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1. Abstract
Using Lean Six Sigma principles within an organisation can enable it to make the processes/services more efficient, create better process control and a happier workforce. All these improvements create value from the perspective of a customer. Applying these principles to an area within the Steelmaking Process, it was found that there were thirty-two different forms of waste, or “muda”. Some of these wastes could be removed or improved upon to create better value for the customer. The approach taken do identify these wastes was to analyse the Process Flow and the FMEA’s (Failure Mode and Effects Analysis) to go through the process systematically. Once determined, these wastes were categorised by whether the did, or did not create value for the customer. The non-value-added steps were determined, and a suggestion was made to introduce a new piece of equipment (XRF slag sample analyser) which could eradicate two of the wastes identified.

2. Introduction to Lean Six Sigma
Lean Six Sigma is a manufacturing tool used within industry to improve a business’ ability to improve its capability and to optimise its manufacturing process. The concept is an amalgamation of two quality management methodologies: Lean and Six Sigma. Lean is best known for attempting to eliminate waste, resources and other unnecessary expenses which do not add value to the final customer (Blumenthal & Sommer, 2019). Six Sigma is a tool which aims to identify bottlenecks within a process, and it can eliminate these bottlenecks by implementing techniques such as DMAIC (Define, Measure, Analyse, Improve, Control), SIPOC (Suppliers, Inputs, Processes, Outputs, Customers) (Harikumar, et al., 2020) and process FMEA’s (Failure Mode and Effects Analysis) (Francisco, et al., 2020). 
[image: ]Within this body of work, there will be an analysis of what is deemed important to customer from their perspective, as well as areas in which the Primary Steelmaking process can be made leaner, by removing “waste” processes/steps. Fig 2. Shows that increasing customer satisfaction is ranked as the second most important factor for company’s implementing Lean Six Sigma principles within their organisations. Figure 2 shows the main motivations for using Lean Six Sigma (Albliwi, et al., 2014).

2.1. Lean Six Sigma in the Steelmaking process
This report will identify areas within the Primary Steelmaking process where Lean Six Sigma principles can be incorporated to eliminate waste, whilst using techniques to optimise key processes to add value for the customer. The Primary Steelmaking process is just one small part of a larger process. However, there are several process steps in the Primary Steelmaking process where, if the product isn’t created to the desired specification, it cannot be reworked further downstream. Therefore, there are key processes that can be improved to reduce the frequency of these failures to create more value from a customer’s perspective. 
In the Primary Steelmaking process, the main Critical to Quality (CTQ) characteristics are the removal of elements such as sulphur, phosphorus, carbon, silicon, and manganese. Each “grade” of steel will have a final, desired, chemistry in their rolled steel as requested by the customer. The Primary process involves the mass reduction of the composition of these elements before they go to the Secondary steelmaking process. However, phosphorous is the most difficult element to refine. If this element is not adequately refined during the Primary process, it cannot be removed further downstream. Therefore, this report will investigate areas where the Lean Six Sigma approach can be used to specifically improve the refinement of phosphorus via an optimisation of the process.

3. Consideration of the types of waste in the process/service
[image: 7 wastes of lean]There are seven types of wastes associated with Lean Manufacturing; Figure 3 shows the 7 wastes in Lean (Kanbanize, 2020).

These wastes were coined as “muda” by Taiichi Ohno who was the “father” of Lean Manufacturing (Mukhtar, et al., 2013). Within the Primary Steelmaking process, there are several process steps where these “wastes” exist.

3.1. High level process flow of Primary Steelmaking process
This high-level process flow shows the route in which the iron from the Blast Furnace progresses through the Primary Steelmaking area.
[image: ]
Figure 4 shows the high level process flow of the Primary Steelmaking process (Price, 2019).

[image: ]
Figure 5 shows a schematic of the BOS Plant, showing the location of the units involved in the production of steel. The areas circled 1-3 will be analysed according to the seven wastes of lean manufacturing (Price, 2019).
The process flow steps have been divided into 3 areas as shown in Figs 4 and 5. 
(1) Scrap metal loading and preparation – referred to as “Scrap” in Table 1
(2) Hot Metal preparation and processing (iron received from the Blast Furnaces) – referred to as “HM & Desulph” in Table 1
(3) Conversion of iron into steel in the BOS converters – referred to as “Converter” in Table 1










