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A catalyst called Thermact MT has been trialled on a Pilot scale for the purpose of reducing the volume of metallurgical Coke imported for Blast Furnace Iron production. This is a vital objective because the  plant relies on $30,000 worth of imported coke per week to support production. The catalyst was supplied by Abhitech Energycon and  trialled for all of the claims made by them, these include early devolatinisation, improving Coke quality, increasing the amount of softer coals in blending and reducing the carbonisation time.
Overall the project was a success. The carbonisation time, when reduced by 25% by using the catalyst meant that the short fall of Coke that is currently imported can be produced locally on site. The 28KT per week Coke demand of the Blast Furnace Iron production will theoretically be met and exceeded by 1KT. The largest issue with the viability of the catalyst is the cost, it was calculated that the cost of using the catalyst was $40,000 per week according to current production rates. This exceeds the cost saving potential of $30,000 per week generated by producing the shortfall internally. 
Some evaluation work has been carried out on the catalyst to determine its source and properties. This is to allow it to be made on site or imported at a lower cost from an alternative supplier. This work was successful however further work is required to interpret the data and to try and mimic the production of the catalyst on a small scale. This work was to offset the $40,000 per week cost of the catalyst from Abhitech Energycon
Overall the aim of the project was met and the catalyst and its effects were evaluated. The further work has been identified during the process and should be pursued at a later date. The largest priority to justify the continuation of the studies is to reduce the cost of the catalyst itself.
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[bookmark: _Toc511735949]Current Status
As of 2017-2018 FY Tata Steel Port Talbot run a two blast furnace operation. Combined, BF4 and BF5 run on an average of 4000 Tonnes of Metallurgical Coke per day. Of this tonnage 70% is produced at the Morfa Coke ovens facility based on Port Talbot Site. The other 30% is imported onto site through various modes of transport (Ferriman, 2018).
As per figure 1, 3% of Coke used is sourced from Coke Plants in the UK via road deliveries. Lorries from Scunthorpe and Redcar are responsible for delivering the Coke. 5% is delivered via rail and the remaining 22% is sourced from other parts of the world. Japan is the primary source of imported Coke from their Mitsubishi Coke plants followed by Chinese Coke from their state owned Coke Plants (Greenslade, 2018). There are 3 major issues with relying on a volatile commodity market such as importing Coke. 
· Coke is a commodity therefore the price can be volatile and is based on supply and demand. The cost can fluctuate significantly. At present TATA spend ~$30,000 per week on importing Coke to sustain a two furnace operation (Procurement, TATA Steel, 2018).
· Actual quality received can vary from contractually agreed quality. Extensive testing is required within the laboratory to ensure quality remains consistent and suitable for iron making. Failure of incoming goods quality inspection can mean significant implications on furnace operation on site (Chaigneau, Vander, & Wise, 2009).
· There are many steel manufactures across the world who are also reliant on the same volatile market. Businesses may look to store Coke on site when prices rise to drive the cost higher. This leaves TATA exposed to the competitive market.






[bookmark: _Toc511736014]Figure 1 Coke Usage in BF4 and BF5 at Port Talbot (Lewis, 2018)

[bookmark: _Toc511735950]Proposed Solutions
The immediate solution to the Coke shortage at Port Talbot is to produce more Coke to close the gap. This isn’t as simple as first believed due to limitations within the process. The following are methods in which Coke output can be increased:
· Increase production rates. For this we are limited to an 84 oven Coke making battery and the carbonisation process. Therefore this is not possible (Dickinson, 2017).
· Use a lower cost coal blend in order to produce Coke. This would offset the cost of imports and make a Coke import market a more appealing position to be in. The usage of low cost coal, depending on properties will have a negative impact on Coke. This means the Coke produced at Morfa would be unsuitable for use in the Blast Furnace (Chaigneau, Vander, & Wise, 2009).
· Reduce the time taken to produce Coke at Morfa. Each batch of Coke is produced in an oven, of which there are 84 based in Port Talbot. As per figure 2, these are fixed width so the limitation is carbonisation time. The plastic layer will only move through the coal at a fixed rate. Heat produced is a constant any increase in this to supply more energy to the reaction would have a significant effect on the cost of production (The Coke Ovens Managers' Association, 1984).
[image: ][image: ]Despite the previous limitations presented there is a manufacturer of a product named “Thermact MT.” This product claims to act as a catalyst to the Coke making process. This catalyst claims to have the potential to increase Coke output and improve Coke quality at Port Talbot (Abhitech Energy Con, 2017).




	

[bookmark: _Toc511736015]Figure 2 (Left) Cross Section of Morfa Coke Ovens (Steel, 2017), (Right) Coke Battery 2 (Lewis, 2018)


[bookmark: _Toc511735951]Objective
The principle objective of the project is to evaluate the effectiveness of Thermact MT in improving Coke production using the 25Kg Pilot Oven as seen in figure 3. The benefits of increased outputs at Morfa are clear, the evaluation process will allow a natural flow into full scale testing operations. The aim of the project is to provide enough evidence to enable the Technical team to evaluate feasibility of full scale testing. It is therefore key to the project that the experimental plan accounts for all possible outcomes. The project itself is based on a Catalyst supplied by a third party, another objective is to determine the source of the catalyst itself. If it is a material that can be produced locally then this could make the process totally self-sufficient.  With the focus at present within TATA being the cost of liquid steel production this project may have significant promise for the future of Steel production in Port Talbot and our sister plant in Ijmuiden.

[image: ]
[bookmark: _Toc511736016]Figure 3 Pilot Coke Oven at Port Talbot (Lewis, 2018)
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To ensure the project remains on track and the key objectives are met within a reasonable time. A Gantt chart was produced. It was important that the objectives were SMART meaning they had to be Specific, Measurable, Achievable, Relevant and Time Bound. This project plan was reviewed regularly to ensure that next steps were on track. Regular meetings were held within the Technical Laboratories with all relevant stakeholders. The importance of their attendance was to gain their input on the project to ensure it remains steered in the correct direction to meet business objectives (Maylor, 2010).
The largest issue faced with the timing plan is the availability of the Pilot Oven. Each charge takes 24 hours which delays the process of data gathering. It was also difficult to fit the testing in around the customer demands of the Pilot oven. Generally the oven is used as a research and development tool, however it is used to measure production blends and imports. This meant a conversation with the technical manager of Morfa was required. We agreed to free up some time with the oven on the proviso that production and imported material took priority. The waste of redundancy is relatively high with the Pilot Oven, there are many variables that can impact the quality of the test Coke produced. When a test has failed for quality control this is a waste of 24 hours of testing.
As per figure 4 and appendix 1 the timing plan was mostly adhered to. Despite the difficulties in obtaining the data due to the lack of opportunities with the oven, a strong set of data has been obtained. For the most part, the project remained on track. Next steps were taken when issues with the project were recognised by the team.







[image: ][bookmark: _Toc511736017]Figure 4 Timing Plan Catalyst Project (Lewis, 2018)

[image: ]Figure 4 Timing Plan Catalyst Project (Lewis, 2018)
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TATA Steel Strip UK remain the owners of the steel works at Port Talbot since 2009. Morfa Coke ovens was commissioned in 1981 and since this time more than 37 million tonnes of Coke has been produced on site all of which, has been used to fuel both Blast Furnace 4 and Blast  Furnace 5. A by-product of Coke making is Coke breeze. This is an undersized material which is not suitable for use within the Blast Furnace. Coke Breeze is a descriptor for Coke <10mm in size. This material has a use within the Sinter Plant at Port Talbot as a fuel for the process. Its properties mean that it is a suitable carrier for the flame front used to produce Sinter (Corus, 2009).
 
[bookmark: _Toc476910874][bookmark: _Toc511735954]Coke Breeze in the Sinter Plant

Coke breeze is used within the Sinter plant as a heat providing fuel for the process. Coke breeze is a by-product of the carbonisation process where the main product is produced for Blast Furnace use. Its high heat capacity and high carbon content allows for it to be used in the sinter process. Typically Coke breeze is present amongst ores, revert materials and fluxes at around 5%. When undergoing combustion the temperature will raise to between 1250oC – 1350oC, this elevated temperature allows the hot sinter flame front to agglomerate the ores and fluxes into a solid agglomerated material. The Coke breeze is ignited using hot combustion gases, the Coke breeze then raises the temperature and drives the temperature through the bed of material. The Coke breeze is mixed into the sinter blend which ensures even distribution for a free flowing heat front through the material (Bhagat 2007).








