from basic metal plating 

to more advanced non metallic plating and pulse plating. The metal finishing industry 

supplies a variety of products for various industrial/domestic sectors including the motor, 

clothing, building, aviation, electronic and military. Metal finishing processes entails 

preserving the usable lifespan of a metal component by the application of a surface coating. 

These coatings include nickel, chrome, cadmium, zinc etc. The process of metal deposition 

entails the use of various raw materials including toxic chemicals, heavy metals and large 

amounts of water. The process results in the generation of large amounts of toxic waste 

products, which has proven to be difficult to dispose off safely. 

 

The generation of toxic waste that is potentially harmful to humans is typical of most 

industrial processes, including the metal finishing industry. The metal finishing industry, 

however is regarded as one of the most polluting industries worldwide.
1-3

 Metal finishing 

processes continuously generates huge amounts of hazardous or toxic waste which range 

from volatile organics, acid/alkali fumes, wastewater containing metal/cyanide, sludge with 

high metal contents, oil/grease, paint residue etc. Most important to the profitability of the 

company is the fact that waste generated implies profit losses. This is mainly due to poor 

plant operations, which result in the wastage of raw materials. This waste material has to then 
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be treated at the wastewater treatment plant, resulting in further costs. It can be stated that the 

most effective means of dealing with waste is by curbing the production of waste. 

 

1.1.1. Introduction to metal finishing 

 

The metal finishing process entails the preparation or cleaning of the metal surface 

followed by the deposition process. The cleaning process is conducted in two phases. The 

first is the oil removal by degreasing, followed by the acid cleaning process and electro-

deposition. The degreaser is usually caustic based and is disposed off, once the oil content 

makes the solution ineffective. The acid is either sulfuric or hydrochloric acid which is 

disposed off once the metal content renders it ineffective. The plating tank consists of a metal 

in solution. The plating tank chemicals are designed to last for extended periods provided the 

process is managed effectively i.e. no contamination occurs. The component to be plated is 

rinsed with water between each of the above processes. The wastewater is sent to a central 

waste treatment facility where pH adjustment, cyanide and chrome treatment is conducted. 

 

 The main source of waste from the metal finishing industry is drag-out (the liquid 

trapped on the surface of a component as it emerges from a tank) and disposal of spent 

process baths. In order to comply with effluent discharge regulations, the metal finishing 

industries response was initially the development of end-of-pipe technologies, which 

generated toxic sludge requiring careful disposal.
4
 This process encouraged the construction 

of large treatment plants with high running costs. End of pipe treatments also encourage 

inline losses. The ideal would be to reduce this waste generated at source. 

 

The alternate was to dilute the waste to such a degree that discharge limits to 

municipal sewers were met. This solution has demanded the use of excessive amounts of 

water resulting in further costs and wastage of water. A cost effective solution to the waste 

problem needed to be sourced. 

  

International trends are to minimize the production of waste at source so as to reduce 

the environmental risk. The philosophy of what cannot be measured cannot be optimized 

leads to the quantification of raw material usage by some kind of evaluation system. 
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According to the United Nations Environment Program, Cleaner Production (CP) is 

defined as “the continuous application of an integrated preventive environmental strategy to 

processes, products and services, so as to reduce the risks to humans and the environment”.
7
   

 

Internationally, the application of cleaner production systems in metal finishing has 

resulted in significant reductions on the demand for natural resources. These resources 

include water, energy and raw materials. Cleaner production applications have also resulted 

in significant reductions in the release of toxic waste into the environment. 

 

1.2.      Cleaner production in South Africa 

 

Janisch
5
 conducted a survey of the South African metal finishing industry in 2000. 

The results regarding metal finishing process types indicated that the processes in South 

Africa are similar to those in other countries.
5
 electro-platers makes up the largest group 

(40%) in terms of total number of firms.  Other significant sectors are anodising and 

galvanizing, though they are much smaller in number (<10%).  Zinc, nickel, copper and hard-

chrome metal finishing appear to be the most common types at 25, 21, 16 and 13% 

respectively.
5 

 

 In South Africa, and in the other countries investigated by Janisch, over 90% of the 

metal finishing shops are SMEs, and the majority has less than 50 employees.  Of these, 20% 

have <10 employees and 60% have <50 employees.  Results indicated that there were a 

greater number of independent metal finishers than in-house metal finishers; however, the 

difference is not large. From this study it was concluded that metal finishers impact 

significantly on the economy as well as on the environment. It was also concluded that due to 

the size of the metal finishing companies financial constraints were a priority in 

implementation of waste reduction systems
5
. The study also reflected the limited resources 

available to conduct tasks not directly linked to production.  

 

The metal finishing community in Durban, South Africa has benefited from two 

significant efforts to reduce the impact of metal finishing waste on the environment. The first 

mission was conducted by Barclay
6
, from 1998 to 2001, the second by DANIDA

1 
from 2000 

to 2003.  
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Barclay recorded a total cost saving of over two million Rand. Water savings were 

more than a quarter of a million Rand and process chemical savings were in excess of one 

million Rand.  Senior students conducted this project. They were employed to conduct 

cleaner production assessments over a period of six weeks at participating companies. 

 

The second effort by DANIDA resulted in similar reductions on raw material 

demands. The overall impact was measured by noting an 86% reduction of metal load to the 

Umbilo municipal treatment facility.
1
 This facility receives waste from a large percentage of 

electroplaters in the greater Durban area. 

 

These cleaner production initiatives required audits to be carried out at the companies 

under consideration. The focus of the audits was to quantify operations by measuring 

chemical and water usages.  The auditing methodology was considered to be the key to CP 

implementation.  

 

1.3. Cleaner production auditing 

 

A critical step towards CP is environmental impact assessment, which requires an 

evaluation of process operation and management in a systematic way so that specific needs 

for improving operational efficiency and waste reduction can be indentified.
9,7

 Industrial 

practice has shown that the metal finishing industry has been the subject of many types of 

environmental auditing, ranging from a simple half-hour questionnaire survey to a 

sophisticated month-long detailed study.
10-11

   

 

Local municipalities usually require a simple audit for monitoring general 

compliance for environmental permits in plating companies, while a detailed CP audit may 

need much more detailed information on chemical, water, energy consumption, along with 

operational statistics.  The detailed studies are performed to compare the company’s 

operations to some best-known practice. 

 

A detailed environmental evaluation always requires the company under 

consideration to make available the required data. This data must be accurate and in an 

acceptable format. Due to various limitations, this data is usually difficult for most small or 

medium-sized plating companies to provide. With limited data, only highly skillful auditors 
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may be able to extract valuable information about plant environmental performance and 

conduct an adequate evaluation. 

 

Figure 1.1 depicts a typical metal finishing process, where major process operations 

(cleaning, rinsing, and plating), process inputs (metal parts, water, chemicals, and electricity) 

and outputs (plated parts and waste) are detailed.  In a stepwise operation, the parts in barrel 

or on rack are cleaned in alkaline and acidic solutions before plating.  After each step of 

cleaning or plating, parts are rinsed in a rinse system that may contain one or more rinse 

units.  In the plating unit, metal coating is developed on the surface of parts.  The plated parts 

undergo post processing before leaving the line. 

 

Figure 1.1: Illustration of the general plant inputs and outputs  
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Two main considerations usually drive the application of any improvements at any 

company; these are profitability and environmental impact. The prioritizing of these two 

drivers depends on the culture of the company concerned.  

 

For the development of cleaner production options it would be ideal to incorporate 

the financial and environmental benefits to the company. It would thus be ideal if the cleaner 

production evaluation system would quantify the potential savings and reduced 

environmental impact. The Danish CP evaluation system was successful in conducting such 

CP evaluations in the metal finishing industry. 

 

1.3.1.  Application of the Danish tool in South Africa 

 

The Danish tool for CP in the metal finishing industry was applied to various metal 

finishing companies in South Africa. Due to the comprehensive approach the application of 

the CP tool enjoyed significant success.  

 

The application of the Danish CP evaluation process was in three stages. The CP 

evaluation process, for each stage, required data gathering at the plant and analysis and 

reporting offsite. The three stages are described in Table1.1. 

 

Table 1.1: Danish system of CP evaluation for metal finishers 

Stage Time 

requirements 

(Data gathering) 

Time 

requirements  

(Reporting) 

Description 

1: Walkthrough 1 Day 1 Day A walkthrough details a basic qualitative overview of 

the plant. The walkthrough report highlights areas of 

potential improvements as seen by an expert in cleaner 

production.  

2: Review 3-5 Days 2-6 Days The review entailed a detailed quantitative analysis of 

the operations at a company. Detailed consumption and 

operations is quantified and entered into a spreadsheet. 

The report highlights over consumptions and non ideal 

operational practices.  

3: Feasibility 3-5 Days 2-6 Days The feasibility study aimed at providing the company 
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with details on process modifications for near zero 

waste(CP). The feasibility details a new plant layout and 

operations plan that determines chemical and utility 

consumption for an equivalent ideal process. The 

potential savings/environmental impacts as compared to 

current operations are detailed.  

 

The findings of each stage were presented to companies in the form of reports. 

Companies were then required to make a decision on plant modifications based on the 

feasibility report.     

 

1.4. Cleaner production limitations  

 

The success of CP implementation depends on various factors such as data 

availability, skills, etc. From the final report by Barclay
6 

 and Koefoed,
1
 it was stated that 

success for both these cleaner production initiative was limited by the availability of data.
6,1

 

Thus the application of cleaner production could have enjoyed greater success had the barrier 

of rigid data requirements been overcome. 

 

The evaluation of environmental cleanness of a metal finishing facility, as compared 

to the best available practice, has been a challenge, particularly in small or mid-sized plants.  

This is mainly due to the fact that, at these facilities, precise and comprehensive plant data is 

always difficult to obtain. In order to overcome the above constraints a new cleaner 

production evaluation system must be designed to meet the needs of the diverse plating 

industry. A key requirement for application of cleaner production evaluation systems is 

reductions in rigid data requirements. The CP evaluation system should still be specific 

enough to outline potential savings and environmental impact. These need to be strongly 

justified so as to persuade the company to change to environmentally friendly options. 

 

To alleviate the data-scarce and lack-of-skill related problems in environmental 

performance evaluation for cleaner production, a system that requires minimum data for 

decision analysis would be ideal. The approach should be general and thus suitable for any 

type of environmental cleanness problems in the metal finishing industry. Applications of 



 1-8 

effective pollution prevention strategies in plants have been considered urgent and continuous 

effort is required for effective cleaner production.
7,8

   

 

 1.5.  Study objectives and approach 

 

The aim of this study was to develop a modified tool for CP assessment for the metal 

finishing industry. The main focus of this tool would be to potentially replace current CP 

evaluations systems that have been found to be effective but limited. These limitations 

include; the need for rigid data, time and high skills levels. The proposed system has to 

provide outputs that can be described as equivalent as or better than current CP evaluation 

systems.  

 

Figure 1.2: Diagram representing research objectives 
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The aim of the research proposed in this thesis, as illustrated in Figure 1.2, is to 

replace the current three-stage process, walkthrough-review-feasibility, with an alternate CP 

tool. The alternate tool would require significantly less data but allow the company, under 

consideration, to have the same level of information for CP decision-making. 

  

This study can be divided into two main categories. Firstly there is the fuzzy logic 

component, which develops a fuzzy logic strategy for plant evaluation. The second 

component of this study can be described as the formulation component. This consists of 

models that were developed specifically for predictions of savings and optimization of 

individual process. 

 

This thesis commences, in Chapter 1, with an introduction to metal finishing and 

cleaner production. Chapter 1 also outlines the problem associated with cleaner production 

evaluation in metal finishing.  

 

The literature search in Chapter 2 includes; a detailed status of the metal finishing 

industry, the need for CP in metal finishing and highlights the challenges of conducting CP 

evaluations in the metal finishing sector. This literature search also details fuzzy logic and 

fuzzy logic application. Chapter 2 is by no means comprehensive enough to cover the 

individual model literature reviews. The literature review is thus extended to each chapter, as 

appropriate literature reviews are required for each of the technical aspects being addressed in 

that chapter.  

 

Chapter 3 details the background work conducted for the development of this study. 

This includes an analysis of the CP tool used, together with the development of a database of 

companies audited, using existing auditing techniques. The sensitivity of the chosen model to 

non-rigid data is also evaluated in Chapter 3. 

 

Chapter 4 covers the formulation and application of the fuzzy logic evaluation model. 

The model is based on fuzzy multi decision analysis. The outputs from the model are 

compared to outputs from the database of companies. The chapter also details the process of 

ensuring equivalent results between previous and the proposed CP tools.  
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Chapters 5,6,7 details the formulations of models for the acid, degreaser and zinc 

processes. These models were developed from pilot scale trials. The models details 

multivariable predictions on process operations. Each chapter details Mat Lab simulation of  

models specific to that chapter. 

 

Chapter 5 details the development of a mathematical model for quantification of acid 

consumption at a metal finishing facility. The application of the acid model is key to the 

quantitative component of this study. The surface area generated in this chapter is used in 

Chapter 6 and 7. Chapter 5 details the application of factorial experimental design for model 

development. 

 

Chapter 6 and 7 details the degreaser and zinc plating models. These models are used 

for the quantification of chemical and water consumptions in their respective areas of the 

plant.  The details of the application of factorial experimentation for these model 

developments are detailed. 

 

Chapter 8 describes a case study on the application of the proposed CP tool as 

compared to previous CP evaluation tools. The limitations and advantages of the proposed 

system are illustrated together with tables of comparative inputs and outputs.  

 

The thesis conclusion, discussion and future work is detailed in Chapter 9.   

 

A detailed list of publications, the relevant appendices and a compact disk is attached 

at the end of this thesis. Model simulation can be described as a pillar to the development of 

this study. The relevant simulations are found on the attached compact disc as referenced in 

the difference chapters. 

 

In order to develop an effective model, expert practical knowledge had to be gained. 

This was achieved by evaluating twenty-five metal finishing companies, see attached 

compact disc. This database of information is also summarized and appended in a database 

format.  
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CHAPTER TWO 

 

 

LITERATURE REVIEW FOR CLEANER PRODUCTION AND 

FUZZY APPLICATIONS 

 

The aim of this chapter is to review literature on current developments in the different 

areas under consideration in this study. These include work on cleaner production, 

metal finishing and artificial intelligence. Important components of the literature 

include the need for CP in metal finishing; section 2.4.1 and the use of tools as quick 

indicators, section 2.6.  The literature review culminates with examples of the 

application of artificial intelligence for other industrial application, section 2.9.1.  

 

 

2.1. Introduction  

 

This thesis aims at introducing a hybrid tool for CP evaluation of metal finishing 

processes. The tool comprises of an artificial intelligence and a mathematic model for cleaner 

production evaluation. This thesis proposes development of these models so as to present a 

CP tool that would be effective, efficient and accurate in conducting cleaner production 

audits. With this consideration in mind, the literature reviewed in this chapter can be 

described as diverse.  

 

It must be noted that the literature search for this thesis extends beyond this chapter. 

This chapter focuses mainly on literature on different CP evaluation systems, available 

internationally, to conduct cleaner production audits at metal finishing facilities. The 

literature in this chapter also contains details on metal finishing, cleaner production in metal 

finishing, cleaner production tools, CP audits and fuzzy logic. Further literature, relevant to 

each chapter, is found at the beginning of each chapter. 
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2.2. Introduction- metal finishing 

 

The metal component to be plated has undergone various processes to convert it into 

a high value product. This entails the use of any combination of the following processes; 

cutting, molding, machining, etc. These processes are employed to convert the metal into a 

usable component. A protective coating would then extend the component’s usable life, 

ensuring a cost effective product with an extended life. Metal finishing is the process of 

adding on this protective coating. 

   

The metal finishing process can be separated into two phases. The first phase entails 

the preparation or cleaning of the metal surface. This is followed by the deposition of a 

protective coating. The cleaning process starts with removal of oil by degreasing, followed by 

the acid cleaning. The degreaser is usually caustic based with a caustic strength of              

60-120 g/ l. The degreaser is disposed off once the oil content makes the solution 

ineffective. The acid is either sulphuric or hydrochloric acid operating at between 60-120 g/ 

l. The acid is disposed off once the metal content renders it ineffective. The plating process 

is usually the electro deposition of a metal onto the component. The plating tank comprises of 

various chemicals that aid in the plating process. The plating tank chemicals are designed to 

last for extended periods of time, with some purification process. See Figure 2.1 for a typical 

flow sheet of a plating process. 

 

After each process step above, the process chemicals are washed off the components 

by rinsing. This is achieved by dipping the components in a water rinse tank after each of the 

process chemical tank. The rinse tanks are either static or running rinses, depending on the 

process requirements. The flow of components to be plated is as indicated in Figure 2.1.  
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Figure 2.1: A typical operations flow for a plating process. 

 

 

 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pickling 

Degreasing 

Metal Parts Enter 

 

Plating 

Passivation

n 

Rinsing 

 

Spent electro-

cleaner 

Spent Acid 

Water 

Waste 

Water 

Treatment 

Plant 

 Spent 

Plating 

Solution 

 

  

 

Rinsing 

Rinsing 

 

Drag-out 

Drag-out 

Drag-out 

Finished 

Product Exits 

 Spent 

Passivate 

 

  

Evaporation 

 

2.3.  Cleaner production 

 

The chemical industry has traditionally been responsible for meeting market demands 

for various products. These demands have been continually growing and hence production 

processes are turning out an ever-increasing volume of products.
1,2,3

  The environmental 
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impact is usually significant 
4,5,6,7

 and monetary costs, for the purpose of cleaning up of 

industrial waste, are high.  

 

In some instances cleaning up is not possible and the resultant environmental impact 

is an ugly permanent feature.
8,9,10,11

 The hazards of these chemicals cannot be underestimated. 

It would thus make sense to reduce the amount of waste generated during production.  

 

The concept of cleaner production is gaining recognition world wide as a means to 

reduce waste whilst improving cost effectiveness. The United Nations Environment 

Program
12

 defines cleaner production as ―the continuous application of an integrated 

preventive environmental strategy to processes, products and services, so as to reduce the 

risks to humans and the environment‖.   

 

The concept of cleaner production aims at addressing the needs of production whilst 

reducing the demand on resources. This is achieved by process improvements, which results 

in improved production efficiencies. The key focus of cleaner production is improved basic 

operations; this translates into low cost improvements such as improved housekeeping. These 

improvements usually imply small/negligible pay back periods. Various studies have 

indicated that up to 50% of potential cleaner production savings are achieved by improved 

housekeeping.
13,14,15

 The areas of concern for the application of cleaner production are
14,16,13

: 

 

 Housekeeping: Improved organization implies reduced wastage and lower 

potential risks. 

 Recycling/reuse: All raw materials (water, chemical, energy) must be optimiumly 

used. 

 Process optimization: Improved process operating efficiencies 

 Product quality: Improved processes result in a better quality product with lower 

rejects. 

 Chemical substitution: Replacement of toxic chemicals with lower risk chemicals 

 

These can be described as the general areas that are addressed within a production facility.  
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2.4.  A review of cleaner production applications  

 

The Journal of Cleaner Production published various case studies on successful 

application of cleaner production initiatives. Among these was a paper on the Cleaner 

production in the food
17

 and drink industry. In these projects a total of £1.1m was realized in 

annual savings. This was spread over 13 companies in the East Anglican Cleaner production 

project. Direct savings of £1.1 million exceeded the project investment of £412,000 plus the 

£335,000 invested by companies in cleaner technologies. The 13 food and drink companies 

reduced annual raw materials and solid waste by 1400 tons. The study also resulted in 

reductions of CO2-emissions by 670 tons together with a reduction in water use by 70,000 m
3
. 

The average payback period was 2.3 months. 

 

Cagno
18

 conducted a comprehensive study on the impact of cleaner production across 

a broad range of industries. Table 2.1 shows the significant impact of cleaner production 

across a broad range of industries from petrochemical to surface finishing. 

 

Table 2.1. Total savings in operating costs generated by P2 projects (k€/year; 118 cases; 

exchange rate: 0.92 €/US$)
18 

 

 

 

The survey was a result of cleaner production initiatives over a period of 11 years and 

some 134 companies. From Table 2.1, it can be seen that the metal finishing sector benefited 
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significantly from this investigation. It indicates the potential direct saving as a result of 

cleaner production.  

 

The mining industry has also successfully implemented cleaner production, Hilson
19

 

conducted a detailed investigation on cleaner production and its impact in Canadian and 

United States mines. This showed significant impacts of cleaner production initiatives. These 

studies showed significant reductions in air emissions in Canada e.g. in a group sampled, for 

a two year period between 1996 to 1997, a 17 % reduction in air emission was noted. In other 

cases between 1993 and 1997, heavy metal release was reduced from 4753 to 2585 tons / 

year. 

 

The paper industry has also achieved major success in cleaner production application. 

Ghaleb
20

 is a detailed paper on savings achieved in the paper industry. The estimated 

expenditure was $210 000 and the potential savings in raw materials $450 000/pa.  

 

2.5.  The need for cleaner production in metal finishing  

 

The surface finishing industry consumes a range of chemicals that are considered 

harsh to the environment. These chemicals don’t always end up on the surface of the product. 

This implies that there is wastage of these toxic chemicals into the environment
21,22

. The 

waste from a metal finishing facility contains acids, alkalis, cyanide
23

, hexavalent chrome, 

nickel and a range of other metals and toxic chemicals. In some instances these chemicals are 

treated and disposed of via wastewater treatment facilities to municipalities
24

 or they are 

removed to landfill sites. With either option these chemicals are wasted and end up in our 

natural environment. This could be prevented if the chemicals were optimally used. The 

generation of waste chemicals implies further treatment with the use of treatment chemicals. 

This results in a double cost to the company.
 

 

Poor process operations contribute to the wastage of chemicals. This results in the 

generation of waste, contributing to waste release into the environment. Water usage 

increases with poor process operations such as short drag-out times.  

 

The net result of operating a plant without the application of cleaner production
13,12

 is 

the loss of toxic chemicals, higher financial implications, a higher risk environment for staff, 
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reduced product quality and avoidable environmental releases. The application of cleaner 

production principles to metal finishing processes can reduce or eliminate these factors. 

 

2.5.1.  Application of cleaner production in metal finishing 

 

The application of cleaner production systems to the surface finishing industry can be 

elaborated upon under the general cleaner production areas listed above (Section 2.3).  

 

2.5.2.  Improved housekeeping 

 

Good housekeeping implies the practice of minimizing raw material losses and thus 

preventing unnecessary waste generation. Good housekeeping also implies improved 

operating environments and reduced accident potential. 

 

For the metal finishing industry good housekeeping includes
12

: 

 

 Segregation waste – Mixing of waste results in excess waste treatment chemical 

usage 

 Monitoring of usage of dosing chemicals- This would ensure optimum dosing 

 Production based on surface area measurement- Plant production needs to be 

determined by surface area as compared to mass of components.  

 Lengthen drip times- Reduces the losses of process chemicals by allowing for 

longer drip-off times above the tanks. 

 Position pieces so as to optimize dripping- Optimum liquid run off can be 

facilitated by ensuring components are hung properly. 

 Ensure adequate training of staff- This ensures awareness on all operations and 

need for operating efficiently. 

 Optimum temperature regulation- Prevent excessive vaporization of chemicals 

and ensure optimum chemical efficiency. 
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2.5.3.  Chemical/water reuse/recycle/recovery 

 

Wastewater that is used in the process is usually treated before being released 

into municipal waste collection systems. The reuse of chemicals and water 

include the following considerations
25,26

: 

 

 Usage of low flow counter-current rinses throughout the plant. This implies that 

the process liquid that has been dragged out can be recovered through the rinse 

system, see Figure 2.2. 

 The acid/ degreaser can be stored and used as dosage chemicals for the 

wastewater treatment facility. 

 The rinse water from the acid system can be re-used as a reactive rinse in the 

degreaser section 

 

 

Figure 2.2: Illustration of low flow counter current rinse 
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 Optimum bath chemistry ensures anode and cathode efficiency are  

 maintained as per supplier specifications.  

 Optimum mixing and dilution of rinse water by agitation, inlet/outlet  

 location and prevention of back mixing. This ensures the components are 

effectively cleaned in the rinse tanks. 

 Maintaining optimum chemical concentrations for all processes would  

 ensure product quality and production efficiency. 

 Optimum measurement and dosing of wastewater ensure optimum  

 chemical usage and reduces the risk of fines due to irregular releases. 

 Regulation of water flow into process ensures minimum water usage 

 Optimum process tank temperatures ensure efficient cleaning/plating  

 whilst maintaining sufficient evaporation for closed circuit operations.  

 

2.5.5.  Optimum use of resources 

 

The raw materials, such as water and chemicals, must only be used as required in the 

process
27,28

. Excess chemicals must be recovered for reuse. Chemicals designed for process 

usage must not be lost to wastewater. 

 

2.5.6.  Improved product quality.  

 

The plant product quality is a result of optimum operations. Optimum operations 

ensure improved product quality. Typical quality issues are
27,28

: 

 

 Optimum cleaning ensures proper adhesion of coating.  

 Measurement of plated thickness, on a regular basis, ensures quality of finished 

product and reduces the wastage of raw expensive materials. 

 Optimum temperatures and chemical dosages reduce the risk of exposure of 

operators to chemicals. 

 Improved staff training results in motivated, effective and efficient workforce. 

 

2.5.7.  Chemical substitution 
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Toxic and hazardous chemicals must be replaced with environmentally friendly 

chemicals.
29

 These include the replacement of cadmium, cyanide and hexavalent chrome. 

 

2.5.8.  Cleaner production application-metal finishing  

 

The above detail areas of cleaner production applications, in metal finishing, can be 

described simply as a methodology of maintaining or improving current production. This is 

achieved whilst reducing environmental impact by optimum use of raw materials. These 

concepts have been successfully applied throughout the world to various metal finishing 

processes. The successful application of these CP principals to metal finishing companies is 

however limited by the ability to convince companies to apply these CP principles. 

 

2.6.  Use of tools as quick indicators  

 

The application of cleaner production can follow various methodologies. Consultants 

choose to use past experience to conduct cleaner production audits and feasibility studies. 

Cleaner production centers follow various guidelines as per documented practice, usually in 

the form of checklists.
30

  

 

The audit by Berkel
31

 in the food industry used a three-phase approach. The author 

used industry specific questionnaires with comparative process parameters as an initial 

indication of potential cleaner production application. A cleaner production consultant 

scanned the results of this and the most feasible options were followed up on. This was 

followed by a pre-assessment and full assessment using various tools. These involved 

material and energy flow analysis etc. The author confirms that the time taken for the 

completion of the assessment phase was almost one year as company information was 

difficult to obtain and not in a usable format. The author recommends a formal methodology, 

as time taken for company audits were very long. 

 

The New South Whales Environmental Protection
32

 Agency has formulated a general 

cleaner production procedure that is 68 pages long and comprises of details on how to 

conduct a cleaner production audit. This document is mostly in the form of questions and data 

logging sheets. The company is guided along a qualitative audit without quantitative outputs. 
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The guideline is said to aim at SMME’s. It is limited by time requirements and detailed data 

inputs. The potential savings etc are not quantified. 

 

Kolominskas
33

 uses a ―register reporting process‖ to conduct cleaner production 

audits at companies. This was basically an inventory report of releases from a facility. 

Thresholds are marked and comparisons conducted. This process is highly technical and time 

consuming as huge amounts of data is required.  