3.2. Seven wastes of lean applied to the Primary Steelmaking process
The number of “wastes” are outlined by the numbers in parentheses in Table 1. In total, thirty-two “wastes” were identified in the Primary Steelmaking process and are explained below:
Table 1
	Waste No.
	Waste Explained
	Waste Type
	Process

	1
	Time spent loading scrap into the Converter.
	Motion
	Scrap

	2
	Operators physically taking a chemistry and temperature dip of the iron.
	Motion
	HM & Desulph

	3
	Movement of the operator from the control room to manually "tap" the Converter (rotating the vessel to empty the contents into a steel ladle ready for Secondary Steelmaking process).
	Motion
	Converter

	4
	Poor access/egress certain areas can cause operational delays.
	Motion
	Converter

	5
	Number of sampling probes required.
	Inventory
	HM & Desulph

	6
	Large quantities of fluxes (lime, dolomite, dolomet, silica gravel and sinter) required.
	Inventory
	Converter

	7
	More fluxes needed due to legacy issues with the raw materials conveyor system. Much of the material is lost in transit through the bunker system, causing the fluxes to break down into fines.
	Inventory
	Converter

	8
	Refractory darts required to plug the taphole of the Converter to prevent slag coming through which is detrimental to phosphorus refinement
	Inventory
	Converter

	9
	Waiting for the iron from the Blast Furnace - increases cycle time and loss of thermal conductivity in iron ladles and converter.
	Waiting
	HM & Desulph

	10
	Breakdowns of HM Preparation and desulphurisation units
	Waiting
	HM & Desulph

	11
	Breakdown of cranes - causes delays moving the iron and steel.
	Waiting
	HM & Desulph
Converter

	12
	Waiting for the slag samples from the Converter can affect the process control.
	Waiting
	Converter

	13
	Increases in cycle times because of reliability issues elsewhere within the BOS Plant.
	Waiting
	Converter

	14
	Delays caused by non-value added, but essential, convertor maintenance after each batch of steel (slag splashing and washing the refractory of the Converter to protect the lining)
	Waiting
	Converter

	15
	Removing build-up of residual iron around the mouth of the Converter
	Waiting
	Converter

	16
	Waiting for chemistry analyses due to lab availability or issues with sublance measurements
	Waiting
	Converter

	17
	Contaminated iron which has not been segregated in the scrap handling area.
	Defects
	Scrap

	18
	Excessive fines content in the scrap can increase the quantity of residual elements in the steel.
	Defects
	Scrap

	19
	Poor sample quality / inaccurate chemistry readings
	Defects
	HM & Desulph

	20
	Too much phosphorus, carbon, or sulphur in the steel after treatment in the converter.
	Defects
	Converter

	21
	Significant amounts of energy required to make one batch of steel. (>18000m3 of oxygen required to make the steel)
	Defects
	Converter

	22
	Loss of CO and CO2 generated during the refinement process.
	Defects
	Converter

	23
	Too much flux added which would cause over-dephosphorisation. 
	Overproduction
	Converter

	24
	Movement of internally generated scrap
	Transportation
	Scrap

	25
	Movement of external scrap like tin cans and incinerator via rail freight.
	Transportation
	Scrap

	26
	Movement of iron from the Blast Furnace to the BOS Plant.
	Transportation
	HM & Desulph

	27
	Movement of scrap metal and iron into the vessel.
	Transportation
	Converter

	28
	Transport of fluxes from the conveyor system due to legacy systems (Das & Patnaik, 2015).
	Transportation
	Converter

	29
	Movements of the raw materials via freight.
	Transportation
	Converter

	30
	Over-injection of reagents to remove sulphur from the iron.
	Overprocessing
	HM & Desulph

	31
	Additional fluxes needed if there has been poor refinement.
	Overprocessing
	Converter

	32
	Extending the amount of time the steel needs to be in the Converter causes additional losses like oxygen, Fe yield and losses of refractory lining.
	Overprocessing
	Converter





4. An analysis of value from the customer’s perspective
Many processes within a manufacturing environment are essential, but they do not necessarily add any value to the customer. These “wastes” can include losses of energy (Reinhart & Schnellbach, 2015), and losses of consumable materials (Valentinavičius, 2016) that are needed to make the product. However, in all processes there are steps that can be used to add value from a customer’s perspective. The two key elements that a customer wants from the steel plant are (1) steel with the correct chemistry specification met (Aziz & Hafez, 2013), and (2) steel arriving to them just-in-time (JIT) (Scheer, et al., 2015). Meeting these two obligations will leave the customer satisfied and ensures that they will come back with further orders (Balmer, et al., 2013). 
Value ultimately represents the voice of the customer (Izvercian, et al., 2018), however value is only relevant at a specific point in time, as customer demands are always changing. It is important that these expectations are clearly communicated to the manufacturers of the goods. Trust between the customer and manufacturer is also important (Kovach & Mitchell, 2016) and listening to the feedback from the customer can lead to improvements within the process if taken on board.
[image: ]
Figure 6 shows the top 5 barriers for managing changing customer demands (The Economist Intelligence Unit, 2018).