[bookmark: _Toc511735955]Coke in the Blast Furnace

Metallurgical Coke has been used in the Blast Furnaces since production began in Port Talbot in the early 20th Century. Around the same time the Coke ovens supplying the furnaces was the Grange located adjacently to the Morfa Coke ovens that stands today. Coke has been used since this time due to its high burning temperature, relatively low Ash content ~10% and high strength during reaction (Corus, 2009).
Coke is used in the hearth of the furnace to support the weight of the burden. The furnace is top loading so Coke is fed from the top of the furnace using charge cars. This descends the furnace passing through the various conditions as it descends, hence the need for the high strength during reaction property. The hot air provided by the tuyeres allow the Coke to heat up until it starts combusting. The heat provided from this combustion process combined with the reactive CO provided from the combustion of Coke, reacts with the Haematite in the Iron Ore. This reaction is the reduction of Haematite Fe2O3 to Iron Fe (Chaigneau, Vander, & Wise, 2009). 
Fe2O3(s) + 3CO(s) → 2Fe(l) + 3CO2(g)
The Coke is required to be strong but also is required to have a degree of porosity. The Coke needs to be strong enough to withstand the weight of the burden, this being the Iron Ore, Sinter and Limestone. However it also needs to be porous enough to allow the air to pass through the raceway. The minimum requirements for a Coke to operate within the blast furnaces effectively are in figure 5. A minimum of 75 M40 is required with a Maximum of 10 for M10 and a minimum of 62 required for CSR (Chaigneau, Vander, & Wise, 2009).







[bookmark: _Toc511736018]Figure 5 Coke Suitability for Blast Furnace Usage (Lewis, 2018)

[bookmark: _Toc511735956]Pilot Coke Oven

First commissioned in 2010 by a project team of which I was part of. The 25Kg Pilot Oven as depicted in Figure 6, is a research and development simulation tool. It is designed to replicate the conditions of a Morfa oven, but be manageable to carry out testing operations. The aim of the project in 2010 was to provide a testing facility to test a blend of coal on a Pilot scale to determine if the coal is viable to be used on a large scale production. It allows for a factually based prediction of conditions before coal blends become operational.  Blends of coal are produced on a small 50Kg scale and are charged in 25Kg charges into the mini Coke oven. This is 25Kg of coal in the Pilot oven scaled from 34 tons of coal in the Morfa oven. 
[image: ]
[bookmark: _Toc511736019]Figure 6 25Kg Pilot Oven first photograph after commission (Lewis, 2018)


The main components of the oven include cassettes, cooling boxes and oven halves. Cassettes are the carriers of coal, these are vessels that the coal sit in, in order to be carbonised into Coke. They consist of refractory brick and stainless steel. The refractory brick is predominantly made from standard Andalusite fire brick and specialised fire brick for wear resistance on the bottom contact bricks. These bricks are able to withstand the temperature required of 1000oC present within the oven (Monolithic Refractories, 2016). The stainless steel is new from 2013 to replace the old mild steel design, oxidation and fatigue at elevated temperatures saw the bottom plates becoming severely deformed (Lewis, Management of Change Cassette Design 1.8, 2015). Since the change, the Stainless is able to withstand the rigorous routine more than the mild steel. A consumable cardboard box is placed into the middle section as per figure 7. The cardboard is used to contain the coal during charging, however this is combusted quickly during the process. Lines are drawn on the box in order to standardise the method of charging. Each line represents a calculated layer of coal, this is the volume of coal as opposed to the mass of coal required in each layer. This allows for the output of the oven to be measured from a fixed starting point. The calculation is as per calculation 1.[bookmark: _Toc511736080]Calculation 1 Calculating the Coal Layers

Chosen bulk density		: 750 kg/m3 dry
Percentage moisture (H2O)	: 10%
Volume per layer (6.5 cm)	: 0.004687 m3 
		   (5.0 cm)	: 0.003605 m3 

As the coal we will be charging is wet and not dry the calculation becomes:

Bulk density dry (kg/m3 dry) x (100 - % moisture) = Bulk density wet (kg/m3)
				    100

Bulk density wet (kg/m3) x Volume = ..... kg of wet coal.

With this mentioned and using the example above of 750kg/m3 dry bulk density with coal of 10% moisture you would calculate:

(750 / 0.9) x 0.00469 = 3.91 kg (5 layers of 6.5cm)
(750 / 0.9) x 0.00361 = 3.01 kg (1 layer of 5.0cm)
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[bookmark: _Toc511736020]Figure 7 Box in place, in the cassette (Lewis, 2018)


The cardboard box is filled with the blend as per figure 8.
[image: ]








[bookmark: _Toc511736021]Figure 8 filling the cassette with Coal Blend (Lewis, 2018)


Between each layer of coal there is a set of pressure probes as per figure 9. These are 2mm Diameter tubes of seamless Inconel 718 which are set into the coal charge at fixed points. The requirement for these is to measure gas pressure as the plastic layer moves throughout the charge. The Upper critical point for this test is 3kPa average out over the full charge. This measure is in place to ensure the integrity of Morfa ovens is maintained when a coal blend becomes operational. Once the cassette has been filled to the top and felted to prevent air ingress it is charged. 
[image: ]
[bookmark: _Toc511736022]Figure 9 Pressure Probes (Lewis, 2018)

[image: ]For this stage the cardboard box is sprayed with an even layer of water as per figure 10. This is to allow the operator a short window of time to close the oven halves without the box disintegrating, spilling the coal over the floor. 







[bookmark: _Toc511736023]Figure 10 Wetting the box for Charging (Lewis, 2018)


Following the spray, the operator pushes the loaded cassette into the oven as per figure 11. They will then close the oven halves and immediately clamp them together using the attached locating clamps. After clamping, the operator then plugs the gaps of the oven with refractory felt, this is a further measure to prevent air ingress and ashing of the charge. The chimney gas is then ignited to draw any volatile matter away from the coal during carbonisation. Coke oven gas contains >90% Carbon Monoxide, therefore the gas is toxic. Lighting the gas is an important step to ensure the safety of the operators despite the extraction in place and to ensure the operation is environmentally compliant. 

[image: ][bookmark: _Toc511736024]Figure 11 Charging the Pilot Oven (Lewis, 2018)










Poly propylene pipes are attached to the pressure probes to indicate position of plastic layer. These feedback to transmitters measuring gas pressure in mmWC and coverts it into kPa as per calculation 2.[bookmark: _Toc511736081]Calculation 2 Converting Pressure readings to kPa
Measurement in mmWC		: 2.5
Conversion Factor	: 0.009806379738

Therefore in real terms:

Measurement in mmWC x Conversion Factor = Measurement in kPa


Calculation of kPa measurement:

2.5 x 0.009806379738 = 0.02451594935 kPa




Once the plastic layer has moved through the charge, figure 12 shows distinct peaks, the pressure probes are removed and cleaned using a tube furnace set to 450oC for 18 hours. Fresh air circulates the tube furnace which oxidises any Coke within the pressure probe. This is blown out of the probes following cleaning using compressed air, the probe is then ready for the next charge. 
[image: ]
	








[bookmark: _Toc511736025]Figure 12 The Pressure displaying the movement of the Gieseler Plastic Layer (Lewis, 2018)


[image: ]The plastic layer takes roughly 4 hours to pass through the probe lines. At this point the oven is set to ramp using the Eurotherm controller built into the oven controls as per figure 13.








[bookmark: _Toc511736026]Figure 13 Eurotherm Controller Set to Run (Lewis, 2018)
 The ramp ensures full carbonisation takes place by driving off any excess volatile. The ramp also ensures standardisation between tests to prove consistency. Also it is one of the measures in place for scalability to the Morfa process.  The oven is set to 900oC for charging but the ramp cycle is as per figure 14.
[bookmark: _Toc511736027]Figure 14 Ramp Cycle of Pilot Oven (Lewis, 2018)
Stage: 1

Plastic Layer movement: 4 hours at 900oC	

Stage: 2

Hold at rest: 3 Hours at 900oC

Stage: 3

Ramp Up: 1oC/Minute until 1000oC

Stage: 4

Hold at Temp: 5 Hours at 1000oC

Stage: 5

Ramp Down: 1oC/Minute until 900oC


	


The ramp process is automatic and preset in the instrument which allows the process to run through the night. On arrival in the morning the technicians will remove the cassette from the oven as per figure 15, at this stage carbonisation is complete, the mass is stable within the cassette, so removal is relatively steady and little to no mass is lost during discharge. This is important to consider as yield from the oven is a measure of test validity. The charge is placed immediately into a sealed cooling jacket. The material exiting the oven is at 900oC which is hot enough for it to burn in air, burning will be detrimental to the cold strength of the Coke produced so speed of transit is a critical factor in oven discharge. 
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[bookmark: _Toc511736028]Figure 15 Removal of Coke from the Pilot Oven (Lewis, 2018)

The cassette including the Coke is cooled for 4 hours in the cooling jacket. The cooling jacket is double skinned with fresh water flowing between the skins. This ensures the jacket is kept cool while the contents cool to a safe, manageable temperature. The jacket is sealed to prevent the ingress of air during the cooling phase. While the Coke is cooling, the oven is charged again with the other available cassette. This is an overlap in operations to allow testing to be carried out on a daily basis. The coke is cooled in air, the coke can therefore be described as air quenched as per figure 16.