 

There are various other audits and system methods that have been documented. For 

example: Russel:
34

Using process integration technology for cleaner production and Rene:
35

  

Application of an industrial ecology toolbox for the introduction of industrial ecology in 

enterprises. The number of cleaner production systems are varied and too many to list in this 

study.  

2.7.  Existing auditing systems-surface finishing 

 

The surface finishing industry, like most chemical industries has been subject to 

various initiatives for process improvements. The main aim is to reduce the chemical impact 

on the environment.  

 

The metal finishing industry has been a subject of many types of environmental 

auditing systems, ranging from a simple half-hour questionnaire survey
36

 to detailed studies 

of +/- a month long.
37,38,32

  It has been noted that local municipalities often require a simple 

audit for monitoring
36

 general compliance for environmental permits for plating companies, 

while cleaner production audits require much more detailed
37,38,39

  information on chemical, 

water, energy consumption, along with operational statistics.  These detailed studies are 

normally performed to compare the company operations to some known best practice, so that 

improvements can be detailed. 

 

The key drivers for cleaner production vary depending on the location and local 

bylaws. In the developed countries, North America and Europe, the acceptance of waste 

avoidance and minimization as a business consideration is principally due to the very strict 

discharge limits and environmental regulations.
39

 In other countries incentive systems are 

introduced as drivers for companies to conduct cleaner production audits.
25,26

  The most 
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practical drivers have been the cost benefit in the form of reduced chemical, water and 

effluent treatment cost.
40,41 

 

The study by the Queensland Department of Environment involved some thirty 

companies with regular sharing of information
26

. The sharing of information assisted the 

companies to improve. An assessment guide consisting of some 12 tables requiring detailed 

qualitative inputs from companies carried out the audits. There was no formal comparisons or 

evaluation system in place. No outputs or potential saving comparators were used. This study 

does not confirm success or measurements of savings achieved. 

 

The government of western Australia
40

 has embarked on various cleaner production 

projects including the metal finishing industry.  Detailed studies of electroplating facilities 

implied evaluations of consumption of water and chemical consumption. The final output 

from the audits is a qualitative document on areas of improvement. This document does not 

calculate the specifics for plating efficiencies or water savings.  

 

Viguri 
41

 conducted a waste minimization audit on chrome platers in Spain by using 

basic chemical auditing such as material and energy balances. This involved basic 

investigations and resulted in suggested improvements. Viguri noted the difficulty in 

obtaining detailed data required to conduct the study. Viguri also recommends further 

detailed quantification of the water and chemical flows in order to complete a more 

comprehensive study. 

 

China International Training Center for Sustainable Development conducted cleaner 

production audits
42

 with UNEP support. The system entailed identifying and targeting 21 

areas for improvement at a metal plating facility. The success of the project was significant. 

The time and level of technical expertise required was also significant in that the consulting 

cost was 60% of the budget. The results covered selected sections of the  plant. 

 

Barclay,
27

 conducted waste minimization studies at 29 metal finishing companies in 

Durban, South Africa. Senior chemical engineering students carried out these audits over a 

period of six weeks. The project resulted in savings in excess of R 2 million in water, 

chemicals and energy. Among the key barriers identified by Barclay and her team, was the 

lack of available data by companies and the lack of available time by senior plant personnel. 
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Cushnee
28

 performed perhaps the most comprehensive study of surface finishers. 

This study on behalf of the National Metal finishing Resource Center (NMFCE) with US 

EPA funding, surveyed 134 metal finishing companies and attempted to establish some 

benchmarking. The questionnaire required inputs on water, sludge, chemicals and energy. 

The first phase of the questionnaire consisting of eight pages and twelve questions with 

approximately 50 input data requirements. Phase 2 required very detailed inputs such as 

surface areas and bath chemistries and consisted of some seven pages with more than 200 

data requirements.  

 

Detailed castings and mass consumptions were required from the companies. A 

summary of the typical consumptions was then established and comparative statistics were 

distributed. No best available practice benchmarking or flexibility on different plating 

systems were integrated into the system. The companies, after an intensive data chasing 

exercise had a set of survey ideals to work towards and not optimum individual calculations. 

The data requirements for the system required management level inputs and data gathering 

systems.  It is estimated that each company required more than two weeks to complete the 

information sheets. The final outputs were general and not individualistic. The companies 

received a 145-page document on best available practice, based on the investigation. 

 

Dahl
29

 introduced the Scandinavian system of cleaner production auditing in South 

Africa in the year 2000. Three workshop sessions were held on technical training combined 

with practical plant assessments. Trainees require 10 working days of training before an 

initial assessment. A total of 25 initial trainees on the system found that it required data inputs 

that were detailed.
25 

 

The system is spreadsheet based with different category inputs. The audit consists of 

an initial seven-page information sheet to companies requiring detailed chemical and water 

consumptions. A reasonable chemical engineering background is required to complete the 

audit. It was found to take up to one month to complete individual company audits
25

. 

 

The most significant problem with the Flemming system being the data 

requirements
25

. The initial audit does not quantify potential chemical and water savings in 

detail and depends on a further detailed study. The success of the system was limited by 
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intensive data requirements.
25

 The companies, in most instances found it almost impossible to 

complete the data required. The greatest difficulty was the determination of the production by 

measuring the surface area plated. Most companies charge for work on a mass basis and 

surface areas are rarely measured. Evaluators spent days with the companies to determine the 

surface area. It was not usual that two different reviewers found different surface areas.  

 

The Flemming model has been applied to a major part of the metal finishers in 

Denmark and other DANIDA sponsored projects throughout Europe. From all the tools that 

were reviewed for this study, Flemming’s CP tool was found to be the most effective. The 

Fleming structure was found to contain the most detail expert knowledge for cleaner 

production auditing for metal finishing.  

 

 

2.8.  The South African metal finishing industry 

 

The South African metal finishing industry comprises +/- 700 electroplating 

companies. The products range
43

 from zinc, tin, nickel, copper, cadmium, chrome plating etc. 

According to Naumann
44

 the plating industry in South Africa is mainly distributed between 

three major centers, Durban, Gauteng and Cape Town, with the majority in Gauteng. 

According to Barclay
27

 the industry can be described as having a low skills level with low to 

medium salary scales. 

 

From the results of a survey conducted on 316 metal finishing companies in South 

Africa, it was found that 48% were SME’s. The most common type of plating was found to 

be nickel, zinc and copper
45

. According to Newman and Janisch the metal plating industry 

depends on their chemical suppliers for technical assistance. This is mainly due to the lack of 

technical skills at the small companies.  

 

The metal finishing industry in the greater Durban Metro area have had to implement 

significant changes since 1999. This was due to the lowering of the discharge limits by the 

Durban Metro Wastewater Department
27

.  These new bylaws stipulated significant reductions 

in heavy metal discharge to municipal sewers. This change in regulation affected the local 

metal finishing industry significantly, various efforts were undertaken to fall in line with the 
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new regulations.  The lack of landfill sites implied that sludge had to be disposed of in 

Johannesburg, approximately 600km away, at the expense of the plating company.  

 

Most companies being SME’s found it difficult to comply with these strict bylaws. 

The metro conditionally relaxed these bylaws provided a waste minimization study was 

conducted resulting in waste reduction.
27

 Thus Barclay established waste minimization clubs 

as a way forward to facilitate improvements. The results of this study were significant as 

more than R2 million was saved in chemicals, water, energy and effluent. The study was 

conducted with 16 local companies over a period of three years. 

 

A Danish initiative by DANIDA was started in 2000, which lead to some 45 

companies being audited for cleaner production potential. This project resulted in significant 

reductions in chemicals and water usage at companies and according to Koefoed
25

 significant 

reductions in heavy metals were recorded at municipal wastewater treatment facilities. From 

Koefoed the following conclusions were drawn: 

 

 Technology is society based.  Environmental assessment tools have to be 

adjusted to local application. 

 Environmental assessments in industry require intensive data, in most industries 

this data is non existent.  There is a need to developing environmental assessment 

tools with user-friendly data input  

 

These conclusions were not unique to South Africa in that Bates
46

 in his paper in the 

American Electroplating and surface-finishing journal reinforced these conclusions in other 

regions.  Hence it can be stated that alternate methodologies are required for CP evaluations.  

  

2.9.  Fuzzy logic  

 

There have been many journalistic phrases attempting to define  the concept of 

artificial intelligence including: The exciting new effort to make computers think
47

, the art of 

creating machines that perform the function that requires intelligence when performed by 

humans,
48

 the study of computations that make it possible to perceive reason and act. In 

essence artificial intelligence aims at acting and thinking humanly.  
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The field of Artificial Intelligence (AI) can be classified into two categories, 

traditional AI and modern AI. Modern AI includes neural networks and fuzzy logic whilst 

classical AI implied the development of intelligent ―agents‖ for decision-making. 

 

AI has been successfully applied to various tasks
49

 including, the scheduling of 

spacecraft operations by NASA, steering a car along a straight line, medical diagnostics, 

microsurgery and many other operations considered to be impossible for computers to 

perform without the ability to think like humans.   

 

The main consideration for looking at AI as a framework to represent expert 

knowledge is that AI systems have proven effective in tackling complexities such as data 

uncertainties and dynamic components.
50

   Available process data pertaining to waste 

minimization is usually imprecise, incomplete and uncertain due to a lack of sensors, 

difficulty in measurements and process variations.
51

 Lou
52

 found that fuzzy logic was 

successful in dealing with this sort of data.  

 

A closer look at Flemming’s CP tool indicates that the CP tool is precise in that the 

outputs depend on mathematical formulations. The inputs however are in the form of scores 

that may be described as fuzzy.  

  

Fuzzy logic has been successfully applied in many other areas such as washing 

machines, space crafts etc. The use of fuzzy logic has resulted in the ability to simplify and 

quantify man’s ability to think
49

. 

 

Fuzzy logic was introduced in the sixties by Zadeh
53

. The idea behind fuzzy logic is 

that an element can belong partially to several subsets, unlike Boolean logic where belonging, 

or not, to a set are mutually exclusive. The degree of belonging to a set is a value between 0 

and 1, usually determined by the extent of an element belonging to a fuzzy subset or a 

category of a variable. Fuzzy logic has been successfully applied to simplifying of decision 

making in environments characterized by uncertainty and imprecision.
49

 It is based on the 

idea of building a model capable of simulating the way an expert reasons. The main 

breakthrough of fuzzy inference with respect to traditional mathematical models lies in the 

fact that the relationship between inputs and outputs is not determined by complex equations, 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VDX-4728640-1&_user=147018&_coverDate=12%2F31%2F2002&_alid=191921594&_rdoc=72&_fmt=full&_orig=search&_cdi=5994&_sort=d&_st=13&_docanchor=&_acct=C000012179&_version=1&_urlVersion=0&_user
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but by a set of logical rules, reflecting an expert's knowledge. A short review of fuzzy 

inference will be made in Chapter 3 of this thesis. 

2.9.1.  Some successful applications of fuzzy logic  

Faye
54

, an approach to managing water reserve and release, was successful in the 

application of fuzzy logic to a complex situation resulting in better management of water. 

Kolokotsa
55

, completed a comparative study of fuzzy logic and classical control 

system for indoor environmental management systems. The fuzzy system proved superior in 

energy efficiency and overall effectiveness.  

Mohamed,
56

 used fuzzy logic for a decision analysis based model for polluted sites. 

This tool was used to evaluate the risks that polluted sites might pose to human health. In this 

application the model was able to use uncertain parameters to quantify the risk with a high 

level of accuracy. 

González,
57

 applied fuzzy logic technology to Life Cycle Assessments(LCA). Fuzzy 

logic reduced the cost and time required to complete an LCA. The most important criterion 

was the data availability. As with the metal finishers and cleaner production systems he found 

that companies did not have the data required for life cycle assessments. Fuzzy logic was 

successfully applied for LCA’s. The direct result was the availability of LCA’s to small to 

medium size enterprises. 

2.10.  Proposed combination of cleaner production and artificial intelligence 

 

From the above literature it can be seen that cleaner production principals have been 

very successful, when applied to various industrial sectors. It can also be clearly seen, from 

the above, that the successful application of cleaner production has been reserved for the 

technically competent experts. Without these skills it would not have been possible to have 

achieved these cleaner production improvements.  

 

It can be seen that the systems are both time and data intensive. The systems would 

have been unsuccessful if the data were not accurate and in the required formats. Thus it 

would be ideal to deal with these barriers by applying systems such as fuzzy logic to conduct 

CP assessments of a company’s environmental status so as to achieve cleaner facilities. 
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With this consideration, the key aim of this thesis is to propose an alternate CP 

evaluation tool that removes the barriers, stated above, to conducting an effective cleaner 

production audit. These traditional barriers were; technical skills, availability of detailed 

chemical, water and operational data, time and lack of expertise.  
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CHAPTER THREE 

 

 

BACKGROUND TO FUZZY MODEL DEVELOPMENT   

 

Chapter three introduces the Flemming CP tool (section 3.2) together with a detailed 

analysis of its application for CP evaluation. The CP tool was found to be the most 

appropriate to be used as a basis for the development of the proposed fuzzy logic model. 

Section 3.3 to 3.5 details the review and feasibility process of Flemming.  This includes 

an analysis of the data inputs and outputs. This is followed by a detailed analysis and 

sensitivity of the Flemming CP tool in section 3.7 and 3.8.  

 

 

3.1.  Introduction 

 

The literature search in Chapter 2 identified the Flemming
1
 CP tool as being the most 

comprehensive for CP evaluation in metal finishing. It can also be described as containing the 

ideal outputs which any proposed CP tools should also generate.  The shortcomings identified 

were the rigid data requirements, skills level and time required for data collection and 

interpretation. The proposed CP tool has to overcome these barriers. This chapter is dedicated 

to conducting a detailed analysis of Flemming’s
1
 CP tool with the view of using it as a basis 

for the proposed fuzzy logic model.  

 

For the development of a cleaner production tool the diversity of the plating types has 

to be considered while exploiting the commonalities between the processes. The main aim of 

an audit would be to determine the current plant efficiency as compared to best available 

practice. In order to achieve this, the plant was divided into categories. This was in line with 

all the evaluations systems reviewed for the purpose of this study. The chapter describes in 

detail the Flemming's evaluation system. It also provides a basic description of the different 

categories of plating and an explanation of the operations of the individual categories. 

 

 

 

 



 3-2 

3.2.  Introduction to the use of Flemming’s CP tool 

 

The Flemming’s CP tool was designed for application in Europe and also rated as 

among the most stringent and comprehensive as compared to all the other CP tools 

researched for this study, see literature review. This CP tool had a successful
2
 track record 

with application across Europe, Hong Kong, Zimbabwe, Ukraine and Denmark
2
.   

 

The Flemming’s CP tool is also available in South Africa as cleaner production 

projects were conducted in South Africa. Technical support for detailed analysis of the 

Flemming evaluation system was available.  

 

3.2.1.  Implementation of Flemming’s CP tool  

 

For the purpose of this study, 25 company reviews were carried out using the 

Flemming’s CP tool. These reviews were carried out throughout South Africa for the purpose 

of obtaining data for the validation of the CP tool proposed in this study, see C:Companies 

for database. The application of the Flemming CP tool was also beneficial in gaining 

experience in CP evaluation.  The following discussions, on the implementation of the 

Flemming CP tool, is thus with this experience in mind. Shortcomings and limitations are 

discussed for each section.   

 

The first stage in the review process entailed a plant visit/walk through by the 

reviewer. This visit was intended to be a qualitative indication of potential areas for 

improvement. The reviewer is to identify areas for improvement based on his experience of 

cleaner production.  

 

The next stage of the audit was the pre-review document, which was used to gather 

basic plant operations data. The document was to be circulated to companies prior to the 

actual review process. The document consists of seven pages with a total of nine tables to be 

completed. The manager, at the company under review, is expected to complete the document 

prior to the review process. 

 

The first table, see Table 3.1, requires the production rate of the plant in square 

meters. This production rate is the surface area of material plated at the facility over the 



 3-3 

period of the last year. The data for this table is difficult to obtain since electroplating 

companies do not keep or use this type of data for normal operations. All companies in South 

Africa charge their clients based on mass or number of items to be plated. This is due to the 

complex sizes and multitude of shapes encountered. The companies reviewed, did not have 

the skills level or the time available to complete the task of determining the surface area of 

components to be plated. The companies plate anything from 10 components to thousands of 

components per year and find it impractical to determine the surface area.  

 

Table 3.1: Data table for pre review document 

Name of the process and the line  

Production in m
2
/year (if you cannot give the m

2
/yr try to 

give kg/yr or something else) 
 

Production time, h/day + h/week + h/year  

 

For the purpose of the environmental review the auditor together with a manager 

from the company has to estimate the surface area. This is done from records on the 

components plated over the year. This estimate is often unreliable as the exact components 

are not usually on hand and records of the exact number plated are not always available. The 

process of estimating the surface area plated by the company usually requires a time 

investment of approximately four hours or longer, depending on the variety of components 

plated. 

 

Another crucial input for the Flemming CP tool is the plated thickness. The company 

is required to enter the layer thickness plated. Most companies depended on random samples 

by the chemical suppliers for surface thickness analysis. This analysis requires trained 

personnel as well as expensive equipment. The company’s plate components based on time in 

the electroplating tank and it is assumed that the surface plated is sufficient. Companies 

depend on a final visual inspection to ensure coverage of the plated surface. They are not 

equipped to complete such tests across the range of components plated. It has to be 

remembered that the spread for plating thickness is dependent on the shape of the component 

i.e. unequal on corners as compared to the straight sections.  

 

It is thus clear from the above that the Danish model assumes that this data is 

available. This is not valid for the South African context. The research outputs from this 
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thesis, see Chapter 8, clearly indicates a more practical approach to obtaining the data. This 

includes a fuzzy mathematical approach to obtaining the thickness and surface area.  

 

3.2.2.  The chemical and water consumption tables 

 

The company is to complete the sections on the actual chemical consumption, Table 

3.2. The data sheet requires the annual consumption of the different components of each tank. 

 

Table 3.2: Chemical data table for pre review document 

Name of 

process bath 

Name of chemical 

(always) 

Chemical formula 

(if possible) 

Consumption 

kg/year 

Unit price 

R/kg 

Total price 

R/year 

      

      

      

      

      

      

 

The electroplating companies manage their process based on the information 

received from their chemical suppliers. Weekly dosing usually occurred based on tank 

analysis carried out by the chemical supplier. To complete this table the company has to 

obtain the annual consumption figures from their stores or purchasing departments. 

Companies with large stock reserves find it difficult to obtain data and physical audits have to 

be carried out to determine the year to date chemical consumptions. Direct measurements of 

some chemical consumption are unavailable. For example, anodes are not replaced during the 

audit period and their consumption has to be proportioned according to consumption within a 

specified period. 

 

3.2.3.  Maintenance of the process baths 

 

The third table, Table 3.3, which requires completion, is the maintenance of all the 

process baths. Typical data requirements include the tank capacity and the exact chemical 

breakdown of each process tank. The company enters various codes on the current practice of 

bath management. It is found that the chemical supplier usually completed this table as the 

suppliers managed the tank chemistry. The suppliers conduct the analysis of the baths on a 

weekly basis. 
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Table 3.3: Maintenance of process baths data table for pre review document 

Name of 

bath 

Tank 

volume 

litres 

Bath  analysis 

and chemistry 

Bath 

purification 

Procedure 

Dumping 

frequency 

Total 

dumping 

M
3
/year 

Treatment 

method for 

dumped baths 

       

       

       

       

       

       

 

3.2.4.  The rinse tables 

 

The audit requires details of the hardware of the rinse system, Table 3.4; this 

included the tank configuration and flow patterns, the sources of raw water etc. The 

Flemming system depends on statistics to determine the operations efficiency. This 

component of the rinse system is reasonably simple to complete but the challenge is in 

quantifying the exact amount of water required for each individual process. 

 

The company has to estimate the amount of water flowing to each tank. If this data is 

not recorded then the “bucket and stop watch method” is employed to determine the 

individual consumptions. The company usually omits this section of the questionnaire and 

when the reviewer gets to site this data has to be collected. 

 

Table 3.4: Rinse data table 

No. Name of rinse Type of rinse 
Inlet water 

Quality 

Inlet flow 

litre/h 

     

     

     

     

     

     

     

     

     

Sum for total line (calculated form individual measurements above)  

Sum for total line estimated (from account or total water meter)  

Sum for total line measures by separate water meter  
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3.2.5. Hazardous waste and waste water treatment 

 

The company has to provide data on the amount and composition of hazardous waste 

generated, Table 3.5. This includes the steps for the treatment process and the costing 

associated with the waste treatment and disposal. 

 

The equipment and calibration of equipment used for testing wastewater at the 

wastewater treatment facility has to be identified, Table 3.6. The exact chemical composition 

of the waste is required for the audit. The chemical formulation of the treatment chemicals is 

also required. 

 

This entire questionnaire is to be completed by the company as a pre-audit 

questionnaire. It was found that the response time from companies ranged from one week to 

three weeks to complete the data sheet for the pre-audit. This depended on the availability of 

information and on the organization of the data in the available format. 

 

Table 3.5: Hazardous waste tables 

Name and type of 

waste 
ton/year 

Disposal and treatment 

methods (must always be 

specified) 

Unit price for 

disposal 

R/ton 

Total price 

for disposal 

R/year 

     

     

     

     

     

     

     

     

     
 

Table 3.6: Waste water treatment plant equipment table 

 
Exist: 

yes/no 

Control 

parameter 

Probe 

cleaning 

frequency 

Probe 

calibration 

frequency 

Additional check used 
Yes or 

no 

Neutralisation  pH   Transportable pH-meter  

Cyanide  pH   Transportable pH-meter  
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oxidation  mV   Monitor excess chlorine  

Cr-6 reduction  pH   Transportable pH-meter  

 
mV 

  Monitor residue Cr-6  

Monitor excess sulphite  

Outlet monitor  pH   Transportable pH-meter  

 Flow     

 

Whilst conducting the reviews used for this study, it was found that on average two 

visits had to be made to the companies under consideration to explain the requirements for 

these data sheets.  

 

3.3.  The company visit and audit  

 

The application of Flemming’s CP tool requires the completion of the data tables 

with the guidelines attached in Appendix A1. The data tables were Excel based and are 

attached as Appendix A2. There were a total of nine tables to be completed. The guideline 

document contains sixteen pages of details on the methods to be followed in completing the 

spreadsheet tables.  

 

The completion of the spreadsheet tables, by the reviewer, is carried out at the 

company concerned, as detailed process information is required. Table 3.7 is an example of a 

typical table to be completed. 

 

 

 

Table 3.7: Typical review table to be completed by auditor 

Key figures: kg chemicals/1000m2

Process bath Type kg/yr R/yr Calculated Estimated m2/yr m2/h Calculated Goal Score, 1-5

Zinc line:

Degreasing bath Chemaline 05 2,250 18,585 220,000 50 10.2 25 1

Sulfuric acid pickling Sulfuric acid, 96% 4,520 3,345 220,000 50 20.5 50 1

HCl pickling HCl, 32% 13,700 18,073 220,000 50 62.3 75 1

Electrolytic cleaner Chemaline 26 3,100 26,536 220,000 50 14.1 25 1

Acid dip Chemacid 33 175 4,022 220,000 50 0.8 10 1

Zinc bath Zinc anodes 11,190 91,534 7.1237586 5 220,000 50 50.9

Zinc bath NaCN 4,250 73,738 220,000 50 19.3 32 1

Zinc bath NaOH 8,100 12,960 220,000 50 36.8 39 1

Zinc bath Brightener 6,425 89,757 220,000 50 29.2 7 5

Zinc bath Sodium sulphate 200 1,080 220,000 50 0.9

Deoxidizer Nitric acid 4,537 5,036 220,000 50 20.6 5 5

Chromating, blue Concentrate 238 3,506 132,000 30 1.8 2 1

Chromating, blue Nitric acid 1,713 3,323 132,000 30 13.0

Chromating, yellow Concentrate 838 6,101 88,000 20 9.5 5 2

Sum: 61,236 357,596 290.0 2

Operation time: h/yr 4400

Chemicals ProductionThickness in µm

Score:  1 = good,  5 = unsatisfactory
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 From Table 3.7 it can be seen that accurate plant data is required for the review 

process but some of the outputs are rated under different categories. For these categories it 

seems that imprecise data inputs would be acceptable so long as the outputs are within the 

expected output band. This is the basis of the fuzzy logic component of this thesis and a 

comprehensive data sensitivity analysis is conducted later in this chapter.  

 

Table 3.7 requires the annual chemical consumption together with details such as 

plated thickness. The company also needs to provide the surface area plated in order for the 

spreadsheet to calculate the chemical consumptions. If the surface area is not available or 

cannot be estimated, the accuracy of the review process is compromised. The exact impact of 

the level of precision of the data inputted into these spreadsheets is evaluated later in this 

chapter.  

 

Table 3.7 uses values from a support table to conduct some calculations. The support 

table values are either default values or values that need to be inputted based on the guideline 

document. The main inputs for the support tables are values like the dragout, the dilution 

factors, surface area, production hours, equipment operations details etc. These values have to 

be determined by the reviewer with reference to the guideline document. 

  

The entire review process, once completed, is reported to the company with 

estimated potential savings. Figure 3.1 is the final graph indicating potential improvements 

under the different categories of the plant. The results are indicated on a scale of 0-100. With 

100 been most significant room for improvement and 0 none. 
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Figure 3.1: Graph indicating percentage potential savings under the different categories. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final review report discusses the different scores with reference to the tables. The 

final outcome of the review process is the decision to complete a detailed feasibility study on 

improving the plant so as to improve the environmental profile in Figure3.1, see Appendix 

A3 for a sample review report. The feasibility study would quantify the exact saving 

achievable if modifications were conducted on the plant in line with cleaner production 

systems. 

 

3.4.  Review and feasibility of companies  

 

A typical review report is attached in Appendix A3. The information gathered for the 

reviews was used to compile a database of companies, see Appendix A3(All company reports 

are on disc :C:/Companies for database). This information was used at various stages of 

development in this study. The knowledge developed during these reviews helped in the input 

requirements in the development of the relevant fuzzy logic models. Conducting 15 

feasibility studies further enhanced knowledge. See Appendix A3 for a typical feasibility 

document. 

 

 

 

Environmental profile

0 10 20 30 40 50 60 70 80 90 100

Consumption of process chemicals

Maintenance of process baths

State of rinsing system

Required water savings

Possibilities for waste minimisation

Chemical savings for WWTP

Operational practice of WWTP

Occupational health and safety

Score
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3.5.  The Feasibility Study 

 

The feasibility study was compiled as an indication of potential saving and process 

efficiency improvements achievable at the company. The feasibility study was based on the 

findings of the review.  

 

The feasibility study detailed cleaner production systems such as low flow counter 

current rinses and other systems that resulted in reduced chemical and water consumption. 

The feasibility study quantifies the exact savings achievable with each cleaner production 

recommendation. Appendix A3 contains a typical feasibility document. 

 

From the feasibility document an informed decision is made on potential 

implementation. Table 3.8 lists typical results comparing company status, before and after 

implementation of recommendations listed in the feasibility document. 