 Many manufacturing plants tend to operate by producing what they are able to deliver at that time, rather than looking specifically at the customer’s needs (Quality America, 2018). Therefore, moving to a Lean Six Sigma approach to manufacturing can create more value-adding process steps by reducing “muda”. In order to operate using Lean manufacturing methods within steelmaking, there needs to be a cohesiveness between the steel company and its suppliers in order to create value for the customer, otherwise a reactive fulfilment of orders would continue, as opposed to creating a Lean operating culture (Pepper & Spedding, 2006). From a customer’s perspective, Fig 7. highlights the key drivers in which creates value (Dumrak & Mostafa, 2015).
[image: ]
Figure 7 shows a Total Value Metric for customer satisfaction according to Dumrak & Mostafa (2015).











4.1. Value-adding and non-value-adding steps in the Steelmaking process for the customer
[image: ]To determine what is value-adding and not value-adding to a customer, the wastes categorised in Table 1 can be sub-divided into three categories: (1) value-added (VA), (2) non value-added (NVA) and essential non value-added (ENVA) (Benson & Kulkarni, 2011) as can be seen in Fig. 8.Figure 8 shows an explanation of what can be deemed VA, NVA or ENVA (SBP Sigmal, 2020).
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5. An evaluation of how the process/service could be made leaner
5.1. Reduce steel slag sampling “waiting” time (Waste No. 12) to prevent the “defect” of too much Phosphorus (Waste No. 20)
Achieving the aim chemistry specified by the customer is key to creating value. During the steelmaking process, the refinement of Phosphorus is critical in ensuring that the resulting steel is not too brittle, and not tough enough (Kaspar & Wettlaufer, 2000).
[image: ]Fig. 9 shows a simulation of what the inside of the Converter looks like whilst oxygen is being blown through the lance into the steel and slag. You will notice that the higher the lance is, the more the slag and metal mixes, whereas the lance in the lower position promotes less mixing. Phosphorus removal is increased when the lance is in the higher position due to the increase in slag/metal mixing. The amount of iron in the slag is also higher when the lance is high. For an operator, the only way in which they will know what the blowing conditions were like during the “blowing” process, is by taking a slag sample when the blow has finished and transferred to the Secondary Steelmaking process. The operator will rely on the slag analysis coming back from the laboratory to decide whether they need to move the position of the lance for the next blow.
Figure 9 shows a simulation of blowing conditions inside a BOF Converter (Assis, 2014).
Slag samples are taken after every batch of steel made. The actual taking of the sample is automated, however it does rely upon an operator to physically package the sample and send it to the laboratory. As already outlined in Table 2, the “waste” during the process is the waiting for the analysis to return. Due to the availability and priority of the sample analysers in the labs, the slag analysis does not always come back in time before the next batch of steel is made. Therefore, the lance could be too low thus affecting Phosphorus refining. The operator would be unaware of this until the analysis is returned. This waiting time has caused multiple issues with refining, which cannot be reworked further downstream. As a result, these batches of steel either get scrapped or referred to customer before being accepted or rejected on concession. Depending on the grade of steel being made, a scrapped cast of 325t of steel can cost anywhere between £10k-£50k. This would contravene the Total Value Metric proposed by Dumrak & Mostafa (2015) by failing to meet the customers requirements and failure to meet the Service Level Agreement. 
5.1.1. New slag sample analyser
[image: ]To remove the “waiting” and “defect” wastes highlighted above, the process could be made leaner from a customer’s perspective by purchasing an additional slag analysis machine. This would increase capacity within the laboratory, and it would allow for quicker reporting of slag analysis which is critical to ensuring optimum process control within the steel plant. The schematic below show how the batches of steel that don’t meet the customer’s specification can be reduced by allowing the operators to make adjustments to the lance sooner so that they can positively react prior to the next batch of steel being made.Figure 10 shows a schematic of the effect a new analyser would have in reducing the number of heats being out of spec for Phosphorus (highlighted red).