[image: ]





[bookmark: _Toc511736029]Figure 16 Air quenched coke (Lewis, 2018)

The final stage is charge removal following the 4 hour cooling. Here the Coke is emptied from the cassette ensuring all material is retained in the collection tub. It is at this stage where ashing levels are assessed. This will determine whether a charge is successful or not, it will also determine whether air ingress has affected the physical properties of the Coke in any way. A small amount of ashing is to be accepted, however significant ashing will mean the test is abandoned. Figure 17 shows an example of good ashing vs bad ashing,
[image: C:\Documents and Settings\daviesdm\Desktop\Pilot oven pics\20140515_113630.jpg][image: C:\Documents and Settings\daviesdm\Desktop\Pilot oven pics\Pics 012.jpg]











[bookmark: _Toc511736030]Figure 17 (Left) Bad Ashing, (Right) Good Ashing (Lewis, 2018)







[bookmark: _Toc511735957]Coke Yield

Coke yield is a measure unique to the Pilot oven process in Port Talbot. This is a measure put in place to quantify the levels of ashing present within a charge. This indicates whether a test has been compromised due to air ingress. It is also a measure to ensure the correct coal blend has been charged at the allocated time. 
Once the Coke has been removed from the Pilot Oven cassette, the first step before carrying out the Micum and CSR testing is to weigh the batch for Coke Yield. This is carried out on a balance and the result is recorded and calculated as per calculation 3.[bookmark: _Toc511736082]Calculation 3 Calculating Coke Yield in Kg
Coke Yield

Expressed as a Mass in Kg

CY = Total Weight (Inc. Coke and Tray) – Tray Weight

So

Coke Yield = 17.428Kg – 1.782Kg
Coke Yield = 15.646Kg 





In order to check if the actual Coke yield is in line with expectations, it is important to predict the yield before it is measured. The Pilot Oven is charged in accordance to the coals’ bulk density. This allows for a factor to be applied to the yield on the bulk density of the charge. This allows direct comparison to the predicted yield.  Predicted yield is based on the volatile matter of the blend going in. The charge should yield the total coal, minus the volatile matter. Therefore the calculation is as per calculation 4.Coke Yield

Bulk Density Factor = 20.77

Expressed as a Percentage

CY% = CY          x 20.77
           20.77

So

Coke Yield % = 15.646Kg      x 100
		 20.77
Coke Yield % = 75.33%


[bookmark: _Toc511736083]Calculation 4 Calculating Coke Yield in %

The calculated Coke yield is then compared to the original predicted yield. The predicted yield is calculated as per calculation 5.
[bookmark: _Toc511736084]Calculation 5 Calculating Predicted Coke Yield %
Predicted Coke Yield

Volatile = Measured by Furnace

PCY = 100 – Volatile

PCY = 100 – 25.1 
PCY = 74.9%
 



 
The comparison is then made and the difference between actual Coke Yield and predicted Coke Yield should be <1.5%. Any deviation from this and the charge is rendered compromised by air ingress.












[bookmark: _Toc511735958]Micum Testing

Micum testing is a technique used in Port Talbot to determine cold transport strength of Coke. The test has been developed alongside BS 1016, a standard developed in 1992. The Micum test falls within section 108.2 Determination of Micum and Irsid indices (BS ISO, 1992).
The principle for the method is a test portion taken from Coke >20mm of known size distribution is tumbled for 100 revolutions. The resulting mass is sieved post tumble and M40 and M10 is calculated.
In Port Talbot this test is carried out on production Coke to monitor the quality of output at Morfa. We also use a reduced version of the test to measure output of the Pilot Oven. The results between the two processes are different but using previous data it is possible to scale a Pilot Oven Micum to a Morfa Micum. Therefore the data is relevant between the two Coke making operations.
The Micum for Pilot Oven operations begins with sieving the sample over a 20mm Round hole aperture test sieve. This is to remove any breeze from the test which would cushion the material during tumble and provide a false result  (BS ISO, 1992). 
The material that remains on top of the 20mm sieve is recombined. This is then split into 2, one half of the split is then split again leaving 1/3 and 2/3 in separate parts as per figure 18. 

[bookmark: _Toc511736031]Figure 18 Flow chart for Micum Sample Preparation (Lewis, 2018)
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This is the most unbiased way of preparing the sample for the Micum test. Once the test portion has been prepared the sample is tumbled in a standard drum as per figure 19. The requirements of this drum are that it is a cylindrical steel drum with the following dimensions:
· Internal Length: 500mm +/- 2mm
· Internal Diameter: 1000mm +/- 5mm
· Thickness of plate 10mm
· Contain 4 steel paddles bolted to the drum which are:
· 500mm Long
· 100mm High 

[image: ][bookmark: _Toc511736032]Figure 19 Micum Drum Specification (BS ISO, 1992)


















Once loaded, the drum is set to rotate for 100 revolutions at 25 RPM, the Micum drum at Port Talbot is in figure 20. This tumble subjects the Coke to a break down. This break down is standardised by the test method and different samples are directly comparable as they are subjected to the same break down.

[image: ] 









[bookmark: _Toc511736033]Figure 20 Micum Drum in Port Talbot (Lewis, 2018)


Post tumble the sample is removed from the Micum drum. It is then transported to the test screens and sieved over a standardised set of sieves as per figure 21. The Coke is moved across the sieves manually allowing each sized piece to fall through the relevant sized hole. The standard sizes for Micum are as follows:
[image: ]
· -10mm
· +10mm
· +20mm
· +25mm
· +40mm
· +60mm
· +80mm
· +100mm[bookmark: _Toc511736034]Figure 21 Micum Sieves for screening Micum (Lewis, 2018)

· +120mm

Each individual test portion is weighed back individually and the data is recorded. The Micum indices are then calculated using the following calculation 6:M10

Expressed as a percentage 

M10= 100 – ( M0 x 10)
Where
M0 = Mass in Kg of Coke +10mm

M40

Expressed as a percentage

CSR =  M1 x 10
Where
M1 = Mass in Kg of Coke +40mm










[bookmark: _Toc511736085]Calculation 6 Calculating M40 and M10




The uncertainties of measurement for this method are difficult to obtain in a laboratory environment due to the sheer volume of sample required to perform a single test. The measurement of uncertainty for this test is taken directly from the standard as per table 1 (BS ISO, 1992).

	Index
	Measurement of Uncertainty

	M40
	5.0

	M10
	1.5


[bookmark: _Toc511736064]Table 1 Micum Uncertainties (BS ISO, 1992)







[bookmark: _Toc511735959]CSR
CSR is a hot strength testing technique used in TATA Steel Port Talbot to determine the strength of Coke during reaction within the blast furnace. CSR stands for Coke Strength after Reaction. The technique is used to measure production Coke and Coke produced in the Pilot Oven. A composite is made over a 48 hour time frame for production material. This is then tested once every 2 days and the result reported back to plant. For the Pilot oven tests, one CSR is carried out per charge. This portion is taken from a split of the Micum sample as per figure 22.
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	[bookmark: _Toc511736035]Figure 22 Flow Chart for CSR Preparation (Lewis, 2018)








The test is performed in accordance to BS ISO 18894, whereby Coke >20mm is crushed using a Jaw Crusher as per figure 23. The material is sieved between 19.0mm and 22.4mm post crushing and this size portion is used for the test itself. The process for crushing and screening is not complete until the gross sample yields between 10% and 30% of the fraction between 19.0mm and 22.4mm. The material is then dried using a drying oven set to 105°C until constant mass is obtained, hence total moisture has been driven off.
[image: ]





[bookmark: _Toc511736036]Figure 23 Coke Crusher for Sample Preparation (Lewis, 2018)

The sample portion is weighed to 200g +- 0.5g. This is then transferred to a reaction vessel as per figure 24. The vessel is sealed from the atmosphere using locating clamps and a thermocouple is placed through the centre of vessel to record temperature throughout the test (BS ISO, 1990).
[image: ]	[bookmark: _Toc511736037]Figure 24 Loading the CSR Vessel (Lewis, 2018)









	
The sealed vessel is connected to a gas line and is then hoisted into the test rig. The rig is then controlled by a eurotherm controller for temperature and a brooks controller for gas flow. The automatic test program is started by a technician to allow the rig to carry out the following operations as per figure 25.
[bookmark: _Toc511736038]Figure 25 CSR Ramp Flow Chart (Lewis, 2018)
Stage: 1

Ramping Stage: Heat up to 1100°C Under N2 Atmosphere at 5L/min	

Stage: 2

Soak Time: 1100°C Hours Under N2 Atmosphere at 15L/min for 10 minutes	

Stage: 3

Reaction: 1100°C Hours Under CO2 Atmosphere at 5L/min for 120 minutes

Stage: 4

Post Soak Time: 1100°C Hours Under N2 Atmosphere at 15L/min for 10 minutes

Stage: 5

Cool Down: Cool to 50°C Under N2 Atmosphere at 5L/min. Cool using cooling rig


	

Following the reaction process the vessel is removed from the cooling rig and the contents re weighed. The weight of this is recorded as weight after reaction and is used to calculate the final results. The reacted sample is then tumbled in the tumbler. The tumbler also has its own requirements as per ISO 18894 to ensure CSR testing is standardised. The drum is required to be a 700mm Long Cylinder with an internal diameter of 130mm and be set at 20 RPM. The reacted sample is tumbled for 600 revolutions before being sieved over a 9.5mm sieve. The weight that remains on the 9.5mm sieve and the material is recorded and also the weight of material that falls through the 9.5mm sieve is recorded (BS ISO,1990). The results are calculated as per calculation 7.