 

Table 3.8: Comparative company chemical, water and WWTP chemicals status 

Company 

Water 

before 

(L/ m
2
) 

Water 

after 

(L/ m
2
) 

Plating chemical 

before (Rands) 

Plating chemical 

After (Rands) 

WWTP chemical 

before (Rands) 

WWTP Chemical 

After (Rands) 

Defy 425 24.3 157951 36389 2965 1000 

Abberdare 25 0.2 1294916 1112816 0 0 

African Zinc 50 7.1 519153 401082 72207 36103 

Fascor ni 62 7.7 164600 112590 41311 12393 

Wings 78 7 107533 45254 5040 144 

MPS 132 7 526535 408053 28050 1500 

Transwerk 550 10 557941 436006 1400 100 

Durban wire 371 6 95690 70543 5721 3216 

Cascolor 16 0.5 12244 9442 7320 77 

 

3.6.  Database of companies 

 

During this study a total of 25 different companies were reviewed and a total of 10 

feasibility studies were conducted. The type of plating companies that were reviewed 

included: nickel, chrome, tin platers and phosphates. The aim was to gather a representative 
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spread of company data so as to obtain good holistic knowledge on the general plating 

industry. 

  

The results from the above were converted into a useable/accessible format for the 

purpose of model verification. The information was converted into a Visual Basic/ Microsoft 

Access format. See Appendix A4, for the summary tables of the Visual Basic program. This 

data is used for the fuzzy model regression and acid/degreaser/zinc model verification.  

 

3.7.  Analysis of the Flemming tool 

 

For the development of the system proposed in this study, two parallel approaches 

were followed. The first was to identify the sections of the review system that could be 

conducted using fuzzy or imprecise inputs and the second was to develop mathematical 

models for the sections that the fuzzy models could not be applied to. The latter is addressed 

by using operator inputs into mathematical models later in this thesis. The evaluation of the 

sensitivity of the applicable Flemming’s categories to imprecise inputs would now be 

evaluated.  

  

3.7.1.  The rinse tables  

 

For the purpose of this thesis a detailed description of the rinse tables is illustrated. 

The other systems were based on the exact same methodology and only the key outputs are 

illustrated. 

 

The cleaner production evaluation of the rinse systems aims at conducting a detailed 

analysis of the usage and management of water for the purpose of rinsing. The rinse system  

includes the rinse tanks, water inlet points, water flow rate, drip times, orientation and tank 

agitation.  

 

The auditor is required to input a range of inputs into the rinse tables. These inputs 

are based on measurements and observations made by the auditor on the facility under 

consideration. Table 3.9 details a listing of the typical inputs required for the rinse tables 

together with a brief description of each input. 
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Table 3.9: Inputs required for Flemming’s rinse tables.  

Input 

No. 
Input Input options Abbreviation 

1 Tank Number 1…n (where n= total number of tanks) Tn 

2 Rise system 

1 =  running rinse 

2 = static rinse (drag-out rinse) 

3 = Spray rinse 

4 =static + running rinse 

5 =static +2-running rinse 

6 =static +3-running rinse 

11  = 2-step counter current rinse 

12  = 3-step counter current rinse 

13  = 4-step counter current rinse 

14 = static + 2-step counter current rinse 

15  = static + 3-step counter current rinse 

 

Rinsys 

3 
Input water 

type 

T-water = tap water 

I-water   = ion-exchanged water 

C-water = chemical treated water 

R-water = reuse water from another rinse tank 

DI-water = de-ionised water 

Wint 

4 Tank volume 
10 Litres 

12000 litres 
TVol 

5 
Dripping 

 

1 = 20-sec 

2 = 15-19 sec 

3 = 10-14 sec 

4 = 5-9 sec 

5 = 0-4 sec 

 

 

DT 

 

 

6 
Hanging 

 

1 = All water run off immediately 

2= All water run off after some time 

3 = Moderat run off 

4 = Slow run off 

5 =  Slow run off  + water pockets 

HG 

7 
Agitation 

 

1 = agitation and motion 

2 = agitation and motion 

3 = heavy motion, no agitation 

4 = some motion, no agitation 

AG 
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5 = no motion, no agitation 

8 
Inlet/outlet 

 

1 = Inlet (top) reverse outlet (bottom) 

2 = Inlet (top) reverse outlet (dived) 

3 = Inlet reverse outlet, bottom 

4 = Inlet reverse outlet, top 

5 = Inlet near outlet, top 

IN 

9 
Back-mix 

 

1 = No back-flow 

2 = Minimum back-flow 

3 = Moderate back-flow 

4 = Some back-flow 

5 = Heavy back-flow 

BM 

10 Flow-control 

1 = Complete flow-control 

2 = Some flow adjustment 

3 =  Coarse flow-control 

4 =  Very little flow-control 

5 = Totally open valve 

FC 

11 
Water 

consumption 

1-1000l/hr 
Wc 

12 Dilution factor 

100-1.000: After degreasing and pickling 

500-2.000: Before electroplating metal finishing 

baths 

200-2.000: After miscellaneous chemical baths 

5.000-10.000: Final rinsing after decorative 

chromium 

1.000-5.000: Final rinsing after other galvanic 

baths 

Df 

 

 

 

 

13 Dragout 

25-50: Vertical hanging, good dripping 

160 Vertical hanging, bad dripping 

50-100: Horizontal hanging, good dripping 

200-400: Horizontal hanging, bad dripping 

300-1.000: Cup-shaped items, bad dripping 

100-200: Typical “normal average” 

200-300: Barrels 

Do 

 

 

 

 

 

 

14 Surface area 1-1000000 m
2
/yr Sa 

15 Hours per year 1-8760 hours/ year Hy 
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  From table 3.9 it can be seen that the reviewer has to be able to extract the relevant 

input on the choices available for the observed inputs. These inputs include: 

 

 Tank Number 

 Rinse system 

 Input water type 

 Hanging 

 Agitation 

 Inlet/outlet 

 Back mixing 

 Flow control 

 

The auditor has to then determine/ calculate the other inputs. These inputs include: 

 

 Drip times have to be measured using a stopwatch 

 Tank volumes have to be measured and calculated 

 Dilution factors or “F” values have to be extracted from Flemming’s tables based 

on the process tank located before the rinse tank under consideration. 

 Dragout has to be either physically measured or the reviewer has to estimate a 

value based on the inputs listed by Flemming.  

 Surface area is the biggest challenge and needs to be determined by the 

consultant together with the company representative.  

 Hours per year is determined by multiplying the weekly hours by the number of 

weeks worked 

 

 
3.7.2.  Rinse table calculations: 

 

In order to determine the state of the rinsing system, the abbreviations from table 3.9 

are used to conduct the following calculations: 

 

Drip times, hanging times, agitation, inlet/outlet, back mixing, flow control is entered 

for each rinse tank. The calculations for state of the rinsing system are conducted using the 

data inputs in table 3.9. The actual calculations are: 
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The rinse system (Rin) is entered, if the rinse system score is >10 then the following 

calculations are conducted,  

 
1n

RSS Intermediate calculation 

 

 

4/}25.*)1(25.0*)1(

1.0*)1(1.0*)1(1.0*)1(2.0*)1{(*1001

FCBM

INAGHGDTS
RS  (3.1a) 

 

 

 

If Rin <10 then 

 

4/}75/25*)1(75/25*)1(75/10*)1(

75/10*)1(75/10*)1(75/10*)1{(*1001

FCBMIN

AGHGDTS
RS   (3.1b) 

 

The result of the above is used together with the water consumption for each tank 

(Wc) which is calculated as 

 

cRSRS
WSS *12          (3.2) 

 

This is summed over all the tanks to a total for the “LM” factor. 

 

cRS

n

WSLM *1

1

        (3.3) 

 

Where n = number of rinse tanks 

 

The water consumption for all rinse tanks are summed: 

 

c

n

RS
WS

1

3          (3.4) 

 

The state of the rinsing system is (
F

RSS ) calculated as: 

 

 
3
RS

F
RS

S

LM
S          (3.5) 
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Determining the actual water savings rating (WSR) 

 

 

The inputs include the actual water consumption, operational hours per year 

and the production in meters squared/year.  

 

Present water consumption (PWC) is calculated as: 

 

aYCWC
SHWP /)*(         (3.6) 

 

This is summed for all the rinse tanks 

 

aYC

n
T
WC

SHWP /)*(

1

       (3.7) 

1000/)*( aWC
F

WC
SPP        (3.8) 

 

 

The PARCOM rating ( PR ) is calculated as: 

 

0
3/11 *)( DDP fR

        (3.9) 

 

aR
F
R

SPP *1          (3.10) 

 

WCF
R

WC
SR P

P

P
W /)*100(        (3.11) 

 
 

Thus the actual water savings is rated on a scale of 1-100. The inputs are entered into 

a spreadsheet format, see Table 3.10A&B. There are various such sections in the Flemming 

CP tool and the aim is to determine the impact of data variation on the specific model output. 

For the purpose of this investigation a typical company was randomly selected from the 

database of companies investigated. From the data extracted from this company, the initial 

rinse table indicated a 46.52 % potential for improvement. The table is illustrated in Table 

3.10A&B. 
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Table 3.10A: Company results for rinse tables 

 

 

Table 3.10B: Company results for rinse tables-continued 

 

 

 

 

 

 

 

 

 

 

 

From Table 3.10 A&B it can be seen that the reviewer scoring is for individual rinse 

tanks whilst the final outputs rate the entire rinse system. It is noted that the output for 

“Possibilities for optimization, total” is 46.52 for the company under consideration. This 

output is used as an indication of areas to address for potential cleaner production 

improvements. The ranges for these outputs are listed in Table 3.11. From Table 3.11. it can 

be seen that the ranges are large, typically in the order of 20. Thus it can be seen that the 

outputs are imprecise/fuzzy. A detailed analysis of the exact effects of input variation on 

outputs would indicate the potential to use fuzzy inputs.  

 

 

 

Rinse Process bath Raw water Tank Total,% Savings

system before rinse litre

Drip-

ping

Hang-

ing

Agita-

tion

Inlet-

outlet

Back-

mix

Flow-

control Max100 Actual Goal

Calcu-

lated goal m3/yr

11 T 570 1 1 1 1 1 1 0 500 72.7355 18.3 2.7 2461.0

2 T 570 1 1 1 1 1 1 0 81.9182 0.0 3.0 0.0

12 T 750 1 1 1 1 1 1 0 300 81.9182 11.0 3.0 1256.2

11 T 570 1 1 1 1 1 1 0 400 81.9182 14.6 3.0 1832.2

1 T 750 4 3 3 4 1 2 52 300 81.9182 11.0 3.0 1256.2

1 T 1000 4 3 3 4 1 2 52 150 103.21 5.5 3.8 269.5

2 T 750 4 3 3 4 1 2 52 270 81.9182 9.9 3.0 1083.4

0.0 0.0 0.0

0.0 0.0 0.0

1920 585.537 70.3 21.4 8158.4

Rinse system data score (1=OK, 5=unsatisfactory) Waterflow, l/h

Water consumption: 

l/m2

Support 

table

 F-value h/yr m2/yr Drag-out, l/m2 L * M Helping Score

PARCOM Water 

Consumption, 

m3/yr

Present Water 

Consumption, 

m3/yr

700 5760 157,283 0.3 18,125.00 36 418.96 2,880.00

1000 5760 157,283 0.3 0.00 52 471.85 0.00

1000 5760 157,283 0.3 13,500.00 45 471.85 1,728.00

1000 5760 157,283 0.3 20,500.00 51 471.85 2,304.00

1000 5760 157,283 0.3 15,500.00 52 471.85 1,728.00

2000 5760 157,283 0.3 7,750.00 52 594.49 864.00

1000 5760 157,283 0.3 13,950.00 52 471.85 1,555.20

0.00 -25 0.00 0.00

0.00 -25 0.00 0.00

89,325.00 3,372.69 11,059.20

Possibilities for optimisation, total 46.52

Possibilities for relative savings 69.50

Possibilities for absolute savings 7686.51
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Table 3.11: Scoring ranges of output: “Possibilities for optimization, total” 

Output range Implied saving potential 

0-20 Very low potential for saving 

21-40 Medium potential for saving 

41-60 Medium to high potential for saving 

61-100 Very high potential for saving 

  

3.8.  Sensitivity of the rinse system 

 

In order to determine the sensitivity of the rinse system to input variation, the system 

has to be looked at holistically. As can be seen in Table 3.11 the range for the output ratings 

are fairly broad. It would be ideal to investigate the impact of the variation in inputs on the 

output.  This is done by assuming that the inputs are imprecise i.e. randomly changing the 

input variables. The output rating is then compared to the Flemming rinse table output. 

  

This implies that the reviewer’s inputs for the seven rinse tanks under consideration 

have to be varied(increased/decreased) randomly, remembering that each tank has fifteen 

potential inputs. This makes the task complex and hence the entire rinse system was 

programmed in Mat Lab, and the Monte Carlo technique applied to randomly changing the 

inputs, see Appendix A5 for Mat Lab program.  

 

The aim was to vary the inputs randomly and determine the impact of input variable 

changes. The values have to be increased and decreased to determine the impact of changes 

on the output.  

 

The input values in Table 3.10. were varied to determine the impact of the changes. 

Initially only five of the input values were increased/decreased. This was done randomly for 

any input value in Table 3.10. This process was repeated 1000 times and the mean output 

compared to the initial output of 46.6% from table 3.10.  This process was repeated for up to 

90 random input changes (15 inputs for six tanks). The average outputs for a total Monte 

Carlo of 1000 runs are noted in Table 3.12. The values were initially increased/decreased by 

less than 10% or in the second runs, between 10 and 20%.  
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Table 3.12: Monte Carlo results for input changes for rinse tables 

No. of inputs 

changed 

Mean Output for 

input change of 

<10% 

Standard 

Deviation 

Mean Output for 

input change of 

>10%>20% 

Standard Deviation 

0 46.6 - - - 

5 45.86 1.07 45.88 2.19 

10 45.92 1.6 45.89 3.01 

20 45.76 2.18 45.74 4.24 

30 45.95 2.65 45.81 5.41 

40 45.73 3.18 45.79 6.4 

50 45.92 3.52 46.1 7.1 

60 46.03 3.84 46.17 7.43 

70 45.91 4.12 46.06 8.34 

80 45.94 4.4 45.53 9.09 

90 45.68 4.52 45.61 9.48 

 

From Table 3.12. it can be seen that there is no significant change to the output rating 

of 46.6%. What is clear however was that the increase in standard deviation of the output 

increases proportionally as the number of inputs changes is increased from 5 to 90. The 

percentage change in inputs has a significant impact on the outputs i.e. for five random input 

changes of 10 % from the original value the standard deviation was 1.07 which is doubled to 

2.19, when the input is changed by 20% of its original value.  Figure 3.2 illustrates the Mat 

Lab output for a the run where 60 random inputs were changed by +/- 1. 

 



 3-20 

Figure 3.2: Mat Lab results for 60 input changes of +/-1, for the rinse system  

 

 

It can be seen that variable changes, on average, result in a negligible mean output 

change for the rinse system. The result indicates that the maximum standard deviation is less 

than 10 % of the range i.e. 2/3 of the outputs is 10% or less imprecise. From Table 3.11 it can 

be seen that the output bands are wide (20%) and a net increase or decrease of 10%  would 

usually not impact on the output rating. At worst it would result in the company moving one 

rating up or down. Thus it can be concluded that for the rinse tables, output would not be 

significantly compromised if the inputs were not precise.  

 

3.8.1.  Analysis of sensitivity for other systems 

 

From the detailed analysis of the rinse system to input data sensitivity, it was clear 

that limited variations in input data did not impact significantly on the output of the rinse 

system. A brief investigation of the impact of input changes to the other systems follows. The 

systems that were investigated are: 
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 Occupational health and safety 

 Waste water treatment chemicals 

 Waste generation 

 

Similar to the investigation into the impact of variable changes for the rinse models 

the above spreadsheets were analyzed with variable changes randomly.  

 

3.8.2.  Occupational health and safety 

 

The aims of the Occupational Health and Safety (OHS) tables were to evaluate the 

risk to employees with regards to chemical exposure and general plant operations. The 

Flemming OHS spreadsheet addressed many key inputs in order to determine the OHS status. 

The variables considered were: Reduction of drag-out and drag-in, Optimizing bath 

chemistry, Concentrating of waste, improved maintenance of process baths and Recovery 

from waste. The Flemming table for waste generated is illustrated in Table 3.13. 

 

Table 3.13: Waste generated 

 

From Table 3.13 it can be seen that there are 14 inputs for each chemical and a 

further 6 inputs for the chemical baths. A Mat Lab simulation was set up and random input 

variable changes were made. The Monte Carlo technique again was used for this simulation.  
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Zinc1 Alkaline degreaser 2 3 2 3 3 2 3 2 3 3 2 2 18
Zinc bath 1 1 3 1 3 1

Zinc2 Alkaline degreaser
Zinc bath

Cu-Ni-Cr-1 Nickel bath
Chromium bath

Cu-Ni-Sn-1 Alkaline degreaser

Nickel bath

Cu-Ni-Sn-2 Alkaline degreaser

Nickel bath

Phosphating 1 Alkaline pickling
Phosphating

Phosphating 2 Alkaline pickling
Phospahting

Sum Total

Occupational Health and Safety Total score 53.8

Scores:    3=high,  2=medium,  1=low                          Risk score: from 1 - 27

Chemistry Temperature Noise Heavy lift
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Similar to the rinse tables the input values in Table 3.13 were varied to determine the 

impact of the changes. Initially only one of the input value was increased/decreased. This 

process was repeated 1000 times, and the output, compared to the initial output of 53.8% 

from Table 3.13.  This process was repeated for up to 19 random input changes (OHS tables 

contain only 19 inputs). The average outputs for a total Monte Carlo of 1000 runs are noted in 

Table 3.14. The values were initially increased/decreased by 1 or by 2 in the second runs. 

 

Table 3.14: Monte Carlo results for input changes for rinse tables 

No. of inputs 

changed 

Mean Output for 

input change of +/- 

1 

Standard 

Deviation 

Mean Output for 

input change of +/- 

2 

Standard Deviation 

0 53.8 - 53.8 - 

1 53.85 0.97 53.86 2.05 

2 55.87 1.41 54.01 2.92 

3 53.87 1.76 54.12 3.57 

4 54.04 2.11 54.09 4.26 

5 54.02 2.27 54.18 4.86 

6 53.87 2.41 54.43 5.36 

7 54.01 2.71 54.48 5.76 

8 54.02 2.94 54.13 6.67 

9 53.96 3.05 53.97 6.86 

10 53.87 3.36 54.71 7.43 

12 53.96 3.56 54.4 8.39 

15 54.07 4.12 54.76 9.93 

     

 

The mean change in output for the OHS tables is insignificant as can be seen in table 

3.14. It can be noted that for an increase/decrease in input by 2 the mean generated by Mat 

Lab is always higher than the initial value. The input changes for all variables by +/- 2 have a 

standard deviation of less than 10 %. Thus it can be seen, similar to the rinse system, that 

fuzzy (imprecise) inputs would not have a significant impact on the model outputs. 
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3.8.3.  Waste generated 

 

The aims of the waste generated tables were to evaluate the amount of the waste 

produced and the opportunities available to reduce this waste. Flemming addressed many key 

inputs in order to determine the potential for waste reduction. This included: Reduction of 

drag-out and drag-in, Optimizing bath chemistry, Concentrating of waste, Improved 

maintenance of process baths, Amount/type of waste generated and Recovery from waste. 

The Flemming table for waste generated is illustrated in Table 3.15.  

 

Table 3.15: Flemming’s Waste tables 

 

Taking the company outputs, as in the rinse system, indicated a score of 63.6. This 

score was used as a comparison for sensitivity.  The variables were changed as in the rinse 

system and the mean of 1000 runs recorded.  

 

Table 3.16: Change in outputs with input changes-Waste tables 

No. of inputs 

changed 

Mean Output for 

input change of +/- 1 

Standard 

Deviation 

Mean Output for 

input change of +/- 

2 

Standard Deviation 

0 63.6 - 63.6 - 

1 63.64 1.02 63.77 1.86 

2 63.61 1.42 64.31 2.89 

3 63.69 1.81 64.3 3.33 

4 63.57 1.99 64.8 3.75 

5 63.67 2.25 64.79 4.26 

Type of waste Waste Disposal methods Costs Possibilities for waste reduction:  5=big and 1=small

Write the types below ton/yr R/ton R/yr
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Liquid sludge 34 DL 450 15300 5 2 2 2 3 22

Filter cakes 53 DL 450 23850 5 5 5 2 3 58

Other 20 DL 250 5000 3 4 4 3 4 19

Sum 107 44150 100

Total score 63.6

Score:  1 = good,  5 = unsatisfactory
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6 63.63 2.41 65.37 4.67 

7 63.47 2.76 65.42 5.28 

8 63.48 2.82 65.72 5.54 

9 63.41 3.04 66.10 5.71 

10 63.67 3.11 66.60 6.29 

12 63.27 3.53 66.66 6.85 

15 63.57 3.86 67.72 7.77 

18 63.52 4.08 69.58 8.26 

 

 

The results from Table 3.16 indicate that for a +/- 1 input change, the mean output  

remains relatively unchanged. The standard deviation for the input change of +/- 2 is more 

than double that of  the +/- 1 input change.  The table has a maximum input of 18 and if all 

inputs are changed randomly, then the standard deviation is still less than 10.  

 

3.8.4.  Wastewater treatment plant chemicals 

 

The wastewater treatment plant chemicals table is illustrated in Table 3.17. This table 

is intended to indicate potential to reduce the chemical consumption at the wastewater 

treatment plant. The input variables that determine the effectiveness of water treatment 

chemicals are: using less excess of chemicals, use spent process baths instead for treatment, 

optimizing the treatment of spent baths, mass of sludge produced, cost of sludge disposal/year 

and better separation of wastewater streams.  

 

Table 3.17: Waste water treatment plant-Chemicals 

Chemicals Concentration Consumption Costs

kg/yr R/year
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Sodium hydroxide 100% 100 200 4 5 3 4 75 75

Sodium hydroxide 28%

Hydrochloric acid 30% 100 200 4 5 3 4 75 75

Sulfuric acid 96%

Sodium disulfite 100% 150 800 2 2 3 4 43.75 65.625

Sodium dithionite 100%

Hydrogen peroxide 35%

Polymer 100% 100 500 2 2 3 4 43.75 43.75

Iron(III) chloride

Sodium hypochlorite 15%

Calcium chloride 100%

Sum 450 1700 57.6

Possibilities of savings

5=big and 1=small possibilities
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Table 3.18: Change in outputs with input changes-Waste water treatment plant                    

chemicals tables 

No. of inputs 

changed 

Mean Output for 

input change of +/- 1 

Standard 

Deviation 

Mean Output for 

input change of +/- 

2 

Standard Deviation 

0 57.6 - 57.6 - 

1 57.67 1.12 57.62 2.25 

2 57.60 2.62 57.60 3.18 

3 57.61 1.94 57.53 3.87 

4 57.56 2.25 57.66 4.43 

5 57.67 2.53 57.60 4.87 

6 57.71 2.75 57.50 5.60 

7 57.70 2.98 57.66 6.32 

8 57.68 3.17 57.87 6.45 

9 57.46 3.35 57.23 6.67 

10 57.49 3.62 57.91 7.05 

12 57.62 3.98 57.50 8.04 

15 57.93 4.35 57.56 8.54 

18 57.74 4.67 57.50 9.60 

20 57.47 4.78 57.47 10.30 

 

From Table 3.18 it can be seen that the results for the sensitivity of Flemming’s 

waste water treatment plant chemicals to variable change does not significantly influence the 

rating.  With a change of +/-2 on input changes the maximum standard deviation is 10. Thus 

it can be stated that the wastewater treatment plant tables would not be significantly changed 

if the inputs were not precise.    

 

3.8.5.  Summary of sensitivity investigation 

 

From the investigation of the sensitivity of Flemming’s CP tool into data inputs, it 

was seen that the model is not significantly influenced by small input variations. Small 

changes in inputs have a low to insignificant impact on the outputs on the CP evaluation. This 

sensitivity analysis implies that the evaluation system can be developed differently i.e. using 

imprecise inputs. This is now pursued in chapter four.  
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3.9.  Conclusion 

 

The reviews and feasibility studies undertaken were found to be most effective in 

gaining rapid knowledge of the plating industry. The creation of the database of company 

data proved to be very useful for the testing of results of models developed during this study.  

 

In this chapter the data requirements for the rinse system is detailed together with the 

calculations required in determining the rinse outputs. The testing of the Flemming CP tool 

with regards to input data sensitivity clearly indicated potential for a fuzzy application. From 

the case presented the output was found to be “essentially fuzzy”. This chapter has illustrated 

that the data requirements for the Flemming CP tool can be imprecise. The random variation 

in input data does not significantly change the output rating.  

 

The analysis of the Flemming CP tool has proven its comprehensiveness. The rigid 

data requirements together with the time and skill levels required have been highlighted. It 

would be ideal to develop a CP evaluation system with equivalent outputs but with reduced 

input data, time and skills intensity. 

 

Based on this sensitivity analysis, the Chapter 4 develops an alternate fuzzy 

evaluation system. 
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CHAPTER FOUR 

 

 

FUZZY LOGIC METHODS FOR CLEANER PRODUCTION 

EVALUATION 

 

In this chapter a fuzzy logic model, for qualitative cleaner production evaluation, is 

proposed. The aim of this model was to replace previous data intense models used for 

cleaner production evaluations. The basic relevant fuzzy logic theory is detailed in section 

4.3. The application of the theory to the entire plating process is then proposed and detailed, 

section 4.4. The outputs from the fuzzy logic model are compared to the output from the 

Flemming model in section 4.6.  

 

 

4.1.  Introduction 

 

The evaluation of the environmental status of an electroplating facility, as compared to 

the best available practice, has traditionally been difficult to conduct, particularly in small or mid-

sized plants. This was clearly illustrated in the previous chapters. The problem arises mainly due 

to the fact that the detailed plant data necessary for evaluation was always difficult to obtain 

completely and precisely.   

 

To alleviate the data-scarcity and lack-of-skills related problems in environmental 

performance evaluation for cleaner production, a fuzzy-logic-based decision analysis approach is 

introduced in this chapter.  This chapter deals specifically with the various systems that exist in 

an electroplating plant. The aim was to determine ratings on key variables and then compare these 

to best available practice.  The novelty of the approach lies in the information i.e. the model 

depends solely on non rigid operator level inputs as compared to traditional rigid data. 

 

The methodology introduced in this chapter is based on multivariable decision making 

using fuzzy logic. The entire electroplating facility is divided into eight sections that are 

evaluated individually. The different sections of the plant were considered individually and 

operator inputs were used to develop a cleaner production assessment. The attractiveness of the 
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approach is illustrated by the analysis of the rinse management system.  The evaluation system is 

suitable for any type of production process in the electroplating industry. 

 

The model is validated using the data from the companies audited for the database, as 

detailed in Chapter 3. The fuzzy model is established based on fuzzy protocols. The base values 

for the model are based on the experience obtained during the review of the 25 companies. The 

model for each category, once complete was compared to the results from the database values. 

The base values were then adjusted by regression. 

  

4.2.  Plating process and the Environment 

 

Figure 4.1 depicts a typical electroplating process, where major process operations (such 

as cleaning, rinsing, and plating), process inputs (such as metal parts, water, chemicals, and 

electricity) and outputs (such as plated parts and waste) are detailed.  During operations, the parts 

in barrel or on rack are cleaned in alkaline and acidic solutions. This cleaning that occurs is a 

step-wise operation.  After each step of cleaning or plating, parts are rinsed in a rinse system that 

may contain one or more rinse units.  In the plating unit, metal coating is developed on the 

surface of parts.  The plated parts then undergo post processing before leaving the line.  The 

operations generate chemical- and metal-containing waste in almost all the operational steps.   