[image: ]There are potential drawbacks to buying a new slag sampler. The most immediate problem is the cost (Ćirić, et al., 2019) of the new analyser. A brand-new X-Ray Fluorescence bead preparation machine can cost upwards of £20,000. When it comes to investing in new equipment, there can occasionally be problems with incumbent managers who were responsible for the current process who might not want to invest in a new piece of equipment as to avoid any “embarrassment” about the poor current setup (McDonald, et al., 2002). To get around this problem, managers should hold themselves accountable for decisions they make. Doing this creates greater transparency between management and their employees, thus empowering the employees to take ownership of issues to create a leaner manufacturing process (Jerez-Gómez, et al., 2014).Figure 11 shows an XRF sample preparation machine (OMEGA Worldtech, 2020).


[image: ]As mentioned above, cultural change is always difficult to change (Aziz & Hafez, 2013), therefore buying and using a new slag sample analyser could cause issues for the operators of the current slag sample analysers as some employees won’t want to change the way in which they work, so there could be conflicts if significant retraining was required to use the new machine (Sahoo & Yadav, 2018). Figure 12 shows the Two Pillars of the Toyota Production system (Badurdeen, et al., 2020).


5.1.2. Empowering/investing in operators and standardising the collection of slag samples
“Shop floor workers are the very heart of a Lean Production System and their deep engagement is the only way to guarantee long term sustainability.” (Cifone, et al., 2019, p. 9)
Although many processes within the Primary Steelmaking area are automated, there are instances where operators are still heavily relied upon. Even with the potential improvement in slag sample reporting, the operator of the converter still must check the slag analysis before deciding to move the lance, and humans are always prone to making errors (El-Kateb, et al., 2018). Empowering the operators to make these decisions is critical. Letting the operators know the potential financial cost of a chemistry “downgrade” can give them insight into the power their decision has on the business and the customers (Oleghe & Salonitis, 2015). Empowerment is a key part of Kaizen, which is used to drive a continuous improvement culture within a company (Maarof & Mahmud, 2016). 
Another form of empowering employees is by investing in the operators by upgrading their skills. This will improve their knowledge of the process thus playing a critical part in adding value for the customer.  In Lean Manufacturing, this is known as “Hoshin Kanri” (Cifone, et al., 2019). To deliver this change, senior management would need to become more visible on the front line, and ask the operators questions, rather than telling them what to do. This engenders an environment where the operators feel confident and comfortable making decisions, which will ultimately lead to better value for the customer (Scheer, et al., 2015).
Even with the new slag sample analyser, the process would still be heavily reliant on an operator to recognise and interpret the slag analysis before moving the lance. Standardisation of work where each operator collects and packages the slag in the same way is vitally important. Standard Work is a Lean tool which is used to be able to utilise the machines, materials and employees most effectively to continuously improve the process (Balaji, et al., 2014). Although the slag sampling itself is automatic, there is no standard in place for collecting the sample and sending it for analysis. To overcome this, a standard could be generated so that each operator across the five rotas can adhere to the same practice.














6. Conclusion
Lean Six Sigma is a manufacturing tool which can be used to eradicate waste processes and process steps, thus increasing value from a customer’s perspective. Throughout this body of work, it was possible to use the Lean Six Sigma framework and apply this to the Primary Steelmaking area of the steelmaking process and analyse the “muda” that exists within it. What was clear to see is that in only a small process, there were thirty-two wastes identified. It is unlikely that the sheer volume of wastes identified is exclusive to the steel plant. Therefore, multiple types of wastes can be identified and then eliminated for any business that is looking to make its process or service leaner. Being able to quantify which process wastes add value to a customer is critical in determining which wastes can be eliminated.
Having identified the non-value adding steps, it was possible to narrow down which process steps that could either be removed entirely or removed. In this case of this report, it was decided that proposing a new slag analyser could potentially eliminate two sources of muda. Naturally, with the introduction of a new piece of equipment, there are potential areas of concern, particularly when human beings are relied upon to use the new equipment. The Lean Six Sigma manufacturing tool however is heavily dependent on employee empowerment and investment to drive continuous improvement, so any possible problems identified can invariably be resolved this way, however it must be driven from senior management.
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