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[bookmark: _Toc135859814]Problem Statement
Coal is a natural resource with different grades based on carbon content.  Coke, an essential fuel in iron and steel manufacturing, is a by-product of coal obtained by carbonising coal at high temperatures in the absence of air and is an essential fuel in iron and steel manufacturing.
Crushing the coal to a uniform size (between 77% and 82% at -1/8”) is essential in the coke-making process.  The coke quality, a critical parameter for steelmaking, depends significantly on the quality of coal used in the process.  When the coal is crushed, it increases its surface area, which allows it to carbonise faster and more efficiently. 
Furthermore, crushing the coal into the right size allows it to be uniformly charged into oven chambers, improving the coke yield and quality.  Therefore, crushing the coal before the carbonisation process is vital for maintaining the consistency and quality of the coke produced for the Blast Furnaces. 
Tata Steel UK’s Coke Making Facility, Morfa Coke Plant, has experienced periods of variability with the coal crushing process causing significant charge density loss, thus affecting coke quality and output.  
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[bookmark: _Toc135859832]Figure 1: Technical extract displaying the effect of coal size on charge bulk density.  (Dickinson, 2009)

Coal crushing desired operating envelope is between 78 to 82 % of material crushed to the size of -1/8th inch. 
[bookmark: _Toc135859815]Data Collection & Collection Methods 
Data collection is essential to any manufacturing process, providing valuable insights into the operation's efficiency, productivity, health and quality control.  Effective data collection can help manufacturers streamline processes, optimise resource utilisation, and minimise waste.  Various methods are available for data collection in manufacturing, and choosing the most suitable one depends on the type of data to gather, production scale, and budget.  Some of these method
[bookmark: _Toc135859816]Manual Data Entry
Manual data entry is one of the most common data collection methods in manufacturing.  This method involves recording production data manually on a paper log or spreadsheet and then entering it into a database or software tool for analysis.  While manual data entry is cost-effective and straightforward, the method is often time-consuming, and the risk of error is high.
[bookmark: _Toc135859817]Sensors and Probes
Another popular data collection method in manufacturing is machine sensors and probes.  These sensors can track real-time machine performance, process parameters, and environmental factors.  As a result, manufacturers can identify anomalies and adjust production processes for better quality and efficiency.  However, installing and maintaining machine sensors can be expensive, and interpreting the data can be challenging. 
[bookmark: _Toc135859818]Radio Frequency Identification (RFID)
One more data collection method in manufacturing is Radio Frequency Identification (RFID).   Amsler, 2021 states this technology uses wireless communication to transmit data from the tag to the reader.  Manufacturing companies use RFID tags to track inventory, routing, and product quality in real time.  While expensive, RFID technology enables data collection automation, saving time and reducing human errors.
[bookmark: _Toc135859819]Internet of Things (IoT)
Lastly, the Internet of Things (IoT) is becoming an increasingly popular data collection method for manufacturing.  By integrating IoT-enabled devices into manufacturing, manufacturers can collect massive amounts of data, including machine performance, energy usage, and raw material consumption.  This method enables manufacturers to optimise production processes for maximum efficiency and minimise downtime.
(McKinsey & Company, 2022)

[bookmark: _Toc135859820]Data Analysis Tools and Methods
[bookmark: _Toc135859821]Flow Diagram
[image: ][bookmark: _Toc135859833]Figure 2: Flow Diagram Example (Tague, 2005)














Flow diagrams, also known as flowcharts, are powerful tools for visualising the flow of processes, information, or data in a clear and organised manner.  They are commonly used in various fields such as engineering, manufacturing, etc.  A flow diagram consists of simple symbols, lines, and arrows that visually represent a process or system.
A flow diagram helps to communicate complex processes in a simple and easy-to-understand manner by providing stakeholders with a structured view of the entire process, allowing them to see the flow of information or material, identify bottlenecks or inefficiencies, and improve the process, making it easier to identify errors or misunderstandings in a process and devise corrective actions.
In creating a flow diagram, it is important to use the appropriate symbols for each step in the process.  Common symbols used in flow diagrams include rectangles for process steps, diamonds for decision points, and arrows for the flow of information or material. 
A true advantage of a flow diagram is its ability to be easily modified.  As processes change over time or problems/ bottlenecks are identified, the flow diagram can be updated to reflect these changes or modifications.  This ensures stakeholders are always up-to-date with the current process and can make informed decisions.
(Tague, 2005)

[bookmark: _Toc135859822][image: ]Run Charts[bookmark: _Toc135401256][bookmark: _Toc135401458][bookmark: _Toc135401949][bookmark: _Toc135403159][bookmark: _Toc135859834]Figure 3:  Graphical depiction of a Run Chart (Go Lean Six Sigma, 2018)


A run chart displays the data collected over time, often plotted graphically as a line graph with the time or sample number on the x-axis and the measured values on the y-axis.  It can be used to track data over a day, a week, a month, or an extended period, depending on the data and the chart’s purpose.  The data points on a run chart represent the value of a particular measure or variable at a specific time.
A run chart can reveal important insights into a process that may be difficult to identify through other analytical methods.  For example, it can show if the process is running smoothly or if there are variations that require attention.  It can also demonstrate how changes made to the process have impacted the data trends.  Additionally, a run chart can help identify the presence of outliers or patterns that may indicate problems or opportunities for improvement.
[bookmark: _Toc135859823][image: ]Histograms [bookmark: _Toc135859835]Figure 4: Graphical depiction of a Histogram (CQE Academy, 2023)