 

According to Lou and Huang
1
 and Luo et al.

2
, the waste can be classified into two 

categories: unavoidable and avoidable.  The former comes from dirt removal from the surface of 

parts after using chemicals, energy and water; the latter is generated due to excessive use of 

chemicals and water.  Waste reduction in an electroplating plant is essentially the minimization of 

the avoidable waste.  In this regard, process optimisation and management improvement is the 

key for CP.
3,4
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Figure 4.1: Plating process materials in and out. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine the efficiencies of chemical, water, and energy use, or to identify the 

bottleneck of waste minimisation in production, all operational units shown in Figure 4.1 should 

be carefully evaluated.  To assist the evaluation process, a proper system classification will be 

undertaken.  In this work, the following electroplating plant sections, together with their 

justification, are used. 
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 Consumption: Process chemical.  Large amounts of chemical solutions are consumed 

daily in cleaning and electroplating operations.  The chemicals must be optimally 

used so that chemical consumption can be minimized while the cleaning and plating 

qualities are also guaranteed. 

 

 Consumption: Water.  The actual water that flows in all the rinse steps must be 

evaluated.  This will be critical for identifying the best opportunities for water use 

and reuse. 

 

 Rinse management.  The rinse effectiveness must be ensured as it is directly related 

to the use of minimum amount of water to rinse off the chemical solutions carried 

into the rinse units from the proceeding cleaning or plating units.    

 

 Production.  The measurement and control of production (e.g., the total surface area 

of the parts to be coated) are crucial for CP effectiveness. 

 

 Chemicals for wastewater treatment plant.  The efficiency of chemical treatment of 

wastewater in a WWTP is directly related to waste reduction and thus should also be 

evaluated.   

 

 WWTP operations.  The availability and operational status of the equipment in the 

WWTP are crucial for waste treatment effectiveness. 

 

 Sludge reduction.  The areas where sludge is generated and managed must be 

checked to ensure minimal sludge generation for disposal. 

 

 Health and safety and environment.  This is to evaluate the employee’s health and 

safety.   The impact of the types of chemicals and working environment must be 

investigated. 

 

The classification of the plant created above facilitates the application of fuzzy logic as 

the plant is now broken down into manageable sections for the evaluation process. While 

evaluations of the eight categories listed above are essential, the data availability and quality in 

each category is always questionable.  It seems fuzzy logic is a viable tool in CP evaluation when 
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the available information is imprecise, incomplete, and uncertain.
5,6

  Fuzzy logic utilizes rigorous 

fuzzy mathematics to process and manipulate non-ideal information or ill-defined data in a 

systematic way.  By fuzzy logic, expert knowledge, particularly expert’s heuristic knowledge, can 

be readily represented and integrated in a consistent way into a CP evaluation system.
7
 The 

resulting fuzzy models can be used to effectively weigh the factors in each category under 

consideration.  A total impact of the factor importance on CP can be reasonably assessed. It 

would be most appropriate to define the theory for multi variable fuzzy decision analysis before 

presenting a case study. 

  

4.3.  Fuzzy Logic based Multi-Objective Decision-Making 

 

In the text to follow, a fuzzy-logic-based decision-analysis method is introduced by 

resorting to a fuzzy-logic-based multi-objective decision making method.
8
 The background 

theory to this fuzzy model is now detailed. 

 

Assume that there are N objectives to be considered for CP, e.g., minimum process 

chemical consumption and minimum sludge generation.  The set of objectives, O, can be denoted 

as: 

O = {o1, o2, …, oN}           (4.1) 

 

Also assume that there are M factors for CP evaluation.  These factors are denoted as the 

set, A. 

 

A = {a1, a2, …, aM}        (4.2) 

 

In evaluation, the impact of each factor (ai) on each individual objective (oj) is first 

defined by a fuzzy membership function, 10,aio j
, i = 1, 2, ···, M; j = 1, 2, ···, N.  The 

membership functions can be continuous or discrete, and be determined based on engineering 

knowledge, subjective preference, and/or available data.
5
   

 

The task of evaluation is to assess how the pre-defined objectives are achieved.  

Mathematically, this evaluation can be obtained through defining the following decision function, 

D:    
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NoooD  21          (4.3) 

 

Where: 

 Intersection of sets 

 

Note that the importance of each objective to the overall CP objective may be different in 

the decision maker’s view.  Moreover, data availability and quality for assessment may also be 

different for each objective-based evaluation.  To make the evaluation more reasonable, a set of 

preference values should be defined as an association with the specific objective set as shown 

below. 

 

 B = {b1, b2, …, bN}        (4.4) 

 

Where each preference has a value between 0 and 1. 

 

By incorporating the preferences, the decision-analysis function in Eq. (4.3) can be 

advanced as follows: 

 

rirrii b,aoMb,aoMb,aoMD  222111    (4.5) 

 

where the decision measure, M, for the factor, ai, is defined below: 

 

ijjij

ijjjijj

aobaowhere

aobbaoM

:

),(,
        (4.6) 

 

Where: 

Maximum operation 

b = 
b

1
 

 

The evaluation of each decision measure can be conducted as follows:  
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ioibiM a,amaxa
jjj

      (4.7) 

 

Or more concisely, the decision-analysis model in Eq. (4.5) can be rewritten as: 


M

j

ijji aobaD
1

       (4.8) 

 

With this decision function, a fuzzy MIN-MAX algorithm is used to identify the most 

important factor(s) that are critical for CP evaluation.  This algorithm has the following two-step 

operations: 

 

(1) To determine the minimum importance of the objectives,
iM a

j
, for each factor 

ai.  This can be accomplished by performing the following MIN operation: 

 

iMiMiMiD aaamina
N


21

    (4.9) 

 

or 

iM

N

j

i aaD
j

1

        (4.10) 

  

(2) To identify the most important factor for CP by performing the following MAX 

operation: 

 

mDDDD aaamax*a 21     (4.11) 

 

or 

i

M

i

* aDaD 
1

        (4.12) 

 

The two-step decision analysis will lead to the identification of the most important factor, 

a*, for production improvement.  In many applications, it is preferred to give a single score as an 

indicator of the CP status for the plant.  The following formula is suggested to determine the 

overall CP status. 
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%aVaS
M

i

iiD 100
1

       (4.13) 

where V(ai) is a fuzzy number of factor ai.  The definitions of the fuzzy numbers are 

based on experience.
9,10-11

  In the case study below, a detained example of defining the fuzzy 

numbers of all six factors are exemplified. 

 

4.4.  Application of Multi Objective Decision-Making 

  

For the application of the multi objective decision making the first step would be to 

declare the operator inputs for the different operator questions. These choices of potential 

operator answers are referred to as the alternates available. The alternates need to be presented in 

a user friendly and easily identifiable format for the operator to make his selection. A detailed list 

of these questions and alternates for the rinse system is described. A detailed list of all the 

categories is attached in Appendix B1. 

 

4.4.1.  Dripping  

 

Dripping is understood to be the length of time where the items are placed above the 

process bath before being moved to the next bath. If the time of dripping is too short, the liquid 

will not drip off completely before the item is moved on to the next tank. A score for dripping is, 

therefore determined by the length of time for which the items are dripping above the bath, before 

being sent on to the next bath.  

 

Operator alternates for dripping time: 

 Jig drip time is between 0-4 Seconds  

 Jig drip time is between 5-9 Seconds 

 Jig drip time is between 10-14 Seconds 

 Jig drip time is between 15-19 Seconds 

 Jig drip time is >20 Seconds 

 

The scores above are acceptable for racked goods.  
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4.4.2.  Hanging 

 

By hanging (suspension) it is understood to be the physical orientation in which the items 

are placed on the rack or jig. By tilting the items in order to avoid as much entrapments as 

possible, drag-out volume is minimised. For example, a cup-shaped item is always racked upside-

down; hollow tubes should be racked horizontal with a slight slope. The score for hanging 

therefore depends on the efficiency of the liquid to drip off the item, before the items are lead to 

the next process.  

 

Operator alternates for parts hanging: 

 No cup-shaped parts entraining liquid, flat sheets hung with one corner facing down, 

draining time less than 3 seconds. 

 Some liquid entrapment by cup-shaped parts, flat sheets hung with the shortest end 

facing down, 3~8 seconds of draining time 

 Large liquid entrapment by cup-shaped parts, sheets hung with the shortest end 

facing down, 8~12 seconds of draining time 

 Large liquid entrapment by cup-shaped parts, sheets hung with a longer side facing 

down, 12~15 seconds of draining time 

 Large liquid entrapment by cup-shaped parts, sheets hung with a longer side facing 

down, draining time greater than 15 seconds 

 

4.4.3.  Agitation 

 

Agitation is understood to be the physical motion of the liquid. If the liquid is not in 

motion or being agitated the replacement of the liquid film on the item surface will be very slow, 

and there is a risk to drag-out the chemicals before they have been exchanged from the surface 

layer. By aggressive agitation and liquid motion the liquid film is physically replaced much 

faster. The agitation and liquid motion thus have high influence on the speed of the replacement 

of the liquid film.  

 

Operator alternates for Agitation: 

 No agitation or liquid motion in any tanks 

 Visible agitation or jig motion on some cleaning tanks 

 Visible agitation or jig motion on all cleaning tanks 
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 Visible agitation and liquid motion on all process tanks 

 Aggressive agitation and liquid motion on all process tanks 

 

4.4.4.  Water Inlet/Outlet  

 

Water inlet/outlet is understood to be the way in which the rinse water is physically let in 

and out of each rinse tank. The inlet/outlet has major influence on the physical passage of water 

in the rinse tank and on the utilisation as well. This is mainly due to concentration pockets caused 

by insufficient mixing. If the inlet and outlet are physically placed side by side there can be high 

water consumption but a very low rinsing efficiency. 

 

Operator alternates for Process Inlet/Outlet: 

 Inlet located at the top of the tank and outlet next to it on the top of the tank 

 Inlet located at the top of the tank and the outlet on the top of the tank but on the 

opposite end 

 Inlet located at the top of the tank and the outlet on the bottom of the tank but on the 

opposite end 

 Inlet located at the bottom of the tank and the outlet at the top of the tank but on the 

opposite end and the tank not agitated 

 Inlet located at the bottom of the tank and the outlet at the top of the tank but on the 

opposite end and the tank agitated 

 

4.4.5.  Back-Mixing  

 

When two or more rinsing tanks are connected (e.g. counter current rinse), it is important 

that the water will run from the tank with a lower chemical concentration to a tank with a higher 

chemical concentration. This is normally controlled by a simple gravity flow where there is a 

difference in water height. Under normal conditions the flow direction is correct, but if a big rack 

or even worse a big barrel is submersed in the dirty water, the water level in the dirty tank may 

increase above the water level of the clean water tank. In this case the water will flow in the 

wrong direction, and the clean water tank will get polluted with dirty water. In this case there is a 

very low efficiency of the rinsing process compared to normal conditions for this kind of rinse 

systems. The construction should be corrected to improve rinsing quality and reduce water 

consumption. 
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Operator alternates for Back Mixing: 

 Rinse tanks linked across the bottom or top, allowing continuous flow of water 

 Small pipes linking rinse tanks, resulting in continuous back mixing; high spills 

between rinse tanks during jig submersion 

 Rinse tanks linked across the bottom or top, allowing moderate water flow, or very 

small water overflows to the next rinse tank during jig submersion. 

 Rinse tanks linked across the bottom or top, allowing very little water flow, or some 

water overflows to the next rinse tank during jig submersion 

 No back mixing, tanks not linked 

 

4.4.6.  Flow-control 

 

Controlling the inlet flow of water to a rinse tank is probably the most important factor 

influencing the water consumption. To control the flow a valve is needed for adjustment and a 

flow meter to monitor the flow - but more importantly the exact water flow rate is required. The 

demand of water is determined by the defined water quality (F = dilution factor) and the drag-out 

from the previous process tank. 

 

The typical situation is a totally open water-valve, and nobody has considered if less 

water would be sufficient. Some companies implement some kind of water restrictors and this is 

highly recommended, but it is still very important that the restrictors are allowed to control the 

water flow. Too often it is seen that the operations staff increasing the water flow by further 

opening the water-valve, because it was found that the rinse water was too dirty. It is an important 

task to set up correct instructions and ensure that these instructions are followed. 

 

Operator alternates for Flow Control: 

 Rinse water supplied by non-restricted pipe, separate inlet for each rinse tank 

 Rinse water supplied by a valve on the end of a pipe with some control 

 Static tanks dumped regularly or with moderate flow control but without rinse 

recovery system, and no rinse water redirecting 

 Static tanks dumped regularly or with moderate flow control but without rinse 

recovery system, and rinse water redirected 

 Continuous flow control via predetermined rinse water requirements, all water 

recovered via low flow rinse back into plating tank 
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4.5.  Rinse management application 

 

The alternates listed above are used to establish the fuzzy model. These alternates are 

considered for development of the fuzzy rinse management model. The set of alternates are 

defined as A: 

 

A = {a1, a2, …, a6} = {DT, HG, AG, IN, BM, FC}    (4.14) 

 

Where: 

DT: Drip time that parts stay above a tank before moving to the next tank. 

HG: Orientation of the parts hanging on a jig 

AG: Agitation of the solution in a tank by air or jig movement 

IN: Water flows through a rinse tank 

BM: Back mixing of rinse due to connections of the rinse tanks           

FC: Flows control of rinse water to a rinse tank 

 

The analysis for CP is to be performed by focusing on the impacts of the six factors on 

the four objectives below: 

 

O = {o1, o2, …, o4} = {CC, P, WC, C}      (4.15) 

where 

CC: the chemical consumption   

P: the production rate   

WC: the water consumption 

C: the cost for wastewater treatment and due to production loss 

 

Available information.  In this application, the CP evaluators obtained the level of 

importance of each factor to each objective.  This data is compiled in the following notation 

suggested by Zadeh.
12

 

 

FCBMINAGHGDT
o

15.0
;

1.0
;

1.0
;

2.0
;

5.0
;

8.0
1      (4.16) 
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FCBMINAGHGDT
o

1.0
;

1.0
;

15.0
;

2.0
;

15.0
;

4.0
2      (4.17) 

 

FCBMINAGHGDT
o

8.0
;

1.0
;

7.0
;

1.0
;

2.0
;

7.0
3      (4.18)  

FCBMINAGHGDT
o

15.0
;

1.0
;

1.0
;

1.0
;

2.0
;

2.0
4      (4.19)   

 

In the above notation, the numerator and denominator of each fraction are, respectively, 

the fuzzy number (
io a

j
) as the importance to the objective and the corresponding factor (ai).  

The numerator is a subjective value entered, based on experience. 

 

B = {b1, b2, …, b4} = {0.9, 0.75, 1, 0.65}        (4.20) 

 

The subjective values reflect the following basic analysis for rinse management: (i) the 

water consumption objective (o3) as the most important (b3 = 1), (ii) the chemical consumption 

(o1) as very important (b2 = 0.9), (iii) the production (o2) due to rinse management considered 

fairly important (b2 = 0.75), and (iv) the additional cost (o4) as the least important (b4
 
= 0.65) in 

evaluation. 

 

4.5.1.  Evaluation.  

 

 According to Eq. (4.8), or more clearly, Eq. (4.7) and (4.9), the following manipulations 

are performed: 

 

35.02.035.07.004.025.08.01.01aD  

(4.21) 

2.02.035.02.0015.025.05.01.02aD    

          (4.22) 

1.01.035.01.002.025.02.01.03aD    

          (4.23) 
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1.01.035.07.0015.025.01.01.04aD    

          (4.24) 

1.01.035.01.001.025.01.01.05aD    

          (4.25) 

15.015.035.08.001.025.015.01.06aD    

          (4.26) 

Where: 

 Minimum operation 

 Maximum operation 

 

The above evaluation results provide detailed, specific directions on where and to what 

level the rinse management should be improved.  

 

Also, according to Eq. (4.12) : 

 

135015010101020350 aD.......*aD    (4.27) 

 

This evaluation indicates that drip time (DT, or a1) is most critical, while agitation (AG or 

a3), the inlet water flow (IN, or a4), and the back mixing between tanks (BM, or a5) are the least 

important in this case.   

 

If the values of the concerned factors are available in a plant, the rating of the given rinse 

management system can be evaluated using Eq. (4.13) as follows:  

 

%FCV.BMV.INV.AGV.HGV.DTV.S 10015010101020350

 

(4.28) 

 

Equation 4.28 is the fuzzy rating that would be used to determine the status of the rinse 

management system.  
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4.6.  Comparison of results with Database values from Flemming’s  CP tool 

 

The fuzzy results needs to be compared to the results generated by Flemming's
13

 CP tool. 

The initial fuzzy allocation values can be assumed to be test estimate values. These values are 

aimed at being general inputs of the potential fuzzy allocation for the operator alternates. These 

values enjoy a low confidence level due to the nature in which they are obtained i.e. they are 

purely subjective. It would be ideal to regress these values so as to try and replicate values from 

the database.  

 

These initial input values are used as inputs into the fuzzy model. For example, if the 

operator selects a low rating under Drip times, such as 0.2, then the drip times (DT) value in 

equation 4.28 is multiplied by this value.  This would be done for each of the categories in the 

rinse section.  Table 4.1, contains a set of input values for the six different categories in the rinse 

section. For the testing of equation 4.28 four random company case scenarios were extracted form 

the database.  

 

Table 4.1: Comparative outputs from Flemming’s and Fuzzy model  

Case 

No. 

Drip 

Times 
Hanging Agitation In-Out 

Back 

Mixing 

Flow 

Control 

Fuzzy 

Evaluation 

Fleming’s 

Evaluation 

Sum of 

square 

1 0.2 0.2 0.4 0.4 0.2 0.2 25.0 6.7 336.0 

2 0.8 0.4 0.6 0.4 0.4 0.4 52.0 41.7 106.7 

3 0.6 0.8 0.6 0.8 0.6 0.8 71.0 65.0 36.0 

4 1 0.8 1 1 1 1 96.0 96.7 0.4 

         479.1 

 

As can be seen from Table 4.1, the fuzzy model needs to be improved so as to generate 

equivalent results as compared to the Flemming CP tool
13

.  

 

Using the excel solver and defining the sum of squares as the main objective to minimize, 

the estimates of the fuzzy allocations can be improved. The solver is then run with the above 

ranges and the Excel output would, by regression, minimize the difference between the database 

results and the fuzzy outputs. It can be noted that the operator input ratings were used for the 

regression. The actual outputs would not change significantly if the expert input factors were 
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regressed. This implies that the output would remain unchanged as the operator input ratings and 

the expert inputs can be considered to be a ratio.  

 

The regression results for the alternates are summarized in Table 4.2. 

 

Table 4.2: Summary of regressed values: 

General 

segregation 
Drip times Hanging Agitation Inlet Back mixing Flow control 

Low 0 0 0 0 0 0 

 0.05 0.05 0.18 0.2 0.05 0.05 

Medium 0.3 0.3 0.3 0.3 0.3 0.3 

 0.51 0.5 0.5 0.6 0.56 0.6 

High 0.7 0.83 0.81 0.7 0.8 0.72 

 1 1 1 1 1 1 

 

From Table 4.3 it can be seen that the regression has resulted in some changes to the 

fuzzy alternate allocations. These values are all within the initial estimated range. It can also be 

seen that if the database values are used then the sum of square differences is considerably 

reduced. 

 

Table 4.3: Comparative results after regression. 

Case 

No. 

Drip 

Times 
Hanging Agitation 

In-

Out 

Back 

Mixing 

Flow 

Control 

Fuzzy 

Evaluation 

Fleming’s 

Evaluation 

Sum of 

square 

1 0.05 0.05 0.3 0.3 0.05 0.05 11.25 6.7 21.0 

2 0.7 0.3 0.5 0.3 0.3 0.3 42.0 41.7 0.11 

3 0.51 0.83 0.5 0.56 0.56 0.72 65.0 65.0 0.0 

4 1 0.83 1 1 1 1 96.7 96.7 0.0 

         21.11 

 

It can be seen that the regressed values have a very small difference as compared to the 

database outputs. Hence the regressed fuzzy outputs are used as fuzzy allocation for the operator 

questions. 
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 4.7.  Plant wide Application of Multi-objective decision-making  

 

The above methodology can then be applied to the rest of the plant under five of the 

categories listed in 4.2 in this chapter. The appropriate fuzzy questions are developed to 

accommodate operator inputs under these categories, see Appendix B1 for the detailed fuzzy 

calculations for the other 7 categories listed in section 4.2. The preferences are appropriately 

inputted in accordance with each category.  A comprehensive plant wide system is developed that 

outputs an environmental status of the company. 

  

The outputs from each section are summarized on a scale of zero to 100, where a zero 

indicates no room for improvement and 100 indicates major potential savings.  

 

The allocation of inputs and operator values together with the relevant questions are 

detailed in Appendix B1. A summary of the remaining categories is described together with a 

brief description of each application. 

 

4.7.1.  Chemicals for wastewater treatment plant.   

 

 The efficient treatment of waste at the wastewater treatment plant results in reduced 

environmental impact with minimal cost to company. The fuzzy logic evaluation system for the 

chemicals for wastewater treatment was completed as per the rinse system. The initial inputs 

resulted in a sum of squares difference of 360. The final regressed values are detailed in Table 

4.4.   

 

Table 4.4: Table of values for chemicals for waste water after regression 

Using 

less 

excess of 

chemicals 

Using 

spent 

process 

baths 

instead 

Optimizing 

treatment 

of spent 

process 

baths 

Better 

separation 

of waste 

streams 

Automatic 

dosing 

and 

control 

Fuzzy 

output 

Database 

output 

Sum of 

squares 

0.24 0.23 0.48 0.22 0.2 26.30 25.00 1.69 

0.50 0.55 0.62 0.22 0.38 46.20 50.00 14.44 

0.73 0.80 0.78 1 0.69 78.40 75.00 11.56 
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1.0 0.98 0.99 1 1 99.46 100.00 0.30 

      Sum 27.99 

 

 

From Table 4.4 it can be seen that the post regressed fuzzy logic model outputs are 

similar to the Flemming CP tool output. The actual difference in the sum of squares is reduced 

from 360 to 28.  

 

4.7.2.  Waste Water Treatment Plant(WWTP) operations.   

 

The aim in auditing the operations employed at the wastewater treatment facility was to 

determine the state of wastewater treatment at a particular company. This is specifically with 

regards to the equipment used at the wastewater treatment plant. This includes the various 

systems for the proper treatment of the different effluent types such as acid/alkali metals etc. The 

initial inputs resulted in a sum of squares difference of 225. The final regressed values are 

detailed in Table 4.5.   

 

 

Table 4.5:  Waste water treatment plant post regression 

 

Neutralization 

equipment 

Chrome 

monitoring 

equipment 

Cyanide 

monitoring 

equipment 

Metals 

monitoring 

equipment 

COD 

monitoring 

equipment 

Fuzzy 

logic 

Database 

values 

Sum of 

squares 

0.29 0.30 0.10 0.38 0.29 26.25 25.00 1.56 

0.53 0.48 0.48 0.50 0.53 50.00 50.00 0.00 

0.76 0.74 0.74 0.75 0.76 75.00 75.00 0.00 

1.00 1.00 1.00 1.00 1.00 100.00 100.00 0.00 

      Sum 1.56 

 

It was seen that the regression reduces the sum of square error from 225 to 1.56.   

 

 4.7.3.  Health and safety and environment. 

   

The occupational health and safety category results are reflected in Table 4.6. The 

regression was successful in reducing the error for the sum of square difference between the new 



 

 

4-19 

 

fuzzy model and the initial estimates from 517 to 41.61. The largest errors were generated in the 

lower end of the scale as can be seen in Table 4.6. 

 

Table 4.6: Occupational health and safety post-regression 

 

Effect of 

chemistry 

Effect of 

temperature 

Effect of 

noise 

Effect of 

heavy 

lifts 

General 

risk 

Fuzzy 

output 

Database 

outputs 
%  Error 

0.25 0.30 0.20 0.20 0.20 23.75 17.30 41.60 

0.39 0.54 0.20 0.20 0.53 40.00 40.00 0.00 

0.54 0.79 0.64 0.58 0.53 62.00 62.00 0.00 

1.00 1.00 1.00 1.00 1.00 100.09 100.00 0.01 

      Sum 41.61 

 

 

4.7.4.  Sludge tables 

 

 

The aim of conducting an evaluation into the sludge generated at the electroplating 

facility was to evaluate the source of sludge and the management of the process of sludge 

generation with the aim of potentially reducing the sludge at source. The initial inputs results in a 

sum of squares difference of 707. The final regressed values are detailed in Table 4.7.   

 

 

Table 4.7: Sludge generation post-regression 

 

Reduction 

of drag-in/ 

drag-out 

Optimum 

bath 

chemistry 

Concentration 

of waste 

Improved 

maint of 

process 

bath 

Recovery 

from 

waste 

Fuzzy 

model 

output 

Database 

output 

Sum of 

squares 

0.15 0.70 0.50 0.30 0.20 34.25 40.00 33.06 

0.70 0.30 0.50 0.30 0.30 47.00 40.00 49.00 

0.30 0.30 0.50 0.70 0.20 37.50 35.00 6.25 

1.0 0.78 0.99 0.98 0.99 95.00 95.00 0.00 

      Sum 88.31 

 

 



 

 

4-20 

 

4.8.  Testing of the rinse model 

 

For the purpose of verification the fuzzy model developed for the above plant sections 

were verified using a random company data from the database. The Flemming CP tool output was 

compared to the output generated by the fuzzy model. The outputs for the Flemming and fuzzy 

models for the relevant categories are illustrated in Table 4.8. 

 

Table 4.8: Comparative outputs of Flemming and proposed fuzzy model 

 Flemming Fuzzy model Difference percentage 

Rinse system 65 56 4 

Occupational health and safety 29 25 4 

Waste water treatment plant chemicals 65 71 6 

Waste water treatment plant equipment 37 37.5 0.5 

Sludge/waste 45 45.5 0.5 

    

 

From Table 4.9 it can be seen that for the five categories with comparative Flemming 

tables the fuzzy model produces results with a maximum difference of 6 %. The mean overall 

difference is 3%. Thus the output from the fuzzy model can be considered to be comparative to 

Flemming’s output. 

  

4.9.  Application of the fuzzy model 

 

The aim of the fuzzy system has been to replace the rigid data requirements of the 

Flemming model. Data for the fuzzy model is obtained from the plant operator. The fuzzy 

questions and options, as illustrated in this chapter, were compiled into an operator-based 

questionnaire, see Appendix B2. For the purpose of simplifying data capturing and data 

manipulation the questionnaire together with the fuzzy manipulation, illustrated above, was 

programmed in Visual Basic, see Appendix B3.  

 

4.10.  Conclusion 

 

This chapter has dealt with the evaluation of the different sections of the plant using 

fuzzy logic. The categories of water and chemical consumption are addressed separately in 

subsequent chapters. 
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The fuzzy logic model allows for the evaluation of the cleaner production status of an 

electroplating facility, which was always difficult to conduct. The model performs exceptionally 

well especially when the available production and environmental data is incomplete, imprecise, 

and uncertain.  The model is able to use operator level inputs to establish a comprehensive 

cleaner production status. It is particularly applicable to small or medium-sized plants where 

environmental auditing expertise is always insufficient.  The fuzzy-logic-based decision analysis 

approach described in this chapter demonstrates an effective way for fast and systematic 

assessment of plant practice.  This approach is applicable to any type of plating lines with any 

capacity.   