Coke Reactivity Index (CRI)

Expressed as a percentage by mass

CRI = 100 x M0 – M1
	            M0
Where
M0 = Mass in Grams of Sample before Reaction
M1 = Mass in Grams of Sample after Reaction

Coke Strength after Reaction (CSR)

Expressed as a percentage by mass

CSR = 100 x M2 
	         M1
Where
M2 = Mass in Grams of Sample >9.5mm after tumbling
M1 = Mass in Grams of Sample after Reaction










[bookmark: _Toc511736086]Calculation 7 CRI Calculation

[image: ]The test itself can be referred to as a blast furnace simulation, as the gas present and the temperatures are relative to the top level bosh conditions of a blast furnace. The test itself allows determination of whether a test blend is suitable to be used in the Morfa Coke ovens. The test itself will be used to quantify differences in conditions. The tables in figure 26 and 27 outlines the calculated uncertainties for determination between two tests.










[bookmark: _Toc511736039]Figure 26 CRI Uncertainties (BS ISO, 1990)
[bookmark: _Toc511736040]Figure 27 CSR (BS ISO, 1990)
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[bookmark: _Toc511735960]Literature Review
[bookmark: _Toc511735961]Thermact MT
The catalyst itself originates from an Indian Technology Company called Abhitech Energy Con Ltd. Based in Himachal Pradesh, they are a central hub for distributing Catalysts for a variety of applications. These include Blast Furnace technologies, steam generation, boiler firing and Coke making (Abhitech Energy Con, 2017). 
Thermact MT is the product of interest in particular for this project and is sold in 20Kg barrels. Contact was made initially with the business to request a small sample for principle testing. The recommended dosage for Coke making is 1:7000 Catalyst to Composite Coal Blend. The only description available for the catalyst is, that it is a black coloured powder form that is odourless. Based on this information it was difficult to obtain approval for the trial. Abhitech offered a free sample for the trial basis therefore it was an opportunity to prove the principle (Abhitech Energy Con, 2017). 
[image: ]The principle of Thermact-MT according to the web page, is that it is a multifunctional catalyst. The catalyst is responsible for reducing the activation energy required for carbonisation. Another property of the catalyst is that it is a converting agent, this part is designed to convert inherent moisture within the Coal blend to a series of CnHn gases. These when combusted during heating, act to generate additional process heat thus speeding up the reaction as per figure 28.[bookmark: _Toc511736041]Figure 28 Effect of Thermact-Mt on Inherent Moisture in Coal (Abhitech Energy Con, 2017)







	
Information on the catalyst is scarcely available online due to the commercial impact it may have on Abhitech, if the formula was allowed to be manufactured freely. 


[bookmark: _Toc511735962]Claimed Impact on Coke Making

According to Abhitech Energycon the benefits of using the Catalyst Thermact MT are extensive. The first claim of reduction in carbonisation time is by far the largest claim. Carbonisation rate is predominantly determined by temperature and pressure. These two factors are constant at Morfa due to the infrastructure in Port Talbot. There is no ability to increase temperature or pressure during the carbonisation time. The ovens themselves are of fixed dimensions therefore the rate of reaction is fixed. The ability to reduce the 18 hour standard carbonisation time would be significant in terms of volume output. It is unclear with the information provided quite how far the carbonisation can be reduced by. This is where the evaluation process will be able to prove concept and provide the answers in line with Morfa capabilities (Abhitech Energy Con, 2017).
Another of the claims is the improved quality of Coke produced. This could have a significant benefit for the cost of manufacture. The quality control factor when creating blends can impact on the cost of Coke making. In order to meet service requirements of the Blast Furnace, it is important that the strength of the Coke is maintained even when changes are made to the coal blend. According to Abhitech Energycon the catalyst alone will improve the quality of the Coke, this would allow for cost saving changes to be made to the blend without impacting on the quality of the product. This cost reduction may improve the business position to import Coke for blast furnace use. The reduction in cost for producing Coke may free up a budget for increasing the importation of Coke (Abhitech Energy Con, 2017)(Dickinson, 2017).
The manufacturers of the Catalyst also claim to improve the Gieseler plastic properties. This is difficult to measure but can be seen using fluidity and dilatation testing. Port Talbot currently has no capacity to measure these properties but it is a next step for the project to investigate this further. The benefit of this improvement in properties would be the improved strength of the material. The plastic layer can also be home to impurities within the coal becoming entrapped in the semi fluid state. This will have an impact on the final product as it impedes the structure of the Coke. Impurities within the Coke will allow it to break up during transport. Abhitech Energycon say their product improves this with excess heat. The impurities are more likely to be combusted with the volatile material due to the increase in heat (Steel K. M., 2018)(Dickinson, 2017).
Reduced energy requirements for carbonisation is another improvement that the catalyst is said to have. Again this is difficult to measure using the Pilot Coke oven but it is inevitable that the energy required would be lower providing the reaction mechanism is true. The excess heat provided by the combustion on HnCn gases would mean less energy is required to produce Coke. This is outside the scope for the current project due to the cost of energy at present. Morfa Coke ovens is underfired using waste gas from blast furnace operations. This means that in effect the energy used is recycled from a different process. The focus on cost of heating is relatively low in comparison to the volume of Coke produced at Morfa.
The final benefit claimed is the reduction of blend cost by modifying blends. This is within the scope of the project. This allows the use of poorer quality, cheaper carbonisation coals at increased percentages within the blend. The catalyst claims to enable the increased usage of softer coals, to offset the usage of prime carbonisation coals without affecting the strength of the product. This would offset the cost of importations also which would benefit Port Talbot. This is a claim that will be investigated throughout the project (Abhitech Energy Con, 2017) (Ocheri, 2017).

















[bookmark: _Toc511735963]Catalysts

The process of using a chemical substance to alter the rate of reaction is called catalysis. Catalysts work to increase the rate of a chemical reaction. A catalyst is a non-consumable part of a reaction and can sometimes be used to activate multiple reactions. The mechanism for a reaction is to break the bonds between the reactants to enable the reaction to begin. In order to break bonds to cause a reaction there is a requirement for the minimum amount of energy required. A catalyst can alter the activation energy required for a reaction to continue at a lower temperature or to increase the reaction rate as per figure 29. A reaction with a catalyst will often form an intermediate, this changes the mechanism of reaction and allow for a different transition state (Helmenstine, 2017).
[image: ]
[bookmark: _Toc511736042]Figure 29 Catalyst lowers Activation Energy (Helmenstine A. M., 2017)
There are many examples of different types of catalyst used in industry. Iron is added to Nitrogen and Hydrogen to produce ammonia. The Iron provides a different pathway for the reaction to occur with lower energy required to produce the bonds.  The Iron acts as a means of dissociating both the Nitrogen and Hydrogen which allows the reaction to occur. The catalytic converter found within a car is in place to reduce the toxic gases from entering the environment. Platinum and Rhodium which are both precious metals, are used within the converter to produce a high surface area. This increases the rate of reaction within the converter of, CO and fuel within exhaust gases, with oxygen from the atmosphere. This converts into water and CO2 which are both less harmful to the atmosphere (BBC Bitesize, 2017).
[bookmark: _Toc511735964]Coke Making
The industrial process for producing metallurgical Coke is called carbonisation. The process is a thermal decomposition of coal in the absence of air, with the aim to produce a carbonaceous residue that can be used in the Blast Furnace. There are three main types of carbonisation carried out at various temperature to produce different products (Hardarshan, 2017).
1. Low temperature production at 500-700oC will yield a high volume of liquid products, such as tar and naphthalene. It produces a high volatile Coke which is free burning.
2. Medium temperature production at 800oC will produce smokeless soft Coke. The yield of liquid and gaseous products is similar to that of high temperature production
3. High temperature production at >900oC. Liquid product yield is relatively low in comparison to low temperature production. Gaseous Yield is high and the Coke produced is used for Blast Furnace operations (Mott & Wheeler, 1930).
The mechanism of carbonisation begins as the coal is heated. As the coal heats up to the state of fusion, the closest layer to the heat source softens and fuses. Once the layer reaches between 350oC and 500oC, the coal decomposes to form a plastic phase. During this phase there are destructive distillations occurring that are a consequence of the evolution of the volatile products within the coal (The Coke Ovens Managers' Association, 1984).
At between 500oC and 600oC is the semi Coke phase. In this phase tar and aromatic hydrocarbons evolve. The gases at this point are trapped within the plastic layer and as the gas heats it expands and pushes the plastic layer further into the charge. As the temperature continues to rise the plasticity of the coal decreases, the fused layer over time solidifies into semi Coke with a cellular Coke structure. There is still a high presence of Volatile matter in this state (The Coke Ovens Managers' Association, 1984).
As the temperature exceeds 600oC the Coke stabilisation begins. At this stage the Coke mass contracts and the structure further stabilises, as the remaining hydrogen is removed from the structure. The remaining hydrocarbons are also burnt off at this stage, with the heat rising to 1100oC. At this point the Coke mass shrinkage is extensive forming cracks within the structure. 
The phases outlined can be seen graphically in figure 30.
[image: ]
[bookmark: _Toc511736043]Figure 30 Carbonisation Phase Change Schematic (Lewis, 2018)
[image: ]During carbonisation there is an increase in lamellar nematic liquid crystals. The plastic phase is referred to as the mesophase. This acts as the intermediate phase between isotropic fluid coal and solid anisotropic semi Coke. If the fluidity of the mesophase is high then the Coke will form a single unit, there is a reliance for a balance in fluidity for the Coke to form a structure suited for transportation. Lumps of +40mm are ideal for use as fuel in the blast furnace. The movement of the plastic layer against time is depicted in Figure 31.[bookmark: _Toc511736044]Figure 31 Plastic Layer over time (Lewis, 2018