Histograms are a valuable tool for visualising data in a way that is accessible and easy to understand.  A histogram displays the frequency distribution of continuous data over a range of values, often used in statistics and data analysis.  Histograms allow quick data analysis of trends and patterns, making it a popular choice in many fields. 
The x-axis on a histogram represents the range of measured values, while the y-axis displays the frequency of those values in the data set.  The bars on the graph represent the frequency of values within specific intervals (or bins) of the x-axis.  The height of each bar corresponds to the frequency count of values that fall within that specific interval.  A histogram is useful when visualising the number of occurrences of different values in a large data set, making it easy to identify patterns or trends in the data.
Additionally, histograms can identify outliers in a data set.  Outliers are values that deviate from the norm and stand out in a data set.  These values can skew the data analysis and must therefore be removed. 




[bookmark: _Toc135859824]Analysis of data
Several data collection and analysis methods outlined in sections 2 and 3 of this report have been utilised during a Six Sigma Green Belt project looking into variability in coal size achieved during crushing operations at Morfa Coke Plant.  The project is a section of a larger project that, once complete, will provide insight into and drive improvement for the oven-filling process. 
[image: ]Coal size data collection is a manual process whereby a daily composite sample of crushed coal is collected after crushing and before being charged into the oven.  The sample is weighed and run through calibrated sieves to establish whether the correct percentage of the coal has been crushed to the correct size, 77% to 82% of sample coal crushed to minus an eighth of an inch.   The analysis results are reported and archived via Tata Steel UK’s internal intranet system and are accessible to authorised personnel.   The project analyses over a year's data to check for step changes and process variation over time.  Using Minitab to manipulate the crushing data, the following tools have been produced to allow effective process analysis:[bookmark: _Toc135859836]Figure 5: Coal Crushing Run Chart (Frey, Coal Crushing Run Chart, 2023)

Upon analysing the data from Figure 5, it is evident that a step change occurred at approximately sample number 290 (area highlighted by the red circle).  Although not captured in Figure 5, a further deep dive revealed that the time of the step change was early May 2022, when the weather was relatively warm and dry, suggesting a direct correlation between coal moisture and crushed coal size. 



[image: ]When converted into a histogram (Figure 6), Minitab produces an overall standard deviation of 3.75, indicating that the analysis is spread from the mean.  A Ppk valve of 0.10 suggests that not all process outputs meet the specification and that there is variability.  The highlighted variability is potentially linked to the manual sampling and analysis processes. [bookmark: _Toc135859837]Figure 6: Coal Crushing Data Histogram (Coal Crush Data Histogram, 2023)

[image: ][bookmark: _Toc135859838]Figure 7: Coal Processing Basic Process Flow (Frey, Process Flow, 2023)












Figure 7 provides a basic process flow of the coal processing operations.  The two areas highlighted by red boxes are parts of the process where manual verification or data capture occurs.  Both areas are subject to human error, increasing the probability of variation, either within the sampling, testing or process verification processes. 























[bookmark: _Toc135859825]Root cause analysis 
[image: ]A cause-and-effect diagram is an effective problem-solving technique that benefits organisations and individuals.  It provides a structured approach to problem-solving, identifies critical areas of concern, narrows down the problem's root cause, and encourages the inclusion of different perspectives. [bookmark: _Toc135859839]Figure 8: Cause and Effect Diagram for Coal Crushing (Frey, Root Cause Analysis, 2023)


The cause and effect diagram has provided a high-level view of potential input variables attributed to the coal crushing process.  The areas requiring further exploration are:
· Methods
· Materials
· Men
· Environment 
· Measurement 
· Machines


Under each title, the project stakeholders have listed potential root causes attributed to the variability in the coal-crushing process. 
As an ongoing project, further work is required to identify the causes worth exploring and to discount the causes that have minimal impact.   Further problem-solving sessions will be held to identify items lacking control, and these will be labelled as N for noise.  Items within control will be labelled C and X, meaning control and perfection.  These areas will not require any further improvement at this point in the root cause analysis.



















[bookmark: _Toc135859826]Improvement plan
[bookmark: _Toc135859827]Project Action Plan/ Next Steps 
As this is an open project, the following provides an example of  the action plan is to be expedited:
	Six Sigma Coal Crushing Variation Investigation 2023- Action Plan

	Action #
	Action Detail
	Who
	When
	Status

	1
	Reconceive team to continue data capture and investigation after asset issues.  Continue Problem-solving/ RCA
	M . Frey
	01.06.23
	

	2
	Consider trail of moisture addition before Coal Crush to determine the effect on the sizing.  Addition data collection required
	C. Kelly
	20.06.23
	

	3
	Research alternative (advanced) data collection methods/ means of measuring coal size 
	M. Jones
	15.06.23
	



[bookmark: _Toc135859828]Conclusion 
The use of statistical analytical tools has provided key insight into the variability of the coal crushing process; however, given that this is just one of several ‘child’ projects that are intended to all feed into a single ‘parent’ project, it is difficult to visualise the overall improvement outcome at this state.   The early analysis has identified input variables, such as manual data collection, that may be causing output process variability, and, despite this being in its infancy, improving or removing these small input variables at this early stage may benefit the project later.
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Effect of size on charge bulk density (wet basis)
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Filling an Order
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A Run Chart is a time series plot that displays shifts and trends in data over time.
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Run Chart of Crushing -1/8th
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Cause & Effect-Coal Crushing Variability
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