 

The cleaner production evaluation is by no means complete and subsequent chapters 

deals with the quantification of the various processes and their efficiencies. The next chapter 

deals with the development of the acid cleaning model. 
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CHAPTER FIVE 

 

 

ACID CLEANING MODEL DEVELOPMENT 

 

This chapter details the development of the first of the mathematical models i.e. the acid 

cleaning model. The model focuses on using weekly operator acid dosing to determine 

the plant production, in meters square. The acid-cleaning model is developed using a 

factorial experimental design as detailed in section 5.3. The experimentation for the 

model is carried out on a pilot plant, detailed in section 5.4. The model is verified using 

data from the database of companies, section 5.7. A Monte Carlo simulation illustrating 

the effect of input variability is detailed in section 5.9. Section 5.10 details the 

application of the model for cleaner production evaluation. 

 

 

5.1.  Introduction 

 

The fuzzy logic model developed in Chapter 4 does not quantify exact potential 

chemical/water savings. Quantification of the exact potential savings would strongly 

encourage plating companies to adopt cleaner production. This study now aims at providing 

models that support the quantification of potential savings by modeling individual processes 

and comparing current plant practices to ideal operations. The models developed focuses on 

the use of non-rigid data in the form of operator inputs for model development.  

  

The models in this thesis were developed based on data obtained from a factorial 

experimental design. It can be argued that a more detailed experimental design would have 

improved accuracy. However, it must be stated that the purpose of this study is to develop a 

tool for CP evaluation. This tool has to have an engineering level of accuracy and be 

simplistic in its approach.   

 

The development of the acid cleaning, degreaser and zinc models, developed in this 

thesis, were based on typical plant operating conditions. They were validated by inputting 

plant data from previous audits i.e. the database. The models, once validated, were applied to 

predict optimum operating conditions. These were used as the CP chemical consumption. The 
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actual consumption entered by the operator is compared to these model outputs. The 

difference was considered to be the potential CP saving. 

 

The purpose of this acid cleaning model is twofold; firstly the acid-cleaning model 

is required to predict optimum operation of the acid tank. This is essential for cleaner 

production. The second and more important use of the acid-cleaning model is its use to 

determine the plant production in terms of surface area of metal plated. It must be noted that 

in Chapter 3, determining the production surface area, was identified as the data requirement 

which was the greatest challenge obtaining.   

 

Due to the nature of the process and input data variations there are large changes in 

the operating variables. Hence, the validity of the acid-cleaning model was reinforced by the 

application of the Monte Carlo technique. The Monte Carlo technique was used to integrate 

the variable variations into the acid-cleaning model.  

 

5.2.  Background 

 

Preparation of the metal surface for electroplating consists of two processes. The 

first is the removal of oil (known as degreasing) and the second is the acid cleaning process. 

The aim of this chapter is to discuss the investigation into the acid cleaning process. This 

process is normally referred to as pickling. The method of cleaning metallic surfaces by 

immersion in acid
1
 is termed pickling 

 

The metal surface needs to be acid cleaned due to the formation of ―rust‖. If this 

rust is not properly removed the integrity of the plating is compromised. This results in poor 

adhesion of the plated metal onto its substrate. 

 

The formation of rust occurs due to various machining processes that the metal has 

undergone. This is typical of all surfaces to be plated as they have been manufactured by 

heating/cooling and cutting processes. When steel or iron is heated and allowed to cool, 

unless this cooling takes place in an atmosphere free from oxygen, a scale layer of oxide is 

formed.
1
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With abundant oxygen supply and heat, the oxide layer is in the form of Fe2O3 or 

Fe3O4 and sometimes a little FeO
2
. Thus prior to being plated the metal is subject to 

corrosion. Corrosion results from the presence of water, air, moisture and perhaps some acids. 

It can be stated that a piece of steel supports various iron oxides. Hoerle
3
 investigated some of 

the oxides of iron, see Table 5.1 

 

Table 5.1: Some of the oxides of iron
3 

Composition Name Crystal System 

Fe3O4 Magnetite Cubic(Spinel) 

-Fe2O3 Maghemite Cubic(spinel) 

-FeOOH Goethite Orthorhombic 

-FeOOH Lepidocrocite Orthorhombic 

-FeOOH Akaganeite Tetragonal 

-Fe-OH-OH Reduced lepidocrocite Orthorhombic 

Fe(OH)2 Ferrous hydroxide Hexagonal 

 

There have been various studies on rust formation
4,5

 on metal surfaces. These 

studies have led to the development of complex models on rust formation. It is not the aim of 

this study to reproduce detailed models with high levels of precision but to produce a model 

that is representative of typical plating conditions. 

 

Hoerle
3
 identified Fe2O3 as the major oxide formed on post-machined components. 

Based on this reaction, equation 5.3 was used as a basis for the reaction calculations for the 

purpose of this study.  

 

The reactions for iron and sulfuric acid can be summarized as
6,7

: 

 

2442 HFeSOSOHFe      (5.1) 

 

OHFeSOSOHFeO 2442      (5.2) 

 

OHSOFeSOHOFe 23424232 3)(3     (5.3) 
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OHFeSOSOFeSOHOFe 243424223 4)(4    (5.4) 

 

5.2.1.  Rust removal by sulfuric Acid 

 

In the typical surface finishing company rust removal is achieved by using either 

sulfuric or hydrochloric acid. From the database of 25 companies reviewed, 15 used sulfuric 

acid for metal pickling. Hence for the purpose of model development, the pickling model was 

developed around the use of sulfuric acid. 

 

5.3.  The variables affecting the rate of cleaning 

 

The rate at which the acid is able to remove the rust and surface clean the metal is 

dependent on various variables. For the purpose of the acid-cleaning model development the 

variables that were considered to effect the chemical reaction were; temperature, 

concentration of the contaminant, concentration of the acid, time and inhibitor concentration. 

The following justifications were used for the use of these variables: 

 

5.3.1.  Dissolved iron content of the solution 

 

Iron is considered to be a contaminant in the pickling process. The amount of iron 

in solution is critical to the solution effectiveness. Current practice at electroplating facilities 

is to dump the acids with high iron content. In experiments conducted by Marcus et al
7,8,9

 it 

was found that initial reaction rate increases with low iron contamination. These experiments 

also indicated lower reaction rates as the iron content increased. Markus
9
 carried out 

experiments with iron content in the range 0.1 to 0.3 mol/l to reinforce these theories.  

 

The acid tank, at plating facilities start with zero iron content and is usually dumped 

when the iron content renders the acid ineffective. Large amounts of metal sludge forms at 

the bottom of the tank, as the iron content increases.   

 

5.3.2.  Acid concentration 

 

Experiments conducted by Quraishi
10

 indicate that the acid concentration has a 

significant effect on the pickling reaction. Markus
9
 also indicates that the acid concentration 
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effects the ferrous reaction. Since it is common practice at plating facilities to increase or use 

higher acid concentrations for ―dirtier parts‖, the concentration of the acid was considered to 

be a variable for experimentation. 

 

5.3.3.  Temperature 

 

According to Quraishi et al 
10,11,12

  experiments with sulfuric acid and iron are highly 

dependent on the reaction temperature. This was confirmed by Markus and Rubisov as the 

results from trials at elevated temperature, 75 to 95 degrees Celsius, indicated that together 

with acid concentration, temperature had a significant effect on the reaction rate. Since most 

acid cleaning solutions are operated at elevated temperatures and concentration, it was 

appropriate to use temperature as a variable in experiments. 

 

5.3.4. Inhibitor 

 

The inhibitor is added to the acid solution to prevent the attack of the acid on the pure 

iron i.e. the acid would attack the iron oxides only. Due to cost, the acid used by plating 

companies is not always a specifically designed proprietary chemical. Some plating 

companies use pure acid without inhibitors whilst others add their own inhibitors to the acid.  

This results in variations in the acid/ metal reactions. The amount of inhibitor dictates the 

effectiveness of the acid in removing oxides/ metal and is hence crucial to the acid-cleaning 

model.   

 

5.3.5.  Time 

 

Operational practices and the condition of the pre-cleaned metal surface vary 

significantly. This results in a variation in the time the metal spends in the acid tank. Ideally 

the reaction with the acid stops, once the metal oxide is removed. In the absence of an 

inhibitor the acid would continue to react with the metal as time is increased i.e. the amount 

of iron removed is dependent on the time spent by the metal in the acid solution. The metal 

contaminant concentration in the acid solution effects the reaction rates, prolonged acid 

pickling times are required as the contaminant increases. Thus the time spent in the acid 

solution was a variable in the experiment.  
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5.4.  Experimental 

 

The electroplating process involves various chemical reactions which could 

potentially be modeled using reaction kinetics etc. This would entail detailed investigations 

and experimentations on reactions and variable effects. This could have resulted in a rather 

drawn out exercise, which is not the main focus of this study. This study focuses on providing 

a model that would conduct a cleaner production assessment at a plating company with 

minimum data requirements, within minimum time, requiring minimum expertise. Due to 

these constraints, and the need to develop and test the potential of a reduced data approach to 

cleaner production evaluations, the factorial approach was used for model development.  

 

5.4.1.  Acid experimentation  

 

Electroplating companies operate at various concentrations of acids, 60-120 g/ l and 

at various temperatures ranging from ambient to 80 deg C. The instantaneous concentration 

of iron in solution changes with every piece pickled. The acid concentration changes as the 

reaction proceeds. Topping up of chemicals usually occurs once per week. The impact of 

drag-out losses and topping up after drag-out is a significant factor to consider in the acid 

reaction as it impacts on the acid concentration. 

 

 This study aims at predicting the operation of the acid tank at any electroplating 

facility. Since these facilities operate within a large range of variability, the model must have 

the ability to accommodate all variable variations together with their interactive effects. 

Hence the fractional factorial
13

 method was employed for the experiments. It would have 

been ideal to conduct a detailed study into the reactions but due to various limitations 

including, the need for a user-friendly model and time constraints, the factorial method was 

chosen as the most appropriate. 

 

Appendix C1 details the factorial design that was used to determine the acid –

cleaning model. The variables were acid concentration (variable 1), temperature (variable 

2), contaminant (variable 3), inhibitor concentration (variable 4) and time (variable 5) 

 

In accordance with the factorial methodology, variables were given a maximum and 

a minimum limit, see Table 5.2. This was determined from the data obtained from the 
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companies via the review process
13

. The range that was used for the above reactions are 

listed in Table 5.2. 

 

Table 5.2: Trial data values for factorial experiments 

Variable Minimum Value (-1) Maximum Value(+1) 

Acid 60 g/ l 120 g/ l 

Temperature 25 
o
C 45 

o
C 

Iron contaminant 0 1 g/ l 

Inhibitor (Actipret BTS 40) 0 5 g/ l 

Time 180 s 600 s 

 

The acid experiments were conducted on a pilot plant as illustrated in Figure 5.1 and 

5.2. The plant was designed and constructed for this research. The plant consists of a 

degreaser system and an acid system. The plates to be acid cleaned were precision cut to 

ensure size consistency. They were then individually weighed before each trial using a four-

digit laboratory balance.  The plates were pre-cleaned using the degreaser. They were then 

rinsed, dried and reweighed.  

 

The pilot plant included a temperature control bath that was used to maintain the acid 

temperature. The metal pieces were cut to size (75mm by 50 mm). The solutions were 

prepared and placed in the acid tank for the specified times. The amount of iron reacted was 

determined by the mass difference of the metal piece before and after the experiment. A four 

decimal place mass balance was used to determine these mass changes. All pieces, once 

reacted, were dried to ensure no liquid remained on the metal as this would impact on the 

mass of metal reacted.  

 

Figure 5.1: P &ID of pilot plant-Acid component 

Rinse 2Acid

TC

Rinse 1

To WWTP

FC
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Figure 5.2: Photo of pilot plant 

 

 

 

Experiments were conducted over a period of three weeks with repeatability’s 

conducted with fresh solutions. The trials were conducted in triplicate to ensure accuracy. 

 

 

5.5.  Experimental Results 

 

The results from the trials indicate the rate of mass loss. This is a direct indication of 

the mass of metal/ metal oxide reacted. The detailed results are attached in Appendix C2.  

 

In order to ensure the integrity of the acid experiment, all trial results were 

statistically verified. The data points that fell within the statistical control limits were used for 

model development, see Appendix C2.  
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5.5.1.  Interpretation of results 

 

The experimental results were substituted in the factorial model and manipulated to 

determine the co-efficients for the effects and there interactions, see Appendix C3 for detailed 

calculations. 

 

The factorial methodology is able to convert the impact of different variable changes 

into a representative equation. The statistical significance of the effects and interactions were 

evaluated. At 95% confidence, the interaction between, acid+contaminant, contaminant+time, 

temperature+inhibitor, time+temperature, acid+inhibitor, inhibitor+contaminant, 

contaminant+temperature, inhibitor+time were found to be statistically insignificant. 

Removing this from the overall factorial equation, representing the metal depletion, results in 

the following equation: 

 

)IN**(25.384 - )IN**(16.85 -) * *(17.14         

*66.23*97.18*4.10*44.17*02.927.136

4242

42

AAAA

SOH

A

Fe

A

SOH

AAAA

Fe

A

SOHD

TCCC

tINTCCM

 

          (5.5) 

 Where: 

A

SOHC 42 =Concentration of acid(g/ l) 

A

FeC =Concentration of Iron(g/ l) 

AT =Temperature of bath(C
0
) 

AIN =Inhibitor concentration (g/ l) 

At    =Time(s) 

 

It can be seen that the resulting equation after statistical corrections, is a function of 

all the variables discussed previously, including the statistically significant interactive effects. 

The equation outputs the metal mass depleted under the specified conditions. The polynomial 

model, Equation 5.5, represents the experimental data. Figure 5.3 illustrates the comparison 

of results for each trial undertaken and results from the developed model. From Figure 5.3 it 

is clearly seen that the model is a reasonable representation of the experimental data. It can 

thus be stated that the equation is representative. 
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Figure 5.3: Comparison between model output and experimental results 
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5.6.  Model development 

 

If the operating conditions are known then it can be stated that Equation 5.5 can be 

used to predict the rate of metal depletion at plating facilities. Extracting operating data from 

the database of companies, the above model can be applied to compare model outputs to that 

of the database. 

 

The operating conditions of the acid tank at the selected electroplating facility were 

entered into equation 5.5. These include; temperature, acid concentration, surface area/jig, 

contaminant concentration, inhibitor status and time in the acid tank. These variables were 

substituted into equation 5.5 and the mass of iron removed from the surface was 

determined.  

 

Md is mass of metal removed. The consumption of acid can be calculated by 

determining the mass change in metal i.e. the metal that has reacted is now in solution and 

hence this has consumed a specific amount of acid.  
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OHSOFeSOHOFe 23424232 3)(3     (5.3) 

 

For the purpose of our calculations the average molecular weight of the iron oxide 

to be removed, would be taken as 179.6. This is determined from the reaction equation. 

(equation 5.3) i.e. three moles of acid is consumed as per mole of metal reacted. Since the 

mass of metal reacted is known the number of moles of acid consumed is calculated. 

 

From a newly made up acid solution: 

 

r

SOHSOH

t

SOH CCC 42

0

42

1

42        (5.6) 

 

Where: 

0

42SOHC = Initial acid Concentration of acid(g/ l) 

r

SOHC 42 = Acid reacted (g/ l) 

1

42

t

SOHC = New acid concentration (g/ l) 

 

The jig/barrel is then removed from the bath. The drag-out of acid and contaminant 

is calculated based on the volume dragged-out. 

 

1

42

1

42

2

42 * t

SOH

t

SOH

t

SOH CDoCC       (5.7) 

 

Where: 

Do=Drag-out(l) 

2

42

t

SOHC = Acid concentration after drag-out (g/ l) 

 

The increase in iron concentration in the acid is calculated from the mass depletion 

equation. The state of the acid after the jig/barrel is removed is thus determined. 

 

r

FeFe

t

Fe CCC 01
       (5.8) 

Where: 

0

FeC = Initial iron Concentration in acid (g/ l) 
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r

FeC = Iron reacted from metal surface (g) 

1t

FeC = New iron concentration (g/ l) 

 

This new condition for the acid solution is substituted into equation 5.5 to 

determine the condition of the acid after the second jig/barrel. This is continued for the 

period indicated by the plant operator i.e. if top-up of acid occurs then the acid 

concentration has to be adjusted and the process continued. The acid concentration is 

adjusted after every jig together with the contaminant concentration i.e. iron content is 

continuously increasing as the acid is used and hence results in a lower reaction rate. Due to 

the repetitive and evolving nature of the process, it would be ideally represented in a  

simulation. 

 

5.7.  Model validation 

 

The model developed needed to be evaluated using existing company data to 

determine its accuracy. Hence spreadsheets were developed to test data of individual 

companies against the model. A sample run is attached in Appendix C4. 

 

5.7.1.  Verification of model using database results  

 

The model is verified based on a weekly dosing system.  This is common practice at 

all electroplating facilities. The chemical supplier samples the acid tank once per week. The 

topping up of acid is based on this analysis. 

 

The data requirements for Equation 5.5 were extracted from the database of 

companies reviewed. This includes the acid tank concentration, temperature, time in the acid 

tank and tank volume. The annual surface area of the company is divided by the number of 

production weeks to determine the weekly production in square meters.  This surface area is 

used together with the number of jigs/week to calculate the individual jig surface area. All the 

tank conditions were inputted into the model. Assuming there are n barrels/week this 

calculation would be done n times to produce the acid tank condition at the end of the week 

i.e. the calculations illustrated in section 5.6 is carried out.  
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Thus determining the acid consumption, using the proposed model, is carried out for 

all the companies in the database. The following table indicates the data obtained from 

companies during the database reviewing process as compared to the model outputs. 

 

Table 5.3: Table of comparison, acid consumption model vs database 

 

  

From  Table 5.3 above, it can be deduced that the model is able to predict 

accurately the acid consumption at an electroplating facility if the plant operating conditions 

are known. The mean difference between the model and the database values is calculated to 

be 2.9%. This error could be as a result of model input variability. This input variability is 

dealt with using the Monte Carlo technique later in this chapter. 

 

Figure 5.4 is a graphical representation of the model results as compared to the 

actual database values for acid consumption. Due to the large range of values for the 

company acid consumption data is separated into the larger (>1400kg) and the smaller 

(<1400kg) acid consumption. 

 

 

 

 

 

 

Company Production Acid consumption (Kg) Percentage

Sq meters Database Model output Error

African 54001 7103 7359 -3.6

Anteo 2200 275 274 0.4

Defy 1 25344 6400 5797 9.4

Defy 2 1100000 35340 31955 9.6

Durban 20496 6160 5371 12.8

Duys 6522 6840 6653 2.7

Euro 4000 960 881 8.2

Fascor 1 30000 3302 3094 6.3

Fascor 2 157283 11280 10403 7.8

Gedore 33689 1400 1424 -1.7

MPS 12219 800 778 2.8

Natal 950 150 167 -11.3

PCB 20323 7103 7280 -2.5

Pinetown 6806 800 891 -11.4

Trans Ni 11222 395 356 9.9
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Figure 5.4: Illustration of the comparison between the database acid consumption and the 

model acid consumption. 
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5.7.2.  Model application-Determining surface area  

 

The model has been proven to be accurate to determine acid consumptions. The 

model developed has surface area as an input variable and is able to calculate the acid 

consumption. This can be used to develop the final system. In the final, proposed model, the 

surface area is not known. It is intended to determine the surface area from the acid-cleaning  

model. This can be done by rearranging Equation 5.5, with acid concentration as the subject 

of the formula. 

 

The weekly acid dosed is known by the operator and hence would be ideally suited as 

an input for the system. Thus the requirement is to input the average weekly chemical 

consumption into the model. Since the operator conducts chemical dosing on a weekly basis, 

this input is harnessed and used for the model. This is also in line with the overall aim of the 

holistic model i.e. the use of operator level inputs. So a modified model is developed that 

accepts all input variables as previously done, but now, instead of the surface area as an input, 

the weekly acid consumption is entered. 
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The drag-out is dependent on plant operations (size, shape, and drip-time) and is 

obtained from the fuzzy model detailed in Chapter 4. The acid temperature and operations 

time is obtained as inputs from the operator and can be considered to be relatively constant. 

The acid, iron and inhibitor concentration is changing as the acid is used in the process 

 

The modeling now commences by estimating the acid consumption for a single jig. 

From this the metal depletion can be determined. Equation 5.5 is rearranged to make the 

surface area the subject of the formula. These values are entered into a rearranged equation 

5.5 to generate an estimated surface area/jig.  

 

Figure 5.5: Surface area calculation flowchart 

 

The model requires the number of jigs/week or per day.  The model determines the 

acid consumption for the week using the estimated surface area. It then compares this acid 

consumption to the operator value. If it is incorrect it adjusts the estimated barrel surface area. 

This continues until the model generates the same amount of acid consumed as indicated by 

the operator, See Figure 5.5. 

 

The model can hence produce the required surface area. The challenge however was 

to validate the model with realistic conditions i.e. there is various external influences on the 

variables modeled and it would be ideal to investigate the effects of these variable changes.  

Estimate Surface 

area/barrel 

Operator inputs + 

Fuzzy model outputs 

Determine acid 

consumed//week 

Acid consumed<> 

operator input 

Acid consumed = 

operator  input 
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The model had to be presented in a user friendly and cost effective package, this was 

in keeping with the main aim of the research project.  The system developed for a cleaner 

production assessment had to be easily applied to the local industry. This implies the 

packaging of the computational model into a user friendly, accessible interface. It was 

decided to use visual basic as the program base. Hence the acid-cleaning model was 

programmed into visual basic so as to effectively carry out the task of data gathering from the 

operators. See Appendix C5 for visual basic screens and program. 

 

5.8.  Mat Lab Model 

 

A major consideration for the establishment of the model is the uncertainties of the 

input data. Plant data would be based on operator inputs and hence are subjective. The plant 

status may also change within a certain limit, hence this needs to be accommodated, within 

the model. Section 5.7.1 of this study determined the mean difference between the model 

and the database values as 2.9%, this can be considered to account for the variability. As an 

illustration of the models response to input variability the Monte Carlo simulation is used.  

For the purpose of the Monte Carlo the input variables were changed, randomly, within a 

range from 0 to a maximum of 2.9% of its original value. 

 

The variables that were considered for the uncertainties were:   

 Temperature 

 Acid concentration  

 Contaminant 

 Pickling time  

 Inhibitor concentration 

 

 

 

 

 

5.8.1.  Temperature 

 



 

 

5-17 

 

The temperature in the acid tank may vary due to various factors, among these 

factors are the environmental temperature, topping up rate, heater control, production rate 

and operation influences. 

 

The tank temperature may increase or decrease based on the weather conditions, 

wind factors and convective losses. This means that minor changes in temperature can be 

encountered due to outside climate changes. 

 

The acid tank is subjective to drag-out, drag-in and receives cold components from 

the previous tank. This would have a significant effect on the temperature of the acid tank. 

The acid tank may be heated after a weekend or night of non production. 

 

The temperature in the acid tank is maintained by the use of electrical heaters. 

These heaters are controlled based on a control loop. Variations in temperature would occur 

depending on the ability of the control system to manage all the disturbances. 

 

5.8.2.  Concentration 

 

The acid-cleaning model calculates the evolution of acid tank concentration. This 

indicates a change in tank concentration depending on measurement and dosing. Other 

factors such as drag-in and drag-out also influence the concentration in the acid tank.  

 

5.8.3.  Contaminant 

 

The model indicates an evolution of contaminant in the acid tank. It is known that 

the contaminant builds up in the acid tank over a period of time until it is unacceptably high 

and has to be dumped. Metal pieces sometimes fall into the acid tank causing spikes in 

concentration of contaminant.  

 

 

 

 

5.8.4.  Time 
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Most plating plants work on a schedule system and this implies that operators/cranes 

would not be able to remove a jig/barrel from a plating bath at the precise allocated time. This 

may occur due to PLC schedules or due to operator availability to remove the barrel/jig from 

the acid tank. 

 

5.8.5.  Surface area 

 

The program assumes an initial surface area/jig and then depending on the iteration, 

increases or decreases the surface area. The operator loading of the barrel/jig is also an 

important factor to consider as components vary, and hence individual barrel surface areas 

would change. 

 

The Mat Lab program was developed for the acid-cleaning model. The Monte Carlo 

technique can be applied to the Mat Lab program with variable changes of up to 2.9%. The 

variable changes are obtained using Mat Lab random numbers.   

 

5.8.6.  Random numbers 

 

The aim is to run the model to determine the surface area but to randomly change 

input variables within the range described above. The ―randn‖ function from Mat Lab 

generates random numbers, which are normally distributed with a mean of zero and a 

variance and standard deviation of one.  

 

The initial estimate surface area/barrel is assumed. This initial estimate is used to 

generate the metal depletion, which is then used in the acid equation to generate the acid 

consumption/barrel. The consumption is calculated considering the number of barrels plated 

/week and the total acid consumed is calculated. This is then compared to the operator dosed 

acid and the surface area adjusted until they are equal i.e. as per Figure 5.5 but with random 

variations in variables. 

 

 

 

5.9.  Mat Lab results 

 



 

 

5-19 

 

Figure 5.6 is the results from the initial simulation. From the database, the actual 

weekly surface area for the company under consideration is 141.8 m
2
. The results from Mat 

Lab indicate that the mean surface area after 1000 runs is 137.2 m
2
 with a standard deviation 

of 2.3.   

 

Figure 5.6: Mat Lab Monte Carlo results for surface area 

 

 

From the above it can be seen that the acid-cleaning model developed is able to 

successfully predict the surface area plated at an electroplating facility with a high level of 

accuracy. The model is able to accommodate plant/operational variations. The model 

developed only requires basic operator inputs in order to complete the calculations for surface 

area. The surface area predicted in this chapter would be used as the production rate for the 

other models developed in this thesis. 

 

As a comparison of relative accuracy, during the data collection phase of this study, it 

was found that the surface area determined by different auditors were significantly different. 
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The largest difference between the two auditors for surface area was 40%  i.e. the second 

auditor calculated the surface area to be 40% greater than the first. 

 

With the current model it can be seen that the standard deviation is low(2.3%). The 

model generates an error, which is lower than the previous methods of obtaining surface area. 

Thus the current model can be considered to be more reliable for surface area prediction. 

 

5.10.  Model application for cleaner production savings 

 

The model developed can determine the plant production. This production can be 

used together with the acid-cleaning model, but with CP operations, to determine the 

minimum acid usage at the facility under consideration. The difference between the 

consumption indicated by the operator and the minimum consumption would be the potential 

cleaner production saving.  

 

For the acid system typical areas for improvements for cleaner production would 

include; drag-out reduction, drip time improvements and premature dumping. The model can 

be used with to determine the effect of extended drip times and drag-out. The model can also 

determine the level of contamination, which aids in determining when disposal should occur.  

 

As an illustration of a cleaner production acid system the above simulation is run but 

with a drag-out of 0.16 l/m
2 

the weekly liquid dragged out reduces by 34 liters. With an acid 

concentration of 100 g/ l the plant acid consumption would reduces by 3.4kg/week.    

 

The model is also able to predict the build up of iron in the acid tank. For the above 

case the initial iron content of the acid is inputted as 1 g/ l. After running the acid tank for 

one week the acid contamination was 1.444 g/ l.  These statistics assists with the prediction 

of disposal times for the acid.  