[bookmark: _Toc511735965]Coal Selection

In order to produce Coke on an industrial scale it is vital that coals are selected carefully. The economy of scale dictates that the percentage of prime carbonisation coals, due to their cost should be kept at a minimum by replacing them with medium or softer carbonisation coals. In many Coke making plants including Port Talbot, the coal must be capable of crushing to <1/8th of an inch. This is tightly controlled, no more than 20% of the blend can be outside of this range (Morley, Scaroni, & Pisupati, 2017).
Non-carbonisation coals are used to further reduce the cost of the blend. There are many restrictions that ensure selecting coals for a blend can be a difficult task for master Coke makers:
· The coals must combine to provide the required Coke quality characteristics. Such as being a fuel source, act as a reducing agent for gas within the furnace and to provide a permeable support in the Blast Furnace for the burden.
· The Coke produced must be safe to push out of the oven and must also remain at a safe pressure so not to damage the refractory walls.
· The yield of bell Coke which is Coke of the correct size for use in the Blast Furnace. It should not contain more than 10% fines (Hardarshan, 2017).
Coke makers are to be sure that the coal blend used is able to satisfy the above criteria hence the decision should be made based on facts. In order to determine the suitability before a vessel load of coal is purchased, a flight sample is sent from the supplier. At this stage it is important to analyse the coal for the various properties, such as carbonisation properties and preparation. Often a sample is run through a Pilot Coke oven at 100% to get an idea of how the coal performs during carbonisation. If the coal reacts well at 100% in the Pilot Coke oven, further blends are considered at varying percentages to determine ultimate performance of the coal (Dickinson, 2017)..
For a coal blend to be deemed suitable there is a range of specific criteria of which the proximate analysis must fall in between. These parameters are critical, because they provide a strong prediction for the suitability of the Coke produced. When blended, the final coal blend should follow the criteria displayed in figure 32 (The Coke Ovens Managers' Association, 1984).
· Total moisture should be between 6% and 9%. This is to ensure the moisture is driven off early enough in the reaction for carbonisation efficiency.
· Coal Volatile Matter should fall between 22% and 28%. This is to ensure gas pressure is maintained at a safe level. Also this is to control the yield of bell Coke. A coal with a high volatile matter will produce less Coke, the volatile matter is driven off during carbonisation.
· Ash should be between 0% and 10%. This factor is critical when Coke making, increased ash will also affect yield and is also critical for the strength of the final Coke product. High ash levels will have a negative impact on the overall cold strength of the product. 
· The swelling button should be between 4 and 9. This is to determine extent of expansion. The coal will expand during carbonisation. This is a critical measurement to ensure wall and gas pressures remain at safe levels (Morley, Scaroni, & Pisupati, 2017).


[bookmark: _Toc511736045]Figure 32 Desired Blend Characteristics of Coals (Lewis, 2018)

There are other measures available to predict the strength of the blend. Dilatation should be <55%. This is a measure of expansion and therefore will impact strength and pressures. Fluidity should be less than 600ddpm, however the higher the value for fluidity the more effective the plastic layer becomes. As plastic layer that is more fluid will move through the charge more evenly promoting higher strength. Petrography is also carried out in many cases and provides a better understanding of the coal under investigation. Mean Maximum Reflectance (MMR) is measured using an optical microscope. This should be between 0.85% - 1.35%, the more carbonisation coals used within the blend the closer to this range the MMR will be. Poor quality coals such as steam coals will have a lower reflectance and will produce a lower strength Coke. Vitrinite is an integral component of carbonisation coals, it is the backbone of a good carbonisation coal. Vitrinite is shiny in appearance and is built up from hard organic macerals developed over 1000’s of years. For a strong Coke production the level of Vitrinite should be no less than 50% (SGS, 2018).
When producing Coke, it is important that the size of Coke produced is controlled. The correct size for blast furnace usage is +40mm. In order to control this Intertinite is measured during petrography analysis. This is a measure of inert components in the coal blend. As the number of inert components decreases so does the Coke mean size yield. It is important to balance this with the Coke properties to ensure the Coke produced can be used within the Blast furnace (The Coke Ovens Managers' Association, 1984).
CSR is a factor that must also be monitored. Coke Strength after Reaction has a direct relationship with Moisture, Fixed Carbon, Ash, Sulphur, Phosphorus and Alkali’s. Ash, Sulphur and alkalis. The increase of these have a negative effect on CSR. However phosphorus improves CSR. Despite this Phosphorus in Coke is undesirable as it forms completely into the Iron produced in the blast furnace. Therefore these components must also be controlled (Speight, 1994).
There is opportunity when blending coal to use materials that cost less than prime carbonisation coal. Low value carbon based materials are used commonly in place of prime coal. Examples of which include the use of steam coals, coal fines, Coke breeze and coal tar. This is a consideration to make to ensure Coke production is economically viable (Mott & Wheeler, 1930). 
The final consideration for Coke makers is the environmental and sustainability impact of using extensive volumes of carbonisation coals. It is important to ensure availability of the coal is considered when modelling coal blends. With a competitive environment availability and contingency should be considered, often coals are bid for while they are in transit, a coal can be redirected to the highest bidder. Often a Coke plant can purchase a coal for its properties which then makes it unavailable to other Coke plants. These can be last minute decisions, so it is important to maintain a stock of contingency blends that can be used if this becomes the case. Coke Making is not the only use of coal, a fair usage policy is applied to coke makers worldwide to prevent over use (Dickinson, 2017).




[bookmark: _Toc511735966]Blending Operations

Within TATA Steel Strip UK there is a set of 20 coal silos. The process of receiving coal on site begins with discharge from a merchant vessel in the deep water harbour. The coal is contained within compartments within the vessel and the moisture content is controlled during transport to ensure the material arrives within contractual specification. Other methods of transport include road and rail deliveries from mines local to the United Kingdom. Once removed from the vessel, the material is transported to the crushers at Morfa using a series of conveyor belts. Once crushed in the rotary hammer mills to <1/8th of an inch, the coal is fed into the top of the coal bunkers called silos (Petersen F. , 2004). 
Each silo stands at around 50 metres tall and can contain up to 100kt of different coals of varying qualities and properties. There are 20 silos so in theory there is a capacity to store 20 different coals. This is not common practice and normally 2 silos each are dedicated to prime carbonisation coals as these are used most heavily in the blend. When it is decided which blend of the different components is to be used, each coal is fed onto the mixing belt using a weigh feeder. The weigh feeder is set to ensure a percentage weight of coal drops onto the belt, as the belt moves through to the various silos. For example if an Australian hard coal is required in the coal blend at 25%, the weighing belt feeder will weigh out 8.5 tonnes of material onto the conveyor belt as it moves, the total blend weight is 34 tonnes, feeding up to the charge car. All components are fed onto this belt as close to the start of the belt as possible to allow for effective mixing throughout the process (Brown & Nielsen, 2007). 
As the belt moves towards the charge car there are transfer points along the system to transfer the flow of coal from one belt to another. These transfer points in the system are a place for the coal to mix thoroughly as it falls from one conveyor system to another. The coals are layered onto the belt initially, so with vibration of the belt they are able to mix and homogenise during the journey to the charge car. At the charge car there is another hopper, here the mixed blend falls into the hopper which awaits the mobile charge car. This is the final point for mixing to occur, the vibrating feed that allows the coal to flow into the charge car is the point where the material is homogenous (Petersen I. , 1985). 