 

 

 

 

5.11.  Conclusion 
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The chapter on the acid-cleaning model is critical to the development of the 

comprehensive cleaner production tool. The usage of the outputs from the acid-cleaning 

model dictates the integrity of the rest of the model. It can be clearly seen from the model 

developed, that the acid-cleaning model is accurate when tested against database values. It 

can thus be concluded that the acid-cleaning model developed is successful in predicting the 

operations in the acid tank and more importantly, is able to predict the surface area passing 

through a production facility. 

 

The acid-cleaning model is one of the three process models proposed in this study. 

The surface area determined in the acid-cleaning model would be used to determine the 

other process chemical consumptions.  

 

The degreaser model, which is proposed in the next chapter, uses the surface area 

calculated by the acid-cleaning model. 
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CHAPTER SIX 

 

 

THE DEGREASER MODEL 

 

Chapter six details the development of a degreaser model. The degreaser model focuses on 

determining the concentrations of components of the degreaser with an aim of predicting 

the instantaneous degreaser operation. The model was based on a factorial experimental 

design, as detailed in section 6.5. Section 6.8 details the verification of the model using data 

from the database of companies. Once verified, the model was used to predict ideal (cleaner 

production) degreaser consumption. Thus by applying the model, for cleaner production, 

the difference between current and the ideal can be calculated.   

 

 

6.1.  Introduction 

 

The purpose of the degreaser tank is to remove oil from the surface of the metal to be 

plated. The degreaser chemical is usually dumped when, oil/grease, contamination becomes too 

high. Thus a degreaser model must predict the effectiveness of the degreaser solution based on 

the variables affecting its operation.  

 

The aim of this chapter is to generate a model to predict the operations of the degreaser 

system. This includes chemical and contaminant concentrations, dumping times, drag out losses 

etc. The degreaser system can be described as chemically complex and hence a factorial 

experimental design was used for model development.  

 

The model, once developed, was validated using actual plant data. This was done by 

comparing the model output to values from the database of companies. The model, once proven 

to be able to predict degreaser operation, can be used to generate the ideal degreaser chemical 

consumption i.e. predicts cleaner production. The difference between current consumptions and 

the cleaner production consumption can be described as the potential savings. 

 



 6-2 

Similar to the acid, the degreaser tank is subject to various variations. The variations in 

operator and process input variables were accounted for using the Monte Carlo technique. This 

simulation was conducted in Mat Lab. 

 

6.2.  Background 

 

This chapter now focuses on model development to determine the ideal degreaser tank 

chemical usage. This ideal consumption is based on cleaner production operating conditions, e.g. 

reduced drag-out/drag-in, optimum temperatures and concentration control. The difference 

between this ideal and actual plant chemical usage, as provided by the operator, is the potential 

cleaner production saving. 

  

The electro cleaner is used to clean the oil from the surface of the metal to be plated. The 

oil has either been used as a corrosion prevention measure or has been left behind during the 

manufacturing process. Oil is used as a cutting fluid. The dirt and grease, otherwise known as the 

cutting lubricants results from machining, stamping, spinning, pressing or polishing.
1
  The cutting 

lubricants can be further categorized into oils, emulsions and water based products.  

 

Lubrication
2
 is required during manufacturing to reduce excessive tool wear. Lubricants 

used during manufacturing and for corrosion prevention has a direct bearing on the anti corrosion 

effect of the metal
3
. The post-manufactured components are exposed to the elements for long 

periods of time before they are surface treated. These surfaces are preserved using oil as a 

temporary protective layer. 

 

It is common for oil to be used for the purpose of corrosion inhibition as the oil has the 

property of repelling water. Some oils have the added protection of corrosion resistant 

additives.
2,4

 Corrosion resistant coating are common in environments of high salts,
4,5

 coastal 

areas, high acid medium etc. Due to the variation in manufacturers, all corrosion-inhibiting oils 

do not offer the same level of protection against rusting.
6
 

 

The difficulty for surface treatment companies is the removal of the oil from the metal 

surface. This process is called cleaning or electro cleaning depending on the process adopted. The 

importance of perfect cleaning cannot be over emphasized, since effective plating occurs due to 

efficient cleaning.
1 
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The lubricating oils and cutting oils that are used can be one of many thousands available 

from different manufacturers, each with their own unique properties. In order to determine the 

electro cleaning chemistry a working understanding of these oils is required. The coatings used 

are stated as being complex,
7
  ranging from an n-paraffin, iso-parrafin, aromatic or a mixture of 

these structures.  The molecular weight of these oils is varied.  

 

6.3.  The model 

 

It is usually impossible for the plater to determine the cutting fluid type used or the rust 

preventative applied. This is due to the supply of pieces from various sources and the information 

supplied to platers is limited. 

 

It was considered beyond the scope of this study to account for all the different types of 

oils used. For the purpose of this model it was assumed that an intermediate but representative oil 

type was used. The model was developed based on this assumption. 

  

Since most cutting and lubricating fluids are mineral oils
2,8

 with some additives it would 

be ideal to use the mineral oil category for our reaction. The composition of the oil, from 

literature was 
2,8

5333517 HCCOOHC  

 

6.4.  Oil removal-Electro cleaning 

 

The types of electro-cleaners available vary
9
 but the essential compositions are the same. 

The electro cleaner chemical is caustic based. The electro cleaner serves two functions i.e. 

chemical and mechanical removal of the surface oil. The gas bubbles that are formed, see reaction 

6.1, 6.2, achieve mechanical cleaning. In this chapter chemical cleaning is considered in detail. 

 

The reaction is essentially the electrolysis of water into oxygen and hydrogen. The 

reactions at the anode and cathode are:
10 

 

Cathode reaction 

22 2444 HOHeOH                                              (6.1) 
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Anode reaction 

 

eOOHOH 424 22                                                  (6.2) 

 

From Equation 6.1 and 6.2 it can be seen that a large amount of oxygen and hydrogen gas 

evolved at the anode and cathode. This results in the lifting of the oil/ dirt from the surface of the 

piece being electro cleaned. 

 

From Equation 6.1 and 6.2 it can be seen that the electrolysis reaction has no impact on 

the hydroxide ion concentration in the bath. The net result of reactions 6.1 and 6.2 is the depletion 

of water. Hence for the purpose of degreaser depletion, with regards to electrolysis, the degreaser 

caustic concentration is unaffected by the electrolysis reaction. 

 

The main reaction for consumption of the degreaser caustic is the emulsification reaction: 

 

Oaq HOHHCNaCOOHCNaOHHCCOOHC 23333517)(5333517 )(33  

          (6.3) 

Since the reaction requires 3 OH
-
 

11
 molecules per single molecule, the ratio of oil 

removal to caustic consumption can be represented as. 

 

CBA 33    

 

Where: 

A=Oil 

B = Caustic 

 

This ratio was used for the purpose of calculations of consumption of degreaser 

chemicals i.e. caustic strength.   
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6.5.  Experimental  

 

The reactions above had to be considered in order to determine the operation of the 

electro cleaner. The model had to be developed, with due regard for all variables that would 

potentially effect the reactions. As for the acid model, the fractional factorial method, see 

Appendix D1, was used to determine the combined impact of all the variables on the reaction. 

The justifications for the variables investigated were: 

 

6.5.1.  Temperature 

 

The saponification reaction is a chemical reaction and most chemical reactions depend on 

temperature. Most electro cleaning baths operate at elevated temperatures i.e. 65-85 degrees 

Celsius
12,13,14

 however some operate at room temperature.
13,14

 The aim of the higher temperatures 

is to aid in the reaction and also to ensure a more stable emulsion.
15,16

 The fumes from the tanks 

are not a major issue as there are extractor systems to remove fumes.  The evaporative losses of 

the liquid is made up as required. The operating ranges for the purpose of experiments were 

ambient to 65 degrees Celsius. 

 

6.5.2.  Oil content 

 

From the above discussion it is obvious that the oil is the contaminant in the system. The 

degreaser contains chemical agents designed to ensure emulsification of this oil. As the oil 

concentration in the degreaser solution increases, the oil breaks out of solution resulting in an oil 

layer forming on the surface of the degreasing tank. This creates an operation problem i.e. 

although the parts are electro cleaned, in the bath, the oil attaches itself to the metal surface as it 

is withdrawn from the bath. Thus the oil concentration has to be considered for the purpose of 

experimentation on degreaser efficiency.  

 

6.5.3.  Current/voltage 

 

The recommended amperage is 5-10 amps / square decimeter.
10,13

 This by definition 

implies a dependency on surface area. It is known that the current is not adjusted for each jig 

although each jig may contain a different arrangement of pieces and hence a different surface 
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area. This results in a varied current density. For the purpose of this model the current density 

was used as a variable due to the wide variation existing in industrial applications. 

 

6.5.4.  Time 

 

As per Equation 6.1 and 6.2, it can be seen that a longer time in the bath would ensure 

more time for scrubbing of the metal surface by the gas evolved at the anode and cathode. The 

time spent in the electro cleaning tank can be between 1-5 minutes,
10,13

 depending on the dirtiness 

of the parts. For the purpose of experimentation the shortest submerged time was 1 minute and 

the longest was 5 minutes. 

 

6.5.5.  Caustic concentration 

 

Another major variable in chemical reactions is the chemical concentration. Since the 

caustic is the key chemical under consideration its concentration needs to be a variable. It is a 

well known fact that the degree of cleaning required determines the concentration of chemicals to 

be used. From company audits conducted for the database typical ranges are from 60 g/ l to      

120 g/ l  10,13
 This would be used for the experiments.  

 

6.6.  Experimentation 

 

The above variables were used in the fractional factorial experimental protocol and 

experiments were carried out on the pilot plant in the laboratory.  See Appendix D1 for factorial 

design for the degreaser experiments.  

 

The greatest difficulty associated with the degreaser experiment was the determination of 

the exact amount of oil removed. The degreaser trials were conducted by artificially coating the 

metal surface with oil and then submerging the metal into the degreaser solution. Since the plates 

used for the experiments were of the same dimensions, it was assumed that the amount of oil 

deposited onto the plate had to be consistent. Due to this the experiments for the oil deposition 

onto the  metal surface was carried out under very controlled conditions. The mass difference 

before and after was used to determine the oil removal efficiency. See Appendix D2 for detailed 

experimental procedure. 
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6.7.  Experimental Results. 

 

The amount of oil deposited and removed was monitored using quality control charts. 

This was to ensure experimental accuracy. The upper and lower limits for these charts were 

determined by using three standard deviations. See Appendix D3 for equation and control charts 

for all degreaser experiments. A typical run result is illustrated in Figure 6.1 

 

Figure 6.1: Experimental control for oil deposition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results for experiment 4, 6 and 9 fell out of the upper and lower control limit and 

were repeated. The results that fell within the band of three standard deviations were used as 

representing the results for that particular trial. 

 

The oil removal results were also analyzed using quality charts with three standard 

deviations.  Table 6.1 is a summary of results for experiment 1. 
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Table 6.1: Typical values for experimental results 

 

Figure 6.2 illustrates the amount of oil removed from the individual test pieces during the 

electro-cleaning experiment.  Test piece 2,4,6,8,9 and 10 were excluded due to these results 

falling out of the control limits.  

    

Figure 6.2: Representation of the results from table 6.1 in the form of graphs 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trial No. Mass Oil (grams) Oil degreased

Metal Deposited (grams)

1 23.6324 0.3147 0.2066

2 24.1723 0.3224 0.0081

3 24.0249 0.4233 0.2453

4 23.7419 0.2239 0.0879

5 24.5405 0.3664 0.2067

6 23.41113 0.254 0.1272

7 24.0862 0.3993 0.2924

8 24.3131 0.5032 0.0879

9 23.4855 0.6707 0.5934

10 23.5416 0.4445 0.4376

11 24.1435 0.3128 0.0091

12 24.5139 0.3942 0.3935

UCL=0.505 UCL=0.396

LCL=0.267 LCL=0.039

Mean 0.386 0.217

Range 0.445 0.672
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The results for the sixteen runs were entered into an excel spreadsheet; see Appendix D4 

for detailed spreadsheet calculations. The factorial model equation was determined from the 

spreadsheet calculations. The results generate a linear model with 16 variables. The model was 

further refined  by extracting only the significant variables. This was done using an analysis of 

variance at a 95 % confidence. The final equation representing the amount of oil removal is 

illustrated as Equation 6.4. It can be seen that the equation is dependent on all input variables. 

 

)*(*1726.8)*(*5501.29)*(*60675.7)**7055.8(

)*(*7581.10)*505.24()*818.10()*1612.5(457.182(*

M

D

MCM

D

Oil

DD

C

DD

Oil

DD

Oil

D

OilAR

ATAOACTO

TCtOCSO
 

               (6.4) 

Where: 

OR=Oil removal(g)  

D

OilC = Concentration of degreaser(g/ l) 

D

CO = Concentration of oil in solution(g/ l) 

DT =Degreaser temperature (
0
C) 

D

MA =Power into bath(Amps) 

Dt =Time in bath(s) 

 

The model results were compared to the experimental results to determine whether the 

model is representative. The result is illustrated in table 6.2 and in Figure 6.3.  

  

 

 

 

 

 

 

 

 

 

 

 



 6-10 

 

Table 6.2: A summary of experimental conditions and the results 

Trial Experimental Model outputs Differnence

Number Results

1 205.00 192.07 6.31

2 210.00 203.97 2.87

3 194.69 214.51 -10.18

4 87.81 86.06 2.00

5 253.45 247.47 2.36

6 216.60 204.21 5.72

7 212.00 194.67 8.18

8 156.80 161.54 -3.02

9 198.59 199.95 -0.68

10 132.83 156.26 -17.64

11 202.96 209.26 -3.10

12 242.53 242.42 0.04

13 128.80 124.47 3.37

14 202.00 176.10 12.82

15 196.90 209.02 -6.15

16 168.00 187.02 -11.32  

 

Figure 6.3: Graph of comparative results model vs experimental
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From Figure 6.3 it can be seen that the experimental and model results are similar. 

From Table 6.2 it is noted that the difference between the model and experimental ranges 

from 0 to 18 % with a mean difference of 5.9%. 
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 6.8.  Modeling the degreaser system 

 

The degreaser system consists of a degreasing tank and one/two or three rinse tanks. 

Close circuiting the degreaser solution cannot be achieved due to accumulation of oils during the 

degreasing process. This implies that the degreaser consumption is only dependent on the 

degreaser tank operation.  

 

The model requires operator input on degreaser tank concentration, tank volume and 

degreasing time. The model obtains the production in square meters and number of barrels/jigs 

per week from the acid model. The calculation for the degreaser system can be summarized as: 

 

Equation 6.4 generates the mass of oil removed/ barrel. This is used together with 

Equation 6.3 to determine the amount of degreaser used in the reaction. Starting with a newly 

made up degreaser solution, the amount of degreaser depleted as a result of the first jig/barrel is 

calculated as: 

 

Dr

Oil

Dt

Oil

Dt

Oil CCC 01
       (6.5) 

 

Where: 

0D

OilC = Initial degreaser concentration (g/ l )  

Dr

OilC = Degreaser reacted (g/ l) 

1Dt

OilC = New degreaser  concentration (g/ l) 

 

The jig/barrel is then removed from the bath. The drag-out of degreaser and oil 

contaminant is calculated based on the volume dragged-out. 

 

112 * Dt

Oil

Dt

Oil

Dt

Oil CDoCC       (6.6) 

 

Where: 

Do=Drag-out(l) 

2Dt

OilC = Degreaser concentration after drag-out(g/ l) 
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The increase in oil concentration in the degreaser (used to calculate degreaser usable 

life) is calculated from Equation 6.4. The state of the degreaser solution after the jig/barrel is 

removed is thus determined. 

 

Dr

C

D

C

D

C CCC 0

1

1
       (6.7) 

Where: 

0D

ClC = Initial oil Concentration in degreaser (g/ l) 

Dr

CC = Oil added to solution from metal surface (g) 

1D

CC = New oil concentration in degreaser (g/ l) 

 

Thus the condition after a single jig/barrel has passed through the degreaser tank is 

determined. These include the new concentration of degreaser, the concentration of oil 

(contaminant) and the amount of liquid dragged out. The new condition for the degreaser 

solution is substituted into Equation 6.4 to determine the condition of the degreaser after the 

second jig/barrel. This is continued for the stipulated period. 

 

In order to determine the degreaser consumption, the model has to be applied to specific 

plant conditions. The model has to account for all the variables influencing the degreaser 

consumption.  

 

6.8.1.  Model comparison with database 

 

In order to test the model output, the required data from the database of companies were 

extracted and used as model inputs. The individual company data was inputted into the model as 

described in section 6.8 above. The model was used to determine the degreaser consumption, for 

the plant under consideration, for a period of one year. This was done in order to compare the 

consumptions with the yearly consumption of the database.     

 

This calculation was initially done using excel. The results indicate that the model is able 

to predict the degreaser consumption provided the surface area(Acid model), tank size, dumping 

rate, tank concentration(Operator inputs), etc is known. These are considered to be available user 

inputs obtained from the plant operator.  
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The excel equivalent was programmed in Mat Lab, see Appendix D5,  and the excel sheet 

was used to confirm the results, see Table 6.3. The model is able to successfully predict the 

degreaser usage and consumption based on the above inputs. It is able to calculate degreaser 

consumption based on very basic operator inputs. This implies that the model does not require 

detailed chemical consumptions of the degreaser. 

 

Table 6.3: Comparison of model to database outputs 

 

Company Tank  

Size 

Degreaser  

Database 

Model 

Output  

Degreaser 

Percentage 

Error 

Anteos 480 275 273 1 

Euro 500 300 319 6 

Gedore 2000 2200 2200 0 

Fed Mougal 670 127 127 0 

African 1 14000 2674 2900 8 

African 2 3000 2900 2674 8 

Fascor 1 1700 6772 7000 3 

Fascor 2 1000 2000 1640 18 

Transwerk 300 2800 2768 1 

Defy 1 9200 12966 12703 2 

Abberdare 600 7500 7061 6 

Mps 1000 2492 2418 3 

Pinetown 3000 500 573 15 

Defy 2 2000 3000 3359 12 

Natal 1000 150 189 26 

 

 

The degreaser model was applied to the companies audited for the database. Only sixteen 

company data could be used as only these companies used an electro cleaner. The other 

companies used a non-electrolytic cleaner. From Table 6.3 it can be seen that the degreaser model 

is able to predict the actual degreaser consumption based on plant operations. However, there are 

exceptions. Fascor nickel has an 18 % error, the model underestimating the usage of degreaser. 

This is due to the use of the nickel line degreaser for the brass line cleaning. Pinetown 
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electroplaters also have a large deviation from the model. If the data for Pinetown electroplaters is 

scrutinized it can be seen that the acid model also generated a large error. It can be concluded that 

the data obtained from Pinetown was not as accurate as desired. The same justification can be 

used for the error on the Defy plant results. The results from  Natal electroplaters indicated the 

highest error. This can be due to the usage of the degreaser for more than one electro cleaning 

line, as in Fascor. The mean difference between the model and the database values is 6.8%.This 

would be used in the Monte Carlo simulation to account for the deviations. 

 

The overall fit of the model seems sufficient to accept it as reasonable, since the standard 

error is seven percent. 

 

6.9.  Mat Lab Modeling 

 

From the comparative results detailed above it can be seen that there exist differences 

between the model and the database values. A major consideration for the establishment of the 

model is the range of uncertainties of the input data. This is due to inaccuracy in data collection. 

The operator may not accurately know the data or the values provided may not be precise. The 

model is now subjected to variations up to a maximum of 6.8 %(Obtained from mean error in 

table 6.3) of input values. This input variation is done using the Monte Carlo technique. 

 

The input variables that were considered to contain uncertainties were, temperature, 

time, contaminant content and caustic concentration.  

 

6.9.1.  Temperature 

 

The temperature in the degreaser tank may vary due to various factors; among these 

factors are the environment temperature, power to the bath (based on jig load), topping up rate, 

heater control, production rate and operational influences. 

 

The tank temperature may increase or degrease based on the weather conditions, wind 

factors and convective losses. This means that minor changes in temperature can be encountered 

due to outside climate changes. 
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The degreaser tank is subjective to dragout, dragin and receives cold components, as it 

is usually the first tank in the process sequence. This temperature shock would have a 

significant effect on the temperature of the degreaser tank. The degreaser tank may be heated 

after a weekend or night of no production.  

 

The degreaser tank temperature is maintained by the use of electrical heaters. These 

heaters are controlled based on a control loop. Variations in temperature would occur depending 

on the ability of the control system to manage all the disturbances. 

 

6.9.2.  Concentration 

 

The degreaser model calculates the evolution of degreaser tank concentration. This 

indicates a change in tank concentration depending on measurement and dosing. Other factors 

such as dragin and dragout also influence the concentration in the degreaser tank.  

 

6.9.3.  Contaminant-oil 

 

The model indicates an evolution of contaminant in the degreaser tank. The oil from the 

metal is the main contaminant in the degreaser tank.  The oil content changes, based on various 

variables including; drag-out losses, temperature, tank top up and plant operations.   

 

6.9.4.  Time  

 

Most plating plants work on a schedule system and this implies that operators/cranes 

would not be able to remove a jig/barrel from a plating bath at the precise allocated time. This 

would be due to crane and operator production constraints. There would be variations 

depending on operator timing/jig scheduling.  

 

6.9.5.  Surface area 

 

The operator loading of the barrel/jig is also an important factor to consider as 

components vary and hence individual barrel/jig surface areas would change. This occurs due to 

variations in components being plated and jig limitations. 
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6.9.6.  Mat Lab Program 

 

The Mat Lab program developed is run with the variable changes described in section 

6.9 above. Random numbers are generated for each run. Figure 6.4 illustrates the model run 1000 

times with random changes in variables to a maximum of 6.8% 

 

Figure 6.4: Mat Lab results for a typical electroplating company 

 

 

The Mat Lab simulation was used to test the output from Pinetown electroplaters. The 

mean output from the Mat Lab Monte Carlo simulation is 79.766 g/ l as the final degreaser 

concentration after running for one week. The actual calculated value without the variable 

changes was 79.7736 g/ l. This is an error of 3.36% for the degreaser consumption. The Mat Lab 

model has a variance of 0.0162. Thus the model can be seen to be successful, even with data 

variations, in predicting the degreaser consumption at an electroplating facility. 
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6.10.  Model application for cleaner production 

 

It can be stated that the model developed has been validated and can be used for any 

degreaser application. This includes using the model to predict the ideal chemical consumption 

i.e. chemical consumption under cleaner production operations. The cleaner production degreaser 

system would include a two-stage rinse system. Ideal/cleaner production considerations for the 

degreaser system include: 

 

 Optimum temperature 

 Optimum chemical composition 

 Reduced contamination (Oil) 

 Reduced drag out 

 Optimize rinse water flow rates 

 Reduced drag-in 

 Avoiding spills 

 Optimum dumping of tank 

 

For the purpose of setting up the ideal model the rest of the input data, as provided by the 

operator, would be unchanged i.e. the surface area, chemical concentration, temperature etc.  

 

The cleaner production model outputs include: 

 

 Individual degreaser chemical consumptions 

 Contaminant concentration 

 Degreaser liquid(tank) volume 

 Instantaneous degreaser efficiency based on chemical and contaminant concentration 

 

The degreaser model is thus able to assist with providing the company with an ideal 

theoretical degreaser consumption based on cleaner production operations. The difference 

between the actual operator dosing and the ideal consumption would be the potential cleaner 

production saving achievable by the company.  
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The model has to be also compared to the Flemming model in terms of inputs and 

outputs. To prevent repetition this is presented together with the acid and zinc systems in the case 

study in Chapter Eight. 

 

6.11.  Conclusion 

 

The aim of developing a degreaser model was to predict the ideal degreaser consumption 

at any electroplating facility using basic operator level inputs. The inputs required for this 

calculation is simply the average weekly dosing and dumping of the degreaser, degreasing time 

and the degreaser concentration. Other information that is required for the model is obtained from 

the fuzzy logic section of this study. 

 

The multiple benefits of the model include: 

 The model requires weekly top up masses of degreaser and basic data to determine 

plant degreaser consumption 

 The model outputs the chemical and contaminant concentration at any given time. 

From this the current tank operations and the ideal degreaser dosage can be 

determined and maintained to ensure optimum operations 

 The model can be used to determine the ideal (degreasers dumped when oil content is 

excessive) degreaser consumption, which would be used for cleaner production 

evaluations. 

 

The model is applied in Chapter 8 of this thesis where a comparative case study is 

conducted.  

 

The model developed has been validated using existing plant data. The uncertainties in 

the model have been accounted for using the Mat Lab simulations. The model is able to 

successfully determine the degreaser chemical consumption.  

 

The next process in the plating line is the zinc plating tank system. The zinc plating 

process is modeled in the next chapter as an illustration of a typical plating process. 
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CHAPTER SEVEN  

 

 

THE ZINC MODEL 

 

Chapter seven details the development of the zinc plating model. Similar to the acid and 

degreaser model the zinc model is based on a factorial design. The background 

chemistry of the plating model is detailed in section 7.3.1. The zinc model is developed 

with considerations for closed circuit operations, section 7.4. The experimental methods 

and model development is detailed in sections 7.6 to 7.8. The final Mat Lab simulation 

and database comparison is detailed in section 7.10.  

 

 

7.1.  Introduction 

 

Once the metal surface has been degreased and acid cleaned, the metal is ready to be 

electroplated. Electroplating is a process whereby a single metal or a multi-metal layer is 

deposited onto the base metal surface.  Deposition metals include nickel, tin, copper, chrome 

etc. Each metal plating system can operate under a variety of operating conditions, e.g. 

acid/alkali, cyanide/non cyanide based. Development of comprehensive models for all these 

systems was considered to be beyond the scope of this study. This study aims to illustrate the 

principles of modeling for cleaner production using a single plating type. This chapter 

discusses the development of the alkali zinc-plating model. The principles used to develop 

the zinc model can be applied to any of the various plating systems available.   

 

The model proposed in this chapter is used to determine the zinc plating tank’s 

instantaneous individual chemical consumption. The aim is to develop a model that can be 

used to determine the ideal operations of the zinc plating tank i.e. under cleaner production 

conditions. This includes the use of minimum drip times, optimum chemical concentrations, 

three-stage counter current rinsing etc. Thus the model would generate the minimum 
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chemical and water consumption. The actual consumption, as provided by the operator, can 

be compared to the model output to generate a potential cleaner production saving. 

 

The chapter begins with an introduction to the alkali zinc plating process together 

with the reactions and mass balance equations. These equations are manipulated to complete 

the material balances across an entire zinc plating system and is then used as a basis for the 

model developed.  

 

The model was developed from laboratory investigations. Factorial experimental 

protocol was used to establish the baseline model. This model was then further developed 

into a full plating model, which considered all the disturbances to the alkali zinc-plating tank. 

The model was applied to various cases. 

 

The main aim of the model is to accurately predict, the chemical consumption, using 

operator level inputs. The effect of uncertainties in the model and inputs were estimated using 

Monte Carlo simulation. 

 

7.2.  Background-Zinc plating 

 

Virtually all-manufacturing processes of metal products involve electroplating to 

preserve the base metal from environmental effects.  There are over 500 electroplating plants 

in South Africa and in more established countries like the United States up to 8000 

electroplating companies. These companies provide numerous types of plated parts to the 

electronics, automotive, aerospace, and other manufacturing industries.
1, 2

 These plants have 

been generating huge amounts of metal waste in the forms of wastewater, sludge, and spent 

solutions.
3,4

 The waste usually contains over 100 chemicals, metal, and non-metal 

contaminants.
5, 6

 A continuous generation of these wastes has led the industry to be the 

second most regulated one in the USA.
7,8,9

   

 

An electroplating line consists of different sections including; cleaning, rinsing, and 

the core operation, electroplating.  In the electroplating tank, the metal is electrochemically 

deposited onto the surface of work pieces.  The work pieces, which are either loaded in 
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barrels or on racks, are immersed in the electrolyte solution.  The metal deposition thickness 

is used as a key indicator of plating quality. The metal deposition is largely determined by the 

electrolyte composition, current density, and plating time.
10, 11

 It is known that the work piece 

rejection rate due to coating thickness problems is frequently above 5%.  The re-work of the 

rejected work pieces may involve costly stripping and re-plating.  In addition to the quality 

issue, plating solution losses during operation is a very serious problem. 

 

 Industrial practice has shown that the loss through drag-out is commonly as high as 

30% of overall chemical consumption.
12

 In a case study on an acid zinc plating line with the 

production rate of 11 barrels per hour (100 kilograms of work pieces per barrel), the solution 

loss was about 400 000 liters per year, on a basis of 300 production days per year.
13

 The lost 

solutions usually enter wastewater streams from relevant rinse units.  The plating solution 

contains a number of valuable chemicals and metals, and the treatment of the wastewater 

stream containing those chemicals and metals is always very expensive.  Thus, the prevention 

of solution loss into wastewater is of great economic and environmental significance.
14-16 

 

The reduction of chemical/metal loss through drag-out from plating units has drawn 

great attention over the past two decades.
2,17

  Various drag-out reduction approaches have 

been practiced in plants, such as the use of a longer drainage time, a higher solution 

temperature, a lower surface tension, and an improvement of barrel design.
6,12

  However, the 

exact relationships of these parameters with plating quality and solution reduction are 

unknown.
18-20

  In addition to drag-out reduction, a reversed-drag-out technique was 

introduced a decade ago.
12

  By this technique, the rinse unit, a series of low flow rinses is 

located immediately after the plating step.  In operation, a barrel or rack of work pieces is 

rinsed in the low flow rinses immediately after plating.  The solution-containing rinse water 

in the unit is then periodically pumped back to the plating unit.  There are various technical 

difficulties yet to overcome, which are related to the effectiveness of solution loss reduction 

and the assurance of plating quality.  As such, this technique has not been well adopted in 

plants.
21

 If this method is adopted it would lead to zero or near zero losses of plating 

chemicals. This system was chosen as the ideal cleaner production option as it entailed close 

circuiting of the plating tank. This low flow rinse system results in zero waste. The low flow 

system is compared to the inputs obtained from the operator.  
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This chapter now presents a detailed model for predicting the cleaner production 

chemical consumption of a zinc plating process. This model consumption when compared to 

the current consumption would indicate the potential cleaner production savings. The current 

consumption is obtained from the weekly dosing by the operator. The model was designed for  

closed circuit operation i.e. where none of the chemicals from the plating tank are lost to the 

waste water system. The system is based on the chemistry of the plating process under 

consideration. The concentration of the post plating low flow rinses are integrated into the 

model.  

 

7.3.  Model development  

 

7.3.1.  Alkali Zinc plating chemistry 

 

The zinc plating process is a typical electroplating system i.e. anode and cathode. The 

anode is pure zinc whilst the cathode is the metal component to be coated. The electrolyte 

consists of zinc metal in a caustic solution. The solution contains many supplier specific 

components such as brighteners etc. These components enhance the cosmetics of the final 

product. 

 

The zinc plating tank reactions
22-25

 can be separated into anode and cathode reactions. 

Reactions are complex but the main reactions can be represented as: 

 

Anode reaction: 

eOHZnOHZn 2)(4 2

4                             (7.1) 

 

eOHOOH 2
2

1
2 22                               (7.2) 

 

Cathode reactions: 

OHZneOHZn 42)( 2

4                           (7.3) 
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OHHeOH 222 22                      (7.4) 

 

It can be seen from the cathode and anode reactions (Equations 7.1-7.4) that there is 

dissolution of zinc at the anode and a deposition of zinc at the cathode. There is also an 

evolution of oxygen at the anode together with an evolution of hydrogen at the cathode. From 

the four reactions it can be seen that there is a net depletion of water. These equations can be 

used to determine the mass balance for the plating tank. 

 

7.3.2. The mass balance in the plating tank 

 

The change in concentration of zinc metal in the plating tank is dependent on the rate 

of dissolution at the anode and the rate of deposition at the cathode. The rate of deposition is 

dependent on various influences on the system. Chemical composition and temperature are 

the two main variables influencing anode dissolution and cathode deposition. The impact on 

each component has to be investigated. The impact of interaction of the different components 

is also essential.  

 

The rate of change of dissolved zinc metal in solution can be related to the cathode 

and anode efficiency
26

 i.e. Rc and Ra. The net change in dissolved zinc in the plating tank can 

be represented by:  

 

F

RR

dQ

dC
V

Zn

c

Zn

aZn

P

P

2
                 (7.5) 

where: 

Vp=Volume of plating tank (L) 

Rc=Cathode efficiency 

Ra=Anode efficiency 

F=Current(Faradays) 

CZn=Zinc concentration in plating tank(g/ l) 
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From the anode and cathode reactions (Eq 7.1-7.4) above it can be seen that the 

caustic is also consumed during the reaction. The rate of change of caustic is directly related 

to the anode and cathode efficiency since it can be considered to be the main side reaction. 

 

F

RRRR

dQ

dC
V

Zn

c

Zn

c

Zn

a

Zn

aOH

P

P
2)100()100(2

             (7.6) 

  

COH=Caustic concentration in plating tank(g/ l ) 

 

For the plating tank it can be assumed that the current supplied remains constant and 

that the charge is dependent on the plating time, so: 

 

dQ =Q dt 

 

Where Q is the current     

 

Substituting and simplifying Equation 7.5 and 7.6 we get: 

 

P

Zn

c

Zn

aZn

VF

QRR

dt

dC
P

*2

*)(
                (7.7) 

 

P

Zn

c

Zn

aOH

VF

QRR

dt

dC
P

*

*)(
                 (7.8) 

 

Equation 7.7 & 7.8 can be used to determine the two key chemical changes in a zinc-

plating tank during zinc electroplating.  
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7.4.  Closed circuit operation 

 

This section on closed circuiting is not essential for the basic plating model. Closed 

circuit operation, of the plating tank, is essential for cleaner production. Since this model is to 

be applied for CP predictions, closed circuit operations are detailed.    

 

The zinc-electroplating tank if operated on its own would result in a low efficiency 

due to the high rate of chemical dragout. The losses due to dragout can be as high as 30% of 

the chemical consumption.
27

 The chemicals dragged out also have be treated at the 

wastewater treatment facility. This requires additional treatment equipment, treatment 

chemicals and labour. This is an unnecessary cost to the company. Further to this cost, the 

rinse water consumption is high. The problem can be solved by creating a closed loop 

system.
28-30

  This ensures minimal metal losses and very low water consumption. There is 

almost zero metal discharge to the waste water treatment plant.
30,31

 The proposed three-stage 

counter current rinse system is illustrated in Figure 7.1 

 

Figure 7.1. Illustration of closed circuit operations 

 

R
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With this system the barrels are first dipped into rinse one as a pre-dip and then into 

the zinc tank. After plating the barrels are then rinsed in rinse 1,2 and3. The evaporative 

losses from the zinc tank are made up by de-ionized water in the last rinse tank. This volume 
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of water is pumped through to the zinc tank via the second and first rinse tanks. De-ionized 

water is used to avoid accumulation of salts from municipal water. 

  

With the plating and cleaning system as illustrated in Figure 7.1 the plating tank 

concentration is subject to a variety of external disturbances. For simplification the process 

can be separated into two sub-processes: the plating process (phase 1) and rinsing (phase 

two). Phase two includes the drag-out time and the time between plating. 

 

Considering phase 1; The net change in concentration in the plating tank is as a 

result of the plating process plus the recovery from rinse tank 1.  

 

Hence the equations for the zinc and caustic have to be modified  

 

P

R

Zn

R

P

Zn

c

Zn

aZn

V

CR

VF

QRR

dt

dC
P

11 *

*2*100

*)(
               (7.9) 

 

R
R1

=Recovery of rinse water (L) 

CZn
R1

=Concentration of zinc in rinse 1 

 

The change in concentration is in moles /liter. Recovery rate is in liters and 

concentration is in moles/liter. 

 

P

R

OH

R

P

Zn

c

Zn

aOH

V

CR

VF

QRR

dt

dC
P

11 *

**100

*)(
             (7.10) 

 

Equation 7.9 and 7.10 are used to predict the rate of change of the two major 

chemicals in the zinc-plating tank during phase one of the process. 

 

From Equation 7.9 and 7.10 it can be seen that the concentration of chemicals in the 

first rinse tank are required in order to complete the model. Flemming
32

 used a basic mass 

balance model to determine the concentrations in the rinse tanks based on dragout, 

concentrations in the plating tank and evaporation rates.  
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In order to complete the mass balance as the process proceeds the concentration of 

the individual chemicals in the rinse tanks needs to be determined. C
R1

 to C
R3

 represents the  

zinc concentration in the three tanks. 

 

1

211 )(

R

R

i

R

i

R

i

V

CCR

dt

dC
                (7.11) 

 

2

322 )(

R

R

i

R

i

R

i

V

CCR

dt

dC
                (7.12) 

 

3

33 )(

R

R

i

R

i

V

CR

dt

dC
               (7.13) 

 

Where i represents the individual chemical species and R is the rinse water recovery 

rate.   

Expanding the equations to include counter current rinses as in Figure 7.1. 

 

         (7.14) 

Dr= Drag-out(L) 

 

Similar equations can be established for the other components.  

 

                        (7.15) 

 

Where:  

Ci = Concentration of component i 
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Equation 7.15 represents the material balance for component i in the first rinse tank. 

Similar equations were established for each component of each rinse tank. These were used to 

predict the evolution of concentration in each tank over time.  

 

According to Wery
5
 the anode efficiency is related to the cathode efficiency and the 

zinc concentration. This can be simplified to: 

 

PZn

Zn

c

Zn

a CRR *8.2                    (7.16) 

 

From the equations above the instantaneous change throughout the system can be 

determined. The only unknown variables in the above equation are the cathode and anode 

efficiencies.  In order to complete the model the cathode and anode efficiencies are required.  

 

7.5.  The determination of the cathode and anode efficiencies 

 

Wery et al
5
 developed a model for the prediction of cathode efficiency based on the 

impact of the five main chemicals in an alkali zinc solution. The chemicals that were 

considered by Wery together with their concentrations are illustrated in Table 7.1. 

 

Table 7.1: Table of variable limits for the zinc experiment, Wery et al
5
 

 

 Zinc/ 

mol/ l
 

Sodium hydroxide-

mol/ l
 

Sodium 

carbonate: 

mol/ l 

Leveling 

agent: ml/ l 

Brightening 

agent: ml/ l 

Factor for 

model equation 

X1 X2 X3 X4 X5 

Lower level 0.15 2.5 0 10 0.5 

Optimum 0.21 3.25 0.28 20 1 

High level 0.27 4 0.57 30 1.5 
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For the alkali zinc plating process, the plating temperature
11

 has a substantial effect 

on the plating efficiency; hence the investigating variables were modified. In Table 7.2 the 

leveling agent was replaced with temperature. The temperature range used was 22-32 degrees 

Celsius.   

 

Table 7.2: Table of variable limits for the zinc experiment, Actual 

 Min Max Optimum 

Zinc(Moles/l) 0.15 0.27 0.21 

Sodium carbonate (Moles/l) 0 0.65 0.32 

NaOH (Moles/l) 2.5 4 3.25 

Brightener 10 ml/l 20 ml/l 15 ml/l 

Temp (
0
C) 22 28 34 

 

The above variables were investigated using the fractional factorial method. The 

method proposes that the maximum and minimum limits of the variables being investigated 

be investigated in a specified sequence. The detailed experimental methodology
5
 is contained 

in Appendix E1. 

 

According to the factorial table for the zinc experiments attached in Appendix E1, 

there were 16 trials with the upper variable limit indicated as a 1 and the lower limit indicated  

as a –1. The five variables used for the investigation were: 

 

 Zinc concentration 

 Caustic concentration 

 Sodium carbonate concentration 

 Brightener concentration 

 Temperature 

 

7.6.  Experimental 

 

A plating line was constructed with a degreasing, acid cleaning and a plating section, 

see Chapter 5. The plating was conducted in a 1kg barrel. Samples of flat steel buttons were 
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obtained from a local manufacturer. The surface area was determined by sampling and 

measurement
10

. Degreasing, acid cleaning and plating chemicals were obtained from 

Chemserve systems, a local supplier of plating chemicals. The basic plating system is 

illustrated in Figure 7.2. 

 

Figure 7.2: Plating tank and barrel 
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7.6.1.  Experimental methodology 

 

The plating tank chemicals were made up as per Table 7.2. The plating tank was a 

400mm*400mm polypropylene tank. The tank was equipped with a heater and a cooling 

system for temperature regulation. The plating barrel was a polypropylene barrel with double 

electrical contactors, for current flow to the barrel. The barrel has a single dangler, which 

makes electrical contact with the components in the barrel. The barrel was 300mm long and 

120mm across the hexagonal. Local chemical supplier make-up specifications
33

 were used. 

The local supplier combined the brightener and leveling agent so for this study this was 

referred to as the brightener. One kilogram of steel buttons was weighed, degreased and put 

into the acid strike. The buttons were then removed, dried with an air drier and accurately 

weighed. The weighing was carried out on a laboratory balance with a five-digit accuracy. 

The buttons were then placed into the barrel, degreased and acid cleaned. The barrel was then 

rinsed and dipped into a caustic pre-dip.   
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Thereafter the barrel was placed in the electroplating tank. The current and voltage 

was set and measured with a multi-meter. The anode was only placed into the plating tank 

just before switching on the current to minimize dissolution of the anode. The anode was 

cleaned in caustic before every trial, this was to ensure that the anode surface was kept 

consistently clean. The anode was cleaned and weighed between each trial. The temperature, 

voltage and current were recorded every five minutes during the sixty-minute time interval. 

Once the trial was completed, the metal buttons were removed from the plating tank, rinsed 

and taken out of the barrel. A magnet was used to remove the metal buttons so as to minimize 

the potential errors that could occur if the buttons were left in the barrel. The buttons were 

cleaned and dried and then re-weighed. The net increase in weight was used as an indication 

of cathode efficiency.  

 

7.7. Experimental Results 

 

The results from the factorial experiments were used in the factorial calculations, see 

Appendix E, for detailed factorial calculations. The factorial method manipulates the 

experimental results and a model representing the cathode efficiency is generated. The 

factorial results are illustrated in Table 7.3. 

  

Table 7.3 also details a comparison between outputs from the experimental results  

and factorial model. Factorial manipulation results in a model that includes all variables and 

their interactive effects. The significant effects were obtained by conducting an analysis of 

variance similar to the acid and degreaser model. The significant variables and their effects is 

illustrated as Equation 7.17.  

 

Table 7.3: Comparative results, model and experimentation zinc mass plated 

Trial Number Experimental results 

(g) 

Model output 

(g) 

Deviation 

Percentage 

1 51.3 50.8 1.1 

2 14.4 19.7 -36.6 

3 19.4 20.4 -5.2 

4 58.1 53.8 7.4 
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5 14.8 10.1 31.9 

6 46.8 46.2 1.3 

7 14.2 17.5 -23.1 

8 71.2 70.9 0.5 

9 56.4 58.3 -3.3 

10 19.4 15.9 17.9 

11 31.9 24.2 24.3 

12 48.2 46.3 4.0 

13 38.1 40.9 -7.4 

14 48.2 47.4 1.7 

15 13.2 16.3 -23.3 

16 32.8 33.15 0.35 

  Standard deviation 18.1 

 

EE

CONa

E

Zn

E

Bright

EE

OH

E

Zn

E

CONa

E

Zn

E

Znc

TC

CCTCCCCCR

**4.475-

*5.1125-**5.9- **8.6*10.21256.36250.15.81

32

32

              (7.17)

 Where: 

E

ZnC : Zinc concentration (mol/ l) 

 E

OHC : Caustic concentration(mol/ l) 

ET : Temperature of Zinc tank(Degrees Celsius) 

E

BrightC : Brightener concentration(ml/l) 

E

CONaC
32
:Sodium carbonate concentration (mol/ l) 

 

The equation representing the significant variables, Equation 7.17, is to be used for 

the purpose of modeling. The factorial model outputs indicates that the zinc and caustic 

concentration together with the temperature are the most significant variables. The correlation 

between the outputs of Equation 7.17 and the experimental results are illustrated in Figure 

7.3.  
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Figure 7.3: Comparative graph of model vs experimental results 
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Equation 7.17 would now be used for further model development based on the closed 

circuit system. 

 

7.8.  Zinc Model Development 

 

The holistic zinc model is merely a combination of the factorial model and the mass 

balance, across the zinc plating system. This includes closed circuit operation. The model 

developed would successfully predict chemical consumption at an electroplating facility, 

including ideal consumption. The difference between the ideal and current consumption can 

be used, as an indication of potential savings. For the purpose of illustration the ideal model 

would be detailed i.e. the cleaner production system with a three stage counter current rinse.  

 

The mass balance equations, Equations 7.5-7.15, together with the factorial equation, 

Equation 7.17, were used to model the operations of the plating tank.  

The model layout is detailed in Figure 7.4.  
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Figure 7.4. Flow sheet illustrating zinc model calculations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Mat Lab, see Appendix E2,  results for the anode and cathode efficiency of the 

zinc tank is illustrated in Figure 7.5A. The simulation run is based on the flow sheet 

described above. The simulation represents a plant running 150 barrels/week with a plating 

time of 50 minutes/barrel. The drag out is inputted as 0.16 l/m
2
, with a recovery rate of 0.2 

l/min. 

 

From Figure 7.5A, it can be seen that the cathode and anode efficiency initially 

increases; this can be attributed to the increase in zinc metal concentration. This illustrates  
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that although the system is being run under supplier specifications it is not optimum.  

 

Figure 7.5A: Anode and cathode efficiency evolution for zinc plating tank 

 

 

 

 

 

 

 

 

 

 

 

 

Usaing the model developed optimum conditions are determined in the case study of 

this thesis. The zinc concentration increases due to the difference in anode and cathode 

efficiency. This implies that the anode dissolves into solution at a faster rate than deposition 

occurs at the cathode. This results in a slow build up of zinc in the plating tank.    

 

 

Cathode 
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Figure 7.5B: Caustic and Zinc evolution for zinc plating tank 

 

 

From Figure 7.5B it is noted that the caustic concentration in the plating tank is 

reduced from 2.95 to 2.91 mol/ l. This is the actual amount that needs to be topped up in 

order to operate at the suppliers specification. Figure 7.5B also illustrates the increase in zinc 

concentration. This results in the zinc concentration exceeding the supplier specification. The 

anode and cathode efficiency increases with this increase in zinc concentration. The effect on 

quality has to be decided upon by the company. Electroplaters have various techniques to 

reduce zinc concentration.  

 

Figure 7.5C illustrates the evolution of the chemicals in the rinse tanks. It is noted 

that the start concentrations were taken as zero. The rinse tanks must achieve equilibrium as 

an indication that the water topped up as recovery water is sufficient. From Figure 7.5C it can 

be seen that steady state is being achieved i.e. the curves are leveling off. 
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  Figure 7.5C: Evolution of chemical concentration for rinse tank 1 

 

 

The model developed above generates the chemical modifications that need to be 

made in order to maintain the zinc tank at the specified operating conditions. Thus if the 

target operating conditions are known, then together with the model developed the optimum 

chemical dosing can be determined. This is illustrated in the case study of this thesis. Thus 

from the model the weekly dosing is extracted and compared to the consumptions given by 

the operator. The difference can be described as cleaner production savings. 

 

Unlike the degreaser and acid model, the results from the zinc model could not be 

directly compared to the database of companies. The main constraint being, the availability of 

data on closed circuit zinc plating processes. The impact of variability, on the inputs 

variables, was not easy to determine.  Using the acid and degreaser models as benchmarks the 

variability was in the region of 2%. The variability of these two models were based on plant  
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operations. It can be assumed that similar plant operations occur through the plant. The 

Monte Carlo technique was once again applied in an attempt to indicate the model output 

with due consideration to input variability. 

 

The variables that contribute to the uncertainty detailed above include: 

 

Temperature: The plating tank temperature encounters  a variety of disturbances, this 

includes, cold jigs/barrels, recovery of liquid, power into bath for electro-deposition, outside 

temperature etc. These factors imply a significant uncertainty in the plating tank temperature. 

For the purpose of the Mat Lab simulation, a maximum of 2% of the set-point temperature 

variation was used. 

 

Chemical composition: Due to inconsistent operations, over/under-dosing, spills etc 

chemical compositions have a degree of variability. 

 

7.9.  Accounting for Model input variations 

 

In order to conduct some verification of the model it would be ideal to test its output 

against plant data. This cannot be done with the model in its present form as during the case 

studies conducted none of the companies were found to operate under closed circuit. None of 

the companies audited conducted recovery of rinse water into their zinc tanks. The model was 

thus modified for the purpose of testing against plant data.  

 

The model was set up to simulate the rinse tank operations without the recovery of 

drag out chemicals from the rinse tanks i.e. operating without closed circuit. This was as in 

data obtained from companies during the audits conducted for this study. 

 

7.10.  Comparative results 

 

The first step in confirming the validity of the model was to compare the results with 

the results from the database. Searching through the database, the results from Coroma was 

chosen for comparison. The specific operating conditions, temperature, chemical 
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composition, dragout, tank volumes etc were inputted into the model and the results 

compared. 

 

 Based on the Mat Lab simulation, the actual chemical consumptions at Choroma was 

compared to the model outputs.  For the caustic consumption the model generates a total 

consumption of 2167 kg/year whilst the database value for the company concerned is 2091 

kg/year, a difference of 76 kg and an error of 3.7 %.  

 

From the simulation it is noted that the accumulation of the contaminant, i.e. the 

carbonate, is seen to increase from an initial value of 0.065 moles over the period of the 

week. This translates to 0.71 g/ l increase in contamination. This can be considered new 

information, as the previous model did not provide contaminant level.  

 

The  Mat  Lab  results  also  indicates  that  the  zinc  concentration   increased  from 

0.27 m/l to 0.2712 m/l. This is due to the anode efficiency being higher than the cathode 

efficiency. Details of model operation are presented in Chapter 8.  

 

The simulation was then run 100 times using the Monte Carlo simulation technique. 

The mean final caustic consumption for these trials was 3.1968 mol/ l. On a tank of 2700l 

this translates to 275.8 kg/year. The actual value from the database is 300 kg/year.  

 



 7-22 

Figure 7.6: Mat Lab (Caustic concentration) output for Monte Carlo trials. 

 

7.11.  Model requirements 

 

The model requires basic information from the plant operator in order to complete the 

comparative cleaner production evaluation for the zinc plating tank system. The model has 

the current consumptions due to reactions, drag out etc and then compares this to ideal 

consumption, as illustrated above based on a three stage counter current rinse system. 

 

The model draws on information from other sections, such as the surface area which 

is obtained from the acid model, and the number of rinse tanks, drip times, tank volume etc is 

obtained from the fuzzy evaluation. This together with the inputs specific to the zinc model 

are used to complete the comparative zinc model for cleaner production. 

 

The above are all considered to be knowledge of the operator and are in keeping with 

the aim of this study. It would best to compare inputs and outputs between the Flemming 
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model and the model developed in this chapter. For the purpose of illustrating the two 

systems holistically this is done in the case study of this thesis, Chapter 8. 

 

7.12.  Conclusions 

 

From the model results it can be seen that the optimum zinc consumption was 

calculated from operator level inputs, as determined in the acid model. These results can then 

be compared to the current chemical consumption, as provided by the operator as weekly 

dosages, for the zinc system. The difference in consumption can be considered to be the 

potential cleaner production savings.  

 

The aims of this chapter are thus met in that the model is able to compare the current 

plant operations to cleaner production operations. This system can be applied to other plating 

types in order to achieve the potential savings for the purpose of cleaner production. 

 

This is the last of the mathematical equations. In the next chapter a case study is 

conducted using the holistic CP model proposed thus far. 
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CHAPTER EIGHT 

 

 

CASE STUDY 

 

In this chapter a case study is presented to illustrate the comparative application 

between Flemming’s model and the model proposed in this thesis. The case study was 

conducted on a local jobbing shop that conducts alkali zinc plating. The two systems 

are compared in terms of direct input, time requirements, skills requirements and 

outputs. Mat Lab simulations are used as illustrations of current and cleaner 

production operations. 

 

 

8.1  Company Introduction 

 

The case study was conducted at Saayman Danks Electroplaters. The company can 

be described as a jobbing shop plating nickel, zinc and chrome finishes for a wide range of 

application. Due to space constraints very little upgrading has been conducted on the 

facility. The chemicals for the alkali zinc plating plant are supplied by Chemserve systems.  

 

The plant operates 24 hours per day, six days per week. There are a total of 11 

operators, working a two-shift cycle, operating the plant. This includes jiggers, plant 

operators and foreman. The company is classified as an SMME. 

 

A key factor for consideration for this case study is the fact that the owner of this 

facility has been involved in cleaner production initiatives over the past 10 years. He has 

had the privilege of being the provincial chairperson, national chairperson and South 

African representative on international funding agencies associated with cleaner 

production.  It can thus be assumed that information was reasonably available at this 

company.  
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8.2  Model  Inputs 

 

The Flemming model and the model developed in this thesis were both applied to 

Saayman Danks Electroplaters. The data for the two models used, for the comparative 

study, was collected independently. The Flemming data sheets detailed in Chapter 3 was 

used for the Flemming model. The questionnaire detailed in chapter 4 was used for the 

purpose of data gathering, for the model proposed in this study. 

   

8.2.1  Data gathering-Flemming 

 

The data acquisition process for the application of Flemming’s model, at Saayman 

Danks electroplaters, was conducted over a two-week period. The owner and the lab 

manager completed the pre-review questionnaire. At the end of the first week a plant visit 

was conducted to facilitate the data gathering. During this time, discussions were held on 

the requirements of the data sheets.  

 

The owner indicated his challenges and methodology of determining the surface 

area for the purpose of the review, NB the surface area challenge was highlighted in 

Chapter 3 of this thesis.. The owner explained the difficulty in obtaining exact data; this 

included obtaining figures from the accounts department on exact chemical usage. At the 

end of this session it was agreed that the review information would be completed the 

following week. 

 

On the day of the review, more explanations were required on the data sheets as the 

company had only completed three tables and found it difficult to complete the rest. The 

initial data capturing was done on site and various measurements were conducted together 

with the plant foreman. 

 

A major discrepancy arose with the surface area value provided by the company. 

After discussions with the owner it was found that he had under estimated the surface area 

by fifty percent. Thus the surface area input was adjusted. 
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The plant operator using a measuring cylinder and stopwatch determined the water 

consumption. All the relevant inputs were gathered and the data entered into the 

spreadsheets. The entire day was spent on data collection and spreadsheets inputs. 

 

8.2.2  Data gathering-Proposed model 

 

The application of the artificial intelligence based model was also applied at 

Saayman Danks electroplaters. The questionnaire comprised of 56 questions as detailed in 

chapter 4 of this thesis.  

 

In order to ensure an independent assessment, an independent reviewer completed 

the questionnaire. The reviewer had no prior knowledge of the plating process and no 

experience in conducting reviews. 