[bookmark: _Toc511735967]Types of Process

There are two distinct types of Coke making process. Both recovery and non-recovery processes are used when producing metallurgical Coke for use within a blast furnace. Both processes have their advantages and disadvantages depending on the demands of the operational environment. For example areas of the world where energy is relatively low cost, non-recovery process would be beneficial. However the opposite applies in countries such as the UK, where energy bills are relatively high for the production of steel. Here having a recovery Coke oven would be beneficial and would suit the economical requirements of the plant (Satyendra, 2018).
A recovery process, as seen in figure 33, is heavily focused on the recovery of valuable by products. In this process the volume of Coke produced is compromised in order to optimise the process, to give the most by products possible. Some of the material that is recovered and refined in an adjacent petrochemical plant, include by products such as tar, Coke oven gas, crude benzole and ammonium sulphate. Some of these are valuable to the industry, for example Coke oven gas. The calorific value of Coke oven gas is 20 MJ/m3 which is similar to the calorific value of natural gas, which is 36.6 MJ/m3. This means that Coke oven gas can create value elsewhere in the steelmaking process. In fact, Coke oven gas is used in the reheat furnace at Port Talbot hot mill. The gas is used in place of natural gas to ensure the cost of energy use on site is kept at a minimum. Tar is sold to a petrochemical processing company which use it to produce hydrocarbon products. The tar is cracked to produce shorter chained hydrocarbons for further sale. Likewise with the crude benzole produced, this is also sold to the same processing company for further refinement and sale. Generally the advantages of a recovery process are the cost benefits to recycling the by-product material, also the environmental constraints present within the UK mean that a recovery process is the only process permitted to operate in the UK. The disadvantages of a recovery processes are the cost of setting up a petrochemical plant to handle the by-product material is relatively high. Also the volume of Coke produced is less due to the focus on optimising the by-product production (IETD, 2018).
[image: ]
[bookmark: _Toc511736046]Figure 33 (Left) Recovery Coke Oven (Right) Non-Recovery Coke Oven (Sengupta, 2018)

The non-recovery process is focussed more so on volume of Coke produced. The opposite applies to this process against the recovery process whereby no by products are collected. In a non-recovery process the Coke ovens are charged with approximately 34 tonnes of coal, following carbonisation the Coke discharged is on average 30 tonnes. The difference in mass of 4 tonnes is flared off into the atmosphere. The yield of Coke is high in this process where a recovery process would yield 28 tonnes of Coke on average. Coke yield is an advantage of a non-recovery Coke oven, along with the missing complexities and cost of setting up and running a petrochemical by-product plant. The main disadvantage of this process is the environmental concerns around flaring all of the gas directly into the atmosphere. Hence why the process is only permitted to operate in countries such as India and China where the regulations surrounding environmental compliance are extremely limited. There is no requirement in these countries, to recycle the gas due to the relatively low energy costs. The costs of running a by products plant in these countries would far exceed the cost of natural gas use elsewhere in the plant (Sengupta, 2018).





[bookmark: _Toc511735968]Charging Types

Before carbonisation and after coal blending the coal is required to be charged into the Coke oven itself. There are many mechanisms for carrying out this operation and each are used to optimise the process in different ways. The most common systems for charging the Coke ovens include screw feed systems, Bell flow and Stamp Chargers (Dickinson, 2017). 
The primary technique used when controlling pollution, ensuring even packing and coal distribution is the screw feed technique. In order to place the coal in the oven the charge car is mobile, it runs on a set of tracks that enable it to reach every oven in the battery of ovens. The screw feed charge car consists of 4 hoppers each of which contains 8.5 tonnes of blended carbonisation coal which total the 34 tonnes required to charge the Coke oven. The 4 hoppers match the 4 oven tops and the 4 hoppers line up with the 4 tops of the oven. Once the charge car is filled under gravity it moves on the tracks towards the designated oven. The oven tops are removed mechanically by the charge car, despite the refractory lining, these can be up to 500oC which deems them unsafe to handle manually. The hoppers extend to meet the top of the ovens which creates an air tight seal. The material is then forced into the oven using a screw feed mechanism. This mechanism ensures the process is faster than conventional methods and also ensures a tighter control on the packing factor of the coal in the oven. The pollution is also kept at a minimum due to the increased flow rate of the screw feed mechanism. This means that the oven remains unsealed for a lower time. This also improves the ashing of the Coke due to air ingress being kept to a minimum (Emission Standards and Engineering Division, 1987).
Before the screw feed technique was developed there was the bell flow system. Similar to the screw feed the charge cars look almost identical. They also run on tracks along the top of the battery in order to reach and fill each oven in synchronisation. The main difference between the two systems is the feed of coal into the oven itself. Bell flow allows the coal to fall into the oven under gravity. This has energy saving benefits however there are more negative attributes for this technique than positive. The positive is that there is no requirement for power to drive the screw fed coal into the oven. The negative attributes are the coal distribution and increased pollution. The coal distribution cannot be influenced by the feed of coal into the oven. It is difficult to predict how the coal will fall and in what arrangement the particles will make in the oven. Also with the gravity feed, if there is excess moisture in the coal, it will stick in the throat of the charge car. It is therefore difficult to standardise Coke quality using the bell flow method. Another disadvantage of using the bell flow method is the pollution control. Using this method, charging coal takes longer due to the gravimetric flow being slower than the screw feed. This inherently means that the oven is remain open for longer allowing Coke oven gas to leak into the atmosphere. Also this method allows for prolonged exposure to air, this causes ashing of the Coke product which further reduces the yield of the final product. The bell flow is often used as a back-up method to the screw feed at Morfa in Port Talbot. The bell flow charge car is only used when the screw feed is down for maintenance both planned and unplanned (MCC, 2017).
The final process discussed is the stamp charge method. This is not currently practiced on the Morfa plant in Port Talbot. This technique is normally adopted when charging non recovery Coke ovens with a wide base. The coal is charged layer by layer, in between each layer a stamping process takes place. A large plate attached to a push rod is applied to the top of the layer exerting 3 tons of pressure for 30 seconds. The next layer of coal is added until the oven is full of coal around 40 tonnes depending on the size of the oven. The advantage of the stamp charging technique is the control of the bulk density and packing factor of the charge. The process is standardised between charges so consistency is good with Coke quality. The overall yield per oven is increased due to the increase in coal charged. This allows the same oven space to be utilised to produce more Coke. The disadvantages of stamp charging include efficiency and process restrictions. The efficiency of the process is jeopardised due to the time taken to stamp between each layer addition. The air entering the Coke oven during this process will also react with the coal causing it to burn in air before carbonisation. Processing restrictions mean that this process is normally a batch production operation. The process of charging using this technique is time consuming and difficult to automate. This means that production is normally carried out on a smaller scale using the stamp charging technique. Pollution is also a factor to consider with this process, during charging the coal is exposed to the oxygen and it burns. This produces Coke oven gas which is leaked into the atmosphere. The level of Coke oven gas release is extensive using the stamp charge technique, which is the reason it is not commonly used in the UK (Munson, Lewis, Weber, & Brayton, 1974). 







[bookmark: _Toc511735969]Main Body
[bookmark: _Toc511735970]Experimental Plan

In order to quantify the effectiveness of the catalyst on a Pilot scale the organisation of the project was key. As per appendix 1. The A3 project planner was used to ensure the project stayed on track to achieve the necessary objectives. The detail behind the experimental plan was required to outline obtaining samples, preparation, catalyst addition and how each of the claims were to be evaluated. The standardisation of each process within the plan was considered to control the level of variation in the process.
[bookmark: _Toc511735971]How Individual Coal was Sampled

In order to produce the blends of coal suitable for the experiments, a selection of coal samples were obtained. These were obtained from the coal silos themselves. The silos are based at the Morfa coal blending plant, they are large storage bunkers for individual coals. In each silo is a different coal which simplifies the sampling process. The material was shovelled from the weigh belt feeders at set 5 minute intervals into polymer 30 litre barrels. These barrels are for transportation only and can carry approximately 30Kg of coal. 10 barrels of each coal were collected to ensure enough material was available to see through the entire evaluation process. The representativeness of the sample was considered throughout the sampling process hence the 5 minute interval per 30Kg of coal. 
The decision based on predicted properties of each was to sample the following coals as per table 2, for use in the experiment.
	Coal Type
	Silo Number

	Local Soft LV
	17 or 18

	Local Soft HV
	13 or 14

	US HV
	1 or 2

	Australian MV
	3 or 4 or 5 or 6


[bookmark: _Toc511736065]Table 2 Coals Sampled for the Catalyst Carbonisation Trial
[bookmark: _Toc511735972]How Individual Coal was Prepared
In total 300Kg of each coal was obtained via sampling at the coal silos. It is vital for a sample this size to be made homogeneous to control any potential sources of variation. The coal is transported back to the laboratory by use of a van, here the material is offloaded into the lab for preparation.
The coal is tipped onto the mixing plate, which is a 3m x 3m stainless steel plate for ease of mixing. The material is moved four times by shovelling. The final pile is flattened and divided into four equal quarters. Two opposite corners are taken and the other two are discarded and recycled back into the process. This is often referred to as the recognised cone and quarter technique as depicted as per figure 34.
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[bookmark: _Toc511736047]Figure 34 Cone and Quarter Technique (BS ISO, 1992)
The 2 quarters taken are placed in sealable polymer bags to ensure percentage moisture is protected during storage. A 1 Kg sample is taken for Moisture and Proximate analysis, this is placed in a drying oven before pulverisation in a ring mill as preparation for the relevant analysis. A sample of 1Kg is also dried for a particle size distribution analysis, a 1/8th inch sieve is used to ensure 80% of the material is on the appropriate coal size and that it has been crushed at Morfa correctly. 