 

The company had availed their plant foreman to answer the questions, as the plant 

operators did not communicate in English. The foreman was also responsible for day to day 

running of the plant, including dosing of chemicals. 

 

The questionnaire was conducted on site and was completed in 34 minutes. The 

data gathered was then plugged into the various models and the results analyzed. No further 

contact was made with the company for further data. 

 

8.3. Data handling 

 

8.3.1.  Flemming’s spreadsheets 

 

The Flemming’s model required that the data gathered via the questionnaire be 

entered into the excel spreadsheets. The data was entered into eight spreadsheets relevant to 

zinc plating. Flemming’s model required some 245 inputs into these spreadsheets. The 

following data was a major challenge to obtain: 

 

 The surface area plated in the line under consideration 

 The chemical consumptions for each tank on an annual basis 

 The water consumption for each tank on an hourly basis 
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 The plated thickness 

 

8.3.2.  Model developed in Visual Basic and Mat Lab 

 

The  56 answers from the operator based questionnaire was captured in the Visual 

Basic/ Mat Lab software. The Visual Basic software entailed simple selections from 

choices as per the questionnaire. The Mat Lab model required basic operator inputs such as 

weekly tank dosing, drip times, number of barrels/ day etc. All data was extracted from the 

operator based questionnaire. 

 

8.4. Comparative Outputs 

 

8.4.1  Flemming model 

 

The Flemming model output has been discussed at length in the introductory 

sections of this thesis. The key qualitative output from the Flemming model is the 

environmental profile of the company see, Figure 8.1.  

 

Figure 8.1: Environmental status of company 
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This profile presents a qualitative indication of the potential for improvements in 

the eight key areas of the plant.  

Further to this qualitative output the Flemming’s model has to be interpreted by the 

reviewer to generate various scores. These scores is generated by Flemming’s spreadsheets 

based on the data inputted. It is a comparison between actual consumptions and theoretical 

consumptions embedding in the spreadsheets. Typical results are illustrated in Appendix F. 

 

The detailed review is attached in Appendix F. The key outputs are individual 

chemical consumption on a scale of 1-5 (5 indicating significant room for improvement).  

The basic outputs from each table are detailed in Table 8.1.  

 

Table 8.1: Outputs from Flemming tables 

Table description Output 

Zinc tables Estimated plated thickness 

Chemical tables Rating 1-5 as compared to goal figures on selected 

chemicals 

Rinse Tables Goal water consumption 

Theoretical water savings 

Waste minimization table Final rating on waste on a  0-100 % potential saving 

WWTP Chemicals Final rating on chemicals used on a  0-100 % 

potential saving 

WWTP  Final rating on WWTP operations on  0-100 % 

potential saving 

CP options Indication of cleaner production options available to 

company 

 

Based on the results of the review, the consultant makes the relevant deductions 

and interpretations as detailed in Appendix F. It can be seen that the review highlights the 

main problem areas where CP-options should be further assessed. A more detailed 

assessment on exact savings is conducted in a feasibility study.  
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8.4.2  Proposed model outputs 

 

The model proposed has two separate outputs. The first being the fuzzy logic 

output that is similar to Fleming’s qualitative output, see Figure 8.2. This model output is 

intended to help the company identify areas of potential improvement. The actual 

quantifiable savings are determined in the mathematical component of the proposed tool. 

 

Figure 8.2: Key indicators of plant-Fuzzy 

F 

 

 

 

 

 

 

 

 

 

 

 

 

 

In summary the qualitative fuzzy model provided the equivalent of the Flemming 

model outputs. From the figure above it can be seen that the areas of the plant are rated on a 

scale of 1-100. This has been achieved with a significantly less intense data gathering 

process. In order for the company to determine the exact benefit of cleaner production a 

detailed feasibility had to be completed. The aim of the feasibility study was to quantify the 

cleaner production savings. 

  

8.5. Mathematical model outputs 

 

This case study now illustrates the second component of the research presented in 

this study i.e. the mathematical models. The aim of these models was to illustrate precise 

0 10 20 30 40 50 60 70

Rating

Rinse management

Sludge reduction

WWTP Chem

WWTP equipment

Chem consumption and management 

OHS

Water re-use

Production

Key indicators for fuzzy inputs



 8-7 

potential saving as traditionally illustrated in a feasibility study. The case study results is 

based on the models illustrated in chapters: 

 

 Chapter 5 (Acid model) 

 Chapter 6 (Degreaser model) 

 Chapter 7 (Zinc model) 

 

The models are programmed in Mat Lab as discussed in chapters 5-7. The models 

use the operator-based inputs to predict the current operation of the plant. The models then 

calculate the chemical and water usage for optimum operation. 

 

8.6. Application of mathematical models 

 

The detailed simulations and results of the models are now illustration for each 

section of the plant. The simulations illustrate current operations and cleaner production 

operations. A summary comparison of inputs and outputs is detailed later in this chapter. 

  

8.6.1  Acid model 

 

The first and foremost challenge of the model was determining the plant production 

in meters squared. Operator inputs were used to input data into the acid model. The acid 

model, illustrated in chapter 5, was applied to the Danks plant in order to determine the 

surface area production. This was achieved by extracting the relevant information from the 

operator-based questionnaire. The crucial information required by the acid model includes; 

current weekly acid top up, number of barrels/week, time etc. The model outputted a 

surface area as 66346 m
2
 for the Danks plant.. This value was 4.3 % less than the value 

calculated for the Flemming model. This surface area is now used as input into the rest of 

the models.  
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Figure 8.3: Evolution of metal depletion, contamination and acid consumption   

 

 

 

The model was then used to simulate current plant operations. The results are 

illustrated, on the right of Figure 8.3. The evolution of current typical acid consumption, 

metal depletion and contamination is illustrated. These are typical values that currently 

occur at Danks. The left side of Figure 8.3 illustrates the evolution of values if basic cleaner 

productions systems were implemented. The optimum operation is based on replenishing 

the solution after every 100 barrels have passed through. This implies top ups every day as 

compared to the current weekly top ups. It must be noted that the acid model was 

developed around the lower iron contamination in the acid tank, which results in improved 

acid cleaning efficiency. If the acid were allowed to become more contaminated the 

efficiency would decrease. From the Figure 8.3 it is clear that the acid efficiency can be 

maintained if the solution is topped up regularly. The model can be adjusted to allow for 

continuous bath maintenance by setting the top up to occur after every barrel. 
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Figure 8.4: Illustration of metal depletion, acid usage and water usage 

 

The model also generates a comparison of acid consumptions, water usage in the 

acid tank and metal depletion of the surface of the metal. These results are illustrated in 

Figure 8.4. From the simulation it is concluded that the current acid usage is significantly 

higher at 41 kg (bar 2) compared to 15.4 (bar 1) for the cleaner operations. A comparison of 

water used to top up the acid tank is also illustrated. The current operation results in a water 

usage of 320 l /week whilst cleaner operations result in a water consumption of 102 l 

/week.  From Figure 8.4 it can be seen that the rinse water usage needs to be expanded. 

This is expanded upon below. 

 

Figure 8.5 illustrates the water concentration in the rinse tank under different 

operating conditions. These conditions include a single rinse tank with a high drag-

out(current operation), a single rinse tank with low drag-out and a two stage counter current 

rinse. The current operation with high drag out and a single rinse uses more than 100 times 

the water as compared to the 2-stage counter current rinse system. The option of redirecting 

the acid rinse to the degreaser would be discussed in the degreaser section. 
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Figure 8.5:  Mat Lab results: Water concentration in rinse tanks  

 

 

 8.6.2  Degreaser model  

 

Similar to the acid model the degreaser model is now applied to the Danks process.  

The model is able to predict degreaser concentration, oil removal rate, oil contamination 

and bath volume changes at any given time.  As per the acid, top up quantities, can also be 

determined for the degreaser system. 
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Figure 8.6: Comparative tank operation, degreaser system 

 

 

In Figure 8.6 the current operation of the degreaser is compared to cleaner 

production operations. It can be seen that the rate of oil removal is significantly affected as 

the contamination increases and the degreaser strength decreases. Comparing the graphs on 

the left (CP operation) to the graphs on the right(current operations), it can be seen that  

over a period of one week the effectiveness of the degreaser is reduced due to oil 

accumulation and poor chemical maintenance. Further details on comparative operation are 

illustrated in Figure 8.7 below.  
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Figure 8.7: Mat Lab results: Comparative consumptions 

 

From 8.7 the first graph (top left) illustrates the degreaser usage. It is clear that 

optimum operation (bar 1) results in a significantly reduced degreaser consumption, 16.6kg 

for optimum and 42 kg for non-optimum (current) operation. The second graph (oil 

remove) illustrates the effectiveness of the degreaser to remove oil from the metal surface. 

From bar 2 on this graph it is clear that CP operations results in more effective oil removal 

i.e. 3.2 kg/week as compared to 2.82 kg/week. The top up water consumed by the two 

operations is illustrated in the Water usage in deg tank (bottom left graph). The CP system 

uses 102 l/week (bar 1) as compared to the current 320 l /week (bar 2). The rinse water 

graph is further elaborated in the following figure. 

 

Figure 8.8 illustrates the effects of operating different rinse systems. The first (top 

right) illustrates current scenario at 10 l /s. The second (top left) illustrates CP operation. 

The concentration difference in the rinse water is clear. If the company applied CP and 

employed a two-rinse tank system the concentration evolution of the rinse tanks is detailed 
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in the bottom two graphs. It is clear that with a water flow of 0.1 l /s the dilution can be 

achieved in the second rinse. This is 100 times less than the current consumption. 

 

Figure 8.8:  Rinse water usage 2 stage rinse  

 

 

Before illustrating the zinc model, the benefit of redirecting the acid rinse to the 

degreaser is illustrated. The rinse water from the first acid rinse is sent to the second 

degreaser rinse and then to the first degreaser rinse. The reaction effects are illustrated in 

Figure 8.9. It can be seen (bottom right) that the final effluent leaving the degreaser rinse 

one is pH adjusted and thus reduces the loading on the wastewater treatment facility. The 

system reduces the rinse water to half of the independent 2-stage rinse system as the rinse 

water from the acid is reused. An added bonus is improved cleaning of the degreaser of the 

metal surface due to neutralization. The degreaser contamination into the zinc tank is also 

reduced.   
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Figure 8.9: Acid/degreaser rinse water redirecting 

 

 

From Figure 8.9 the effect of redirecting the rinse is clear as the caustic is neutralized in the 

rinse water. 

 

8.6.3  Zinc model 

 

For the purpose of illustration, the model is applied to different scenarios of 

operations. These include; current operation, CP operation with weekly chemical 

maintenance and operation with daily chemical maintenance. The zinc model is able to 

predict the difference between the current and optimum operation based on a three-stage 

counter current rinse system. The cleaner production model is based on zero discharge and 

is able to predict: 

 

 The zinc concentration in the zinc tank 

 The caustic concentration 

 The plated thickness 

 The brightener concentration 
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 The optimum operating condition 

 The evolution of the rinse tank concentrations for 

o Zinc 

o Caustic 

o Brightener 

 Optimum recovery for tank water balance 

 

The current status of operation is illustrated in Figure 8.10. The company currently 

operates with a two-stage rinse without recovery of rinse water. The most significant 

observation lies in the rate of zinc deposition. The start and end of the week’s deposition 

rate is 9.24 microns whilst metal deposition during the middle of the week increases to 9.25 

microns. This can be attributed to chemical evolution in the zinc tank. 

 

Figure 8.10: Current operation 

 

 

The current water consumption is illustrated in Figure 8.11. The water and effluent 

load can be determined from the rinse water concentrations. The individual component 

evolutions are illustrated.  
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Figure 8.11: Current chemical evolution in rinse tank  

 

 

Figure 8.12: Chemical evolution at minimum dilution 
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The program allows for variations in water flow rates. The rinse water 

contamination can be modelled to determine the amount of water that is required to ensure 

minimum dilution factors are achieved. This is illustrated in Figure 8.12. The amount of 

water used is 1440 l /week. 

 

The model was then applied to illustrate the benefits of a basic cleaner production 

operation. Figure 8.13 illustrates the chemical evolution in the zinc tank for a period of one 

week, with a 3-stage counter current rinse. It can be seen that the zinc concentration 

increases significantly. This is due to the recovery of drag-out and due to the difference in 

cathode and anode efficiencies i.e. dissolution and deposition. This results in accumulation 

of zinc. The anode and cathode efficiencies are illustrated in Figure 8.14. It is clearly 

illustrated that as plating proceeds through the week the difference between anode and 

cathode efficiency increases resulting in the accumulation of zinc in the plating tank. 

 

Figure 8.13: Zinc tank chemical evolution 

 

 

From Figure 8.13 it can be seen that the caustic and carbonate concentrations can 

also be predicted in the plating solution. It is important to note that the plating thickness 

changes with time due to the concentration variation. This is expanded upon later. 
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Figure 8.14: Zinc cathode and anode efficiencies 

 

 

The model incorporates the zinc rinse tanks and the model is able to predict the 

concentrations of all the plating tank chemical components, in the rinse tanks. It is also 

important to note that the models for these rinse tanks were started at zero concentration. 

The equilibrium concentration can be determined and helps the company to predict water 

consumptions. In Figure 8.15 0.2 l/min was used as water flow rate through the closed 

loop system. 

 

If the company sought to enquire on the impact of operating the zinc tank with a closed 

circuit rinse but with a higher drag-out, this is illustrated in Figure 8.16. It is clearly seen 

that the concentrations of the individual plating chemicals increase drastically in the rinse 

water system with an increase in drag-out. 
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Figure 8.15: Rinse system achieving equilibrium concentration 

 

Figure 8.16: Tank chemical evolution with varying drag-out 
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The operational benefit of regular bath maintenance is illustrated in Figure 8.17 with a 

comparison with poor operation. The benefit of operating the plating tank close to supplier 

specification is illustrated. The key benefit was the plating thickness, which is maintained at 

8.32 microns as compared to the weekly maintenance, which results in a thickness of 8.29 

microns. 

Figure 8.17: Plant operation with regular bath maintenance 

 

 

A summary of the comparative outputs between current operations and cleaner production 

operations is illustrated in Table 8.2. 
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Table 8.2: Summing up the benefits of cleaner production on the zinc system. 

 Current CP 

Zinc consumption (drag-out) 28.8 kg/week 0 

Caustic consumption (drag-out) 34.6 kg/week 0 

Thickness 8.29(inconsistent) 8.32(consistent) 

Water consumption (plating tank) 288 l /week 0 

Rinse water consumption  28000 l /week (100 

times dilution) 

1440 l/week (1000 times 

dilution) 

Contamination to WWTP 1 g/ l of zinc 0 

 

8.7 Comparative summary between proposed and existing CP evaluation tools 

 

From the case study conducted above it would be ideal to summarize the benefits 

of the inputs and outputs in comparative tables. The model basic inputs are summarized in 

Table 8.3 below whilst the qualitative and quantitative outputs are compared in Table 8.4 

and 8.5 respectively.  

 

Table 8.3: Table of comparison -Case study data acquisition 

 

Inputs-Flemming Data/Time requirement Proposed model Data/Time requirement 

Tank individual 

chemical make up 

Data to be obtained 

from supplier 

specification-Days 

Weekly operator 

chemical dosing 

Operator prior 

knowledge- Data on hand 

Tank yearly individual 

chemical consumption 

Data to be obtained 

from company records-

Days 

Not required  

Calculation of Drag-out This is determined by 

the auditor-Hours 

Not required Drag out is determined 

from fuzzy model 

Dilution factors 

required 

This is determined by 

the auditor-based on 

auditors experience 

Not required  

Tank volume Obtained from 

company-Minutes 

Tank volume 

obtained  

Obtained from operator-

Minutes 
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Disposal volume Obtained from 

company-Minutes 

Number of 

disposals 

Obtained from operator-

Minutes 

Plated thickness Obtained from 

supplier-Days 

Not required Model generates values 

Rinse water flow rate Obtained from plant Not required Model generates case 

scenarios 

 

 

Table 8.4: Table of comparison: Qualitative outputs 

 

 Flemming Proposed Percentage 

difference 

Comments 

Qualitative output Yes Yes   

Rinse  Yes Yes 2.9  

Chemicals Yes Yes 2  

OHS Yes Yes 2  

WWTP Chem Yes Yes 4.9  

WWTP Yes Yes 4.5  

Sludge  Yes Yes 4.75  

Production No Yes N/a  

Water No Yes N/a  

Rinse system Yes No  Replaced by rinse system 

Waste 

minimization 

Yes No  Found to be redundant  

 

Table 8.5: Table of comparison: Quantitative outputs 

 

Output Flemming Proposed 

Rinse water concentration No Yes 

Rinse water reaction-Acid/alkali No Yes 

Chemical savings Rating provided Actual value generated 

Water  Rating provided Actual value generated 

CP  layout No Yes 
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Surface area calculate Not determined, calculated 

manually 

Model calculates SA from basic data 

Time required 2-4 weeks 1 Day 

Chemical concentration evolutions No Yes- all tanks plus rinse tanks 

Data gathering Management sourced Operator sourced 

Determines impact of process 

changes 

No Yes process changes can be modeled 

Calculate exact impact of CP 

initiatives 

No Yes 

Instantaneous zinc deposition rate No Yes 

Individual chemical evolution-Acid/ 

degreaser/zinc 

No Yes 

Individual chemical evolution-all 

rinses 

No Yes 

Anode and cathode efficiency-

monitoring 

No Yes 

Illustrate benefit of continuous tank 

maintenance 

No Yes 

 

8.8 Conclusions 

 

From the comparative results listed it can be concluded that the artificial 

intelligence model outputs are similar if not equal to the Flemming model outputs. The 

comparative indices indicate a maximum difference in output of 4.75%. In some cases the 

model improves upon Flemming’s model by providing further details.   

  

The precise data requirements for determining the actual chemical consumptions 

have become obsolete. The output from the model is now used as an indication of the 

chemical consumption of the company. The model was used to determine the optimum 

consumption. Hence the potential savings can be quantified. 

 

The greatest challenge in conducting the cleaner production assessment using the 

Flemming model was the determination of the surface area. As can be seen from the case 

study the model can predict the surface area within 4.5 % of the calculated value. This was 
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conducted solely from operator inputs as compared to the traditional calculations requiring 

extensive data and time.  

 

The model was used to determine the degreaser and other chemical consumptions 

based on the operator inputs. The values were traditionally considered difficult to obtain 

from companies.  

 

The lifetime of the degreaser and acid can be predicted using the proposed model. 

The actual anode and cathode efficiencies and evolutions of individual chemicals were 

predicted using the proposed model. This information was not generated in any existing 

model.  

 

The comparativeness and superiority of the proposed model is clear from the above 

case study. The demand for precise data becomes absolute using the proposed model.  
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CHAPTER NINE 

 

 

CONCLUSION 

 

The final chapter of this thesis aims at summarizing the case presented in this thesis. 

The focus of this chapter is to briefly outline the aims of this study and to describe 

how these aims were achieved. The conclusions of this study are detailed together with 

further work to be undertaken as an expansion of work undertaken in this study.  

 

 

 
9.1  Background 

 

The objective of this study was to develop an artificial intelligence based cleaner 

production audit model for the surface treatment industry.  

 

International experts have conducted various environmental initiatives, such as 

waste minimization, source reduction and cleaner production with a focus on waste 

reduction in the metal finishing industry. These studies have resulted in significant 

improvements in the metal finishing industry. The various cleaner production initiatives 

that were undertaken, previously, resulted in significant savings. However, the success of 

these cleaner productions studies was found to be limited due to various constraints. These 

constraints included data availability, expertise requirements and time taken to conduct 

these studies. Cleaner production initiatives could have been significantly enhanced if these 

barriers were overcome. 

  

This study was initiated based on the above limitations encountered during an 

attempt to conduct cleaner production audits in the metal finishing sector in South Africa. 

The key aim of the study was the development of a comprehensive cleaner production 

assessment tool that required minimum time, data and high level skills. 
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9.2  Overall approach 

 

This thesis commences by detailing a background to the plating industry including 

some of the challenges traditionally encountered in conducting a cleaner production audit at 

a surface finishing facility. This thesis then details the development of expert knowledge on 

the plating industry. This includes the identification of the most comprehensive existing 

tool for cleaner production evaluations in the metal finishing sector. This tool was then 

applied to develop a database for the purpose of future model verification. A total of 25 

companies were audited for this purpose. 

 

This study then identifies the limitations and difficulties associated with the 

application of this cleaner production assessment tool. The tool was critically assessed to 

determine the potential of obtaining the equivalent result, but with alternate data and skills 

inputs. The aim was to produce equivalent or better quality outputs if compared to 

traditional models. 

 

Based on this analysis the approach of this thesis has been to split the proposed 

cleaner production assessment tool into two key components. Hence, two models were 

developed, which when applied in parallel, produce a comprehensive cleaner production 

assessment. These two components of the study are best describes as the qualitative and 

quantitative components. The qualitative model was developed using fuzzy logic whilst the 

quantitative model was developed using mathematical models based on experimentation. 

The key factor to the models being its sole dependency on operator based inputs. 

 

9.3. Development of the alternate CP evaluation system     

 

The development of the first component of this study i.e. the qualitative evaluation 

components is achieved using fuzzy logic. For the fuzzy model the plant was categorised 

into different operational units. These included the wastewater treatment plant, the rinse 

system etc. Questions were developed to facilitate data acquisition on assessing the cleaner 

production status of these operational units. Together with these questions fuzzy alternates 

were generated as operator answers (alternates) to these questions. Fuzzy logic multi 

variable decision analysis was applied to the ratings of the operator alternates. This 

decision analyses generated fuzzy equations, which provided a qualitative status on each 
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operational unit. A comparison was conduced with a previous CP tool, in order to ensure 

that these outputs were equivalent to the previous CP tool outputs. The fuzzy inputs were 

regressed, wherever necessary, in order to generate the equivalent outputs.  The key output 

of the fuzzy model is a rating on a scale of 0 to 100 on the potential saving in each of the 

eight plant categories.    

 

The quantitative component of this study entails the development of three 

mathematical models. These models comprise of the plating, degreaser and the acid 

cleaning models. The aim of developing these detailed model was that they be used to 

model current operation together with the potential cleaner production operation. The 

difference between the two would be the projected cleaner production savings. 

 

The models were developed using basic experimentation in a pilot plant that was 

specifically constructed. The experimentation entailed detailed literature searches into the 

variables that impacted on the operation of these processes. Fractional factorial design was 

employed for the experimentation. This ensured that the influence of all the variables and 

their interactive effects were considered to determine the operation of each of the processes.   

 

The first mathematical model that was developed was the acid cleaning model. The 

major variables affecting acid cleaning were, temperature, iron contamination and acid 

concentration. This basic model was then integrated into a holistic acid cleaning model 

which included drag-out, cleaning time and the rinse system.  This model was then applied 

to determine the surface area passing through the acid tank. From previous models the 

production (surface area) was always difficult to determine. The surface area was now 

obtained by an iterative estimate-programming loop based on the operator weekly acid 

dosing. This proved to be the first major success of this study. Armed with this surface area 

the chemical consumptions of all the processes could now be modeled. 

 

The basic degreaser model was developed using the major variables that influence 

the degreaser operation. The holistic degreaser model was developed using similar 

consideration to the acid model. These include reaction time, drag-out, temperature, oil 

contamination etc. The degreaser model included the degreaser rinse system. 
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The last of the mathematical models was the zinc model. The zinc model was 

perhaps the most complex as there were three main reactions to consider together with 

determining cathode and anode efficiency. The major variables that were considered for the 

zinc system included the zinc concentration, caustic concentration, power inputs and 

temperature. These were integrated with a comprehensive rinse system into a holistic zinc 

model.  

 

The three mathematical models were programmed into Mat Lab so that they could 

be applied to the various case scenarios. The fact that the inputs to these models were to be 

obtained from plant operators implied that there was a possibility that some date would not 

be as accurate as expected. This uncertainty in inputs was accounted for by illustrating 

(simulation) the variations in inputs using the Monte Carlo technique. Here, inputs to the 

mathematic models were randomly changed to account for potential operator inaccuracy. 

 

Using the operator based questionnaire the three mathematic models could thus be 

used to simulate the current operations of the plating facility. Typical cleaner production 

strategies can then be applied to the plant and the cleaner production operation determined. 

The differences in chemical and water consumptions can be predicted together with the 

potential impact on the wastewater load. 

 

The application of the holistic tool was illustrated by conducting a case study at a 

local metal finishing company. In order to reinforce the comparative benefit of the 

proposed tool a cleaner production audit was conducted, in parallel, using a traditional 

cleaner production evaluation tool. 

 

Comparing the two approaches, the model proposed in this study required less than 

an hour of time from a plant supervisor whilst the traditional model required a two-week 

period to be completed. The data inputs for the traditional CP tool were obtained from the 

plant manager in consultation with the laboratory manager. The auditor had to intervene on 

various occasions to clarify data issues. The auditor had to conduct various plant 

measurements as required by the audit data sheet. A total of 245 inputs were required for 

the traditional model as compared to the 56 inputs required for the model proposed in this 

study.  
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The outputs from the two CP tools were found to be very comparable. The fuzzy 

model generated the equivalent of the traditional model. This included a rating of potential 

saving in the major plant categories.  

 

The key challenge of determining the plant surface area required more than a days 

work to determine in traditional model but is now obtained by a few simple inputs in a few 

minutes. Applying the operator input for dosing of the acid tank generates the surface area. 

For the purpose of the case study the initial surface area estimated by the plant manager 

was also found to be incorrect. The model generated a surface area that was 4.3% less that 

the plant managers estimate. 

 

The CP tool was found to be superior to the traditional cleaner production 

evaluation systems as various details were generated that were never available using the 

traditional models. These include the instantaneous predictions of individual chemical and 

water consumption, tank efficiencies, wastewater load etc. 

 

In summary the CP tool proposed in this study was found to produce a cleaner 

production evaluation that was better than rigid traditional models. 

 

9.4  Recommendations and future work 

 

It can be seen that the difference in outputs from CP tools developed and previous 

well-reputed models is rather insignificant. It can thus be stated that the aims of this study 

to provide a user-friendly CP tool based on operator level inputs were fully achieved. There 

is however certain details that needs to be addressed. These need to be part of a potential 

implementation phase of the above CP tool and can be considered as future work. This 

includes the application of the CP tool to various metal plating companies and conducting 

the necessary improvements so as to improve the confidence levels in such a CP tool. 

 

The other consideration for future improvements includes the stand-alone use of 

the CP tool i.e. the use of the CP tool outside of the control of the developer. This would 

probably result in various improvements and fine-tuning of the CP tool.   
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More detailed kinetics based models, for process tank operations can be developed 

and compared to the current factorial models. The factorial models proved useful under the 

constraints of the limited time, complexity of the reactions due to various supplier chemical 

additives, availability of supplier data on chemicals and the need to obtain an operational 

model for the purpose of this study.  

 

Cleaner production evaluations for various sectors have proven to be a significant 

challenge. The methodology described in this study can be used to justify research into the 

development of similar models for various other industrial sectors. It would thus be 

considered ideal to follow the methodology of this study for cleaner production evaluations 

in other industrial sectors. 












































































































































































































































































































































































































































































































































	CHAPTER ONE
	CHAPTER TWO
	CHAPTER THREE
	CHAPTER FOUR
	CHAPTER FIVE
	CHAPTER SIX
	CHAPTER SEVEN
	CHAPTER EIGHT
	CHAPTER NINE