[bookmark: _Toc511735973]Catalyst Addition

In order to fully evaluate the claims made by Abhitech energy con it was important to consider both the recovery and non-recovery charging techniques. Abhitech claim that 1Kg of catalyst can be used in 7 tonnes of coal. The amount used on the Pilot scale per blend was calculated as per calculation 8.
  [bookmark: _Toc511736087]Calculation 8 Calculating mass of catalyst for carbonisation trial
Catalyst Addition

Claimed amount 1Kg in 7000Kg

Catalyst Percentage =     1          x 100 = 0.014%
                                      7000

Blend for Pilot oven = 50Kg x 0.014

Therefore Kg of Catalyst in Pilot Blend 0.7Kg 

Hence 0.7Kg x 1000 =  
            100

7g of catalyst per blend

Each time a blend is produced in the laboratory 7g of catalyst is added to the mix. This is a miniscule amount and an even distribution of catalyst throughout the mix is extremely difficult to achieve. This is achieved by increasing the mixing time by a factor of 2. This has remained consistent throughout the project to reduce the level of variation.
For the stamp charge technique as depicted below a layer technique will be used. This will be added before the charging stage of the Pilot oven. The amount of catalyst between each layer is calculated as per calculation 9.[bookmark: _Toc511736088]Calculation 9 Calculating catalyst addition for Non Recovery Stamp Charging
Catalyst Addition Stamp Charging

Claimed amount 1Kg in 7000Kg

Catalyst Percentage =     1          x 100 = 0.014%
                                      7000

Blend for Pilot oven = 50Kg x 0.014

Therefore Kg of Catalyst in Pilot Blend 0.7Kg 

Hence 0.7Kg x 1000 =  
            100

7g per blend


2 charges per blend
Therefore 3.5g per Charge

6 layers per charge hence

3.5 = 0.6g per layer.
 6

Figure 35 outlines how the catalyst is recommended to be added in industry, for both recovery and non-recovery carbonisation processes. 
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[bookmark: _Toc511736048]Figure 35 Catalyst Dosage in Industry (Abhitech Energy Con, 2017)
[bookmark: _Toc511735974]Coke Simulation

All Coke simulations were carried out using the 25Kg Pilot Oven in Port Talbot. The results provided are indicative to a large scale operation, with this in mind the relevant testing M40, CSR and Coke Yield was carried out and the results of the trials are as follows.

[bookmark: _Toc511735975]Early Devolatinisation
Early devolatinisation was carried out as a proof of concept of the catalyst. In order to speed up the process of carbonisation it is important that any volatile matter in the coal is driven off at a faster rate than without the catalyst. For this 1g of Australian MV was placed in a furnace at 900oC, this was removed from the furnace after 60 seconds and weighed back. The result was recorded and the trial on the same material continued, after 30 second intervals the coal was removed from the furnace and weighed. The test was carried out on both Australian MV and the same coal dosed with 0.5g catalyst. This test was repeated and the average of the result displayed in figure 36.

[bookmark: _Toc511736049]Figure 36 Graphed data from the early devolatinisation trial (Lewis,2018)
The results displayed show that there is little to no difference with the rate of devolatinisation with or without the presence of the catalyst. This isn’t positive for the evidence supporting the use of the catalyst however further testing is required to prove the concept on a Pilot scale, as outlined in the recommendations at the end of the report.
[bookmark: _Toc511735976]Base Blend
[bookmark: _Toc478816050][bookmark: _Toc478816719][bookmark: _Toc478817086][bookmark: _Toc478817518][bookmark: _Toc478817576]
In order to evaluate the condition of the Pilot oven to ensure all further tests are producing a true value a base blend was produced. This base blend was run 4 times to ensure the oven was running consistently. Also this was the first blend that would be investigated. The blend was quaternary blend that consisted of the following coals as per figure 37. The names of each component coal are disguised due to the sensitive nature of the commodity coal market.


[bookmark: _Toc511736050]Figure 37 Base Blend by Percentage of coal (Lewis, 2018)

This blend provides adequate carbonisation properties as per appendix 3 and a relatively low number of variables in order to quantify the catalysts’ effects on a coal blend. The base blend was produced using the coals sampled from the coal silos. The weights of each required in the blend was derived using the calculating the base blend sheet in appendix 2. The calculations in calculation 10 are applied to convert the percentage into the blend into weight of wet coal required:
[bookmark: _Toc511736089]Calculation 10 Calculating Mass of individual coal to produce blend
Dry input weight

Input Dry Weight = 50Kg
H2O of USA Hard Coal = 7.8%

Input Dry Weight of Individual Coal = Input Dry Weight x Percentage of Coal
					   100	

So for 35% of USA Hard Coal HV

 50  x 35 = 17.5Kg
100



Input Wet Weight of Individual Coal = Input Dry Weight of Individual Coal x 100
                                                                           100 – H2O 

So

       17.5             x 100 = 18.98Kg
  100  -   7.8


This means 18.98Kg of USA Hard Coal HV is added to the blend to produce a 35% Blend.


	
All components once calculated were added to the cement mixer, 7g of catalyst was added. This was then blended for 40 minutes to ensure the mixture was homogenous. The buckets for charging the Pilot oven were filled as per calculation 1. A sample was taken for proximate analysis to ensure the blend meets desired carbonisation characteristics. The Pilot oven was charged and the Coke Yield, M40 and CSR tests were carried out. The results were recorded in order to quantify any effects the catalyst has had on the charge. The results produced were as per table 3.
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[bookmark: _Toc511736066]Table 3 Results for Base Blend Trial with and without catalyst
The results for the base blend trial were tabulated as per appendix 3. The results for this trial show a 3% increase in M40. This means there will be an improvement to the cold strength of the Coke produced. There is no notable change in CSR which means there is not improvement in hot strength but there is no detriment to the hot strength. This is a promising indication that the catalyst may have an impact by increasing the strength of the Coke.

[bookmark: _Toc511735977]Single Coal

The next stage of the project was to evaluate the effect of the catalyst on a single coal. This was an important trial to run due to the reduced number of variables. The coal selected was Australian MV. This is a coal that fits all of the desired blend characteristics in a single coal. It is often a question that this coal should be charged at 100% in the Coke ovens for consistency, however the cost of this would be extortionate hence the requirement to blend it with filler coals. For the purpose of this trial it was charged at 100% as per figure 38. The coal was already mixed and therefore homogenised when it was sampled at the silo’s however the catalyst had to be blended in. The coal was added to the cement mixer and the catalyst was added as per the base blend procedure. The coal was then charged as per procedure, 4 tests were carried out with catalyst and 8 without in order to quantify any differences seen. 

[bookmark: _Toc511736051]Figure 38 Single Coal Blend Australian MV (Lewis, 2018)

The relevant tests were carried out on the final product Coke and the results recorded as per appendix 4. The results for the cold and hot strength are displayed in table 4.
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[bookmark: _Toc511736067]Table 4 Results for Single Coal Trial
The results for this part of the project were not what was expected. The catalyst seemed to have a negative 3% impact on the average M40. This shows that the use of the catalyst has weakened the cold strength of the Coke. Also the catalyst impacted the CSR negatively, this was impacted by 5%. It is possible that the impact is negative because there is no interaction between volatile materials in different coals. This is the most likely cause along with the moisture content of the individual coal. The moisture content was 9.4% which would impact the catalysis reaction where the inherent moisture is converted to gaseous hydrocarbons. Another explanation is the Gieseler plastic layer, the catalyst may have a negative impact depending how certain plastic layers act. Australian MV has already a free flowing plastic layer. The use of the catalyst may have hindered the progress of the plastic layer causing it to disrupt the formation of bonds between the carbon atoms (Steel K. M., 2018).
[bookmark: _Toc511735978]Soft Coal

For the soft coal investigation part of this project, it was important to quantify the claims that using the catalyst allows for more softer coals to be used within the blend. There are two types of soft coal which are used at Morfa which are sourced at a very low cost £25/Tonne. The first of which investigated was the Local Soft LV. This coal is normally used as a coal injection coal however it has been recognised that it is a good coal to be used as a filler coal due to its maceral content. The coal was blended 50/50 with Australian MV coal, the reason for this is to reduce the number of variables in order to fully evaluate the effects. The coal blends were made using the cement mixer for homogenisation and the catalyst added during this mixing process to ensure even distribution throughout the blend (SGS, 2018).
The first trial was carried out using local soft LV, this was blended with Australian MV as per figure 39.


[bookmark: _Toc511736052]Figure 39 Blend 1 for the Increasing Soft Coal Trial (Lewis, 2018)
)

The coal was charged and the final product tested as previously for M40, CSR and Coke Yield. The results for hot and cold strength are tabulated as per table 5.
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[bookmark: _Toc511736068]Table 5 Results for Local LV trial
The results show a 2% increase in M40 with use of the catalyst. Also there is a 1.5% increase in CSR. This shows an improvement in the use of catalyst so may validate the claims that the use of catalyst allows the increased percentage of soft coal in the blend.
The second stage of this part of the investigation is to quantify the same effect using another low cost soft filler coal. The process was the same for making the blend 50/50 with Australian MV coal as per figure 40. This coal is used on site as a filler as it is only £10/tonne. If this can be increased within Morfa blend the impact may be significant.

[bookmark: _Toc511736053]Figure 40 Local Soft HV Blend composition (Lewis, 2018)

Two blends with and two blends without catalyst were charged and the testing was carried out as per procedure to quantify any effects. The results are tabulated in table 6 and in appendix 5.
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[bookmark: _Toc511736069]Table 6 Results for Local HV Trial
The results for the Local Soft HV catalyst show no significant change in CSR despite the CSR being very low. This is expected with the Local Soft HV as the plastic properties of the coal are non-existent. There is a 2% decrease in M40 when using the catalyst. Again this could be attributed to the plastic properties of the local soft HV. Despite the improvements seen when using the catalyst with the Local LV, this side of the trial counteracts any improvements made. Something to consider if the trial progresses to the large scale testing that despite the claims, only certain soft coals can be increased within the blend. This would need to be optimised and tweaked using Pilot oven trials to determine the best coal to increase in the blend.

[bookmark: _Toc511735979]Reducing Carbonisation Time
Reduction in Carbonisation time is the claim with the highest potential savings for Port Talbot. For this part of the trial the base blend was used, there was already data for the base blend without catalyst, so this made it easier to schedule the blends in. The coal blend was again made using the cement mixer with the addition of catalyst during this stage. The coals were the same as trial 1 the base blend as per figure 37.

Figure 37 Base Blend by Percentage of coal (Lewis, 2018)
The variable in this process was time, which was changed by altering the time of discharge. Normally the oven is discharged after 24 hours. This time was reduced until a significant detrimental change to M40 or CSR was witnessed. This was carried out by reducing the discharge time with 2 hour intervals. The results were tabulated below as per table 7 and appendix 6 (Dickinson, 2017).
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[bookmark: _Toc511736070]Table 7 Results for Carbonisation Time Reduction
This was the defining moment of the project, it is clear from the data that there is no significant detrimental effect on both M40 and CSR until the 16 hour tests. This proves that the carbonisation time can be reduced by by 6 hours without any impact on Coke quality. The data from the Pilot oven testing is the justification for large scale testing. The impact of the catalyst on an operational process can be scaled up as per calculation 11.
Large Scale Reduction by Percentage

Pilot Oven Carbonisation Time – 24 Hours
Reduced Pilot Oven Carbonisation Time – 18 Hours

24-18 = 6 hour reduction

 6   x 100 = 25% Reduction 
24

Therefore
Morfa Carbonisation Time – 18 hours
Reduced Carbonisation Time = 18 – (18 x 0.25)
Theoretical New Carbonisation Time = 13.5 Hours
Delay between charges

84 Ovens at morfa
Current Carbonisation Time 18 hours

Delay between charges =   Carbonisation Time x Minutes   =     18 x 60   =  12.85 Minutes
			       Total Number of Ovens	             84			

This is the limit to ensure all 84 ovens have been carbonising for 18 hours before discharging.


Improved Delay between charges =   Carbonisation Time x Minutes   =     13.5 x 60   =  9.64 Minutes
			                        Total Number of Ovens	                   84		

This means that the delay between charges is reduced by 3.21 minutes.

Ovens charged per week =  Minutes per week                =   24 x 60 x 7     =   784 Ovens per week
		                Delay between charges                  12.85

Total Tonnage Produced per week = Number of ovens x Tonnes of Coke per Oven = 784 x 28 

= 22 KT per week

This is a 6 KT shortfall of the BF consumption of 28KT per week.
With use of the catalyst in theory the following can be produced.

Ovens charged per week =  Minutes per week                =   24 x 60 x 7     =   1045 Ovens per week
		                Delay between charges                  9.64

Total Tonnage Produced per week = Number of ovens x Tonnes of Coke per Oven = 1045 x 28 

= 29 KT per week      This exceeds BF Consumption.





















[bookmark: _Toc511736090]Calculation 11 Scaling Carbonisation time to Morfa Operations


[bookmark: _Toc511735980]Stamp Charging

Despite the success of the reduction in carbonisation time, the final factor to consider was the impact of stamp charging. Its importance within Port Talbot is questionable due to the process adopted being a recovery Coke oven. However the impact was assessed using the non-recovery method for benefits to be quantified for our sister plant in Jamshedpur, India where this practice is adopted. The blend was created as per the base blend, this can be seen in figure 37. The only variable in this process was the method of catalyst dosing.

Figure 37 Base Blend by Percentage of coal (Lewis, 2018)

For this investigation the blend was produced in the cement mixer. The coal was then charged into the cassette, after each layer the calculated 0.6g of catalyst was sprinkled over the top. The next layer was added on top of the previous layer of catalyst until the cassette was full. Once the charge was complete the relevant testing was carried out M40, CSR and Coke Yield. The data was recorded in table 8 and the remainder of the information can be found in appendix 7
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[bookmark: _Toc511736071]Table 8 Data for the Non Recovery Process Trial
As the results showed there was a negligible improvement in M40 and no significant change in CSR. According to this trial there was no benefit of using the catalyst in a non-recovery process. This may be attributed to the design of the Pilot oven. The design is of a recovery oven with the narrow chamber and head space for the collection of Coke Oven gas. This may impact the mechanism of carbonisation so should not completely rule out the ongoing work to prove it works in a non-recovery process.










[bookmark: _Toc511735981]Catalyst Evaluation
The cost of the Catalyst is 10$/Kg as quoted by Abhitech Energy Con and is sold in 20 Kg barrels, this includes shipping. At the current rate of consumption of coal and the recommended dosage it would be required to use 4 tonnes per week of catalyst at a cost of $40,000 per week. At this price it is more economically favourable to import metallurgical Coke to cover the short fall at $30,000 per week. To ensure the project remains financially viable it was decided that the source of the catalyst should be investigated. If the chemical composition of the catalyst can be identified and matched with a product produced elsewhere on site we could produce the catalyst in house. This would mean a potential $30,000 saving per week, if the catalyst can be produced using by-products from other processes on site. The catalyst itself looks like a carbonaceous material as per figure 41.
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[bookmark: _Toc511736054]Figure 41 Catalyst from Abhitech Energy Con (Lewis, 2018)




[bookmark: _Toc511735982]XRF
X-Ray Fluorescence, normally abbreviated to XRF is a non-destructive test to determine the elemental composition and oxide make up of a range of materials. XRF works by measuring the fluorescent X-Ray emitted from a sample when an X-Ray is fired into the sample. Each of the elements and oxide formations emit a characteristic set of fluorescent X-Rays, similar to a fingerprint, they are unique (ThermoFisher Scientific, 2018). 
The X-Ray strikes the atom with excess energy greater than the atom’s shell bonding energy, causing an electron from the orbital to be knocked out of the system. The electron then drops to the lower energy state releasing an X-Ray fluorescence when the atom stabilises. The spectra is measured against a list of known identifying fluorescences and the intensity is converted to a percentage using a specialised computer program (ThermoFisher Scientific, 2018).
This test was carried out on the catalyst to give a semi quantitave analysis of the sample to determine its composition. The XRF used is based in Port Talbot and can be seen in Figure 42. The results of the XRF testing are as per table 9.
	Oxides
	XRF

	Fe2O3 
	5.60%

	CaO
	5.20%

	SiO2
	56%

	Al2O3
	23%

	MgO
	3.80%

	TiO2
	1.40%

	P
	0%

	P2O5
	0.16%

	Na2O
	0%


[bookmark: _Toc511736072]Table 9 Oxide Analysis by XRF
The results are in line with a carbon based material similar to that of a pitch type, tar by-product of Coke making. The interesting observation to be made with this analysis is the MgO,SiO2 and Fe2O3 values, these metallic oxides when present in coal can produce a more reactive Coke product. These metal oxides are more reactive than Carbon and therefore would impact its ability to form a strong stable support for the burden in the blast furnace.
[image: H:\My Documents\XRF Development\Picture 001.jpg]
[bookmark: _Toc511736055]Figure 42 XRF Based in BOS Labs Port Talbot (Lewis, 2018)



[bookmark: _Toc511735983]ICP OES
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP OES) is a similar process to atomic absorption spectrometry. The principle is that a sample is sprayed through a plasma of ionised Argon gas at 5000-7000k. Given the energy provided to the sample the atoms become excited, losing an electron. When the electrons return to stable they release emission rays. These emission rays correspond to a photon wavelength that can be measured, the element type is determined based on the position of the photon rays. The content of each can be determined by the intensity of the rays present (Hitachi, 2018).
The ICP-OES used for this trial work was based in the Analytical Lab in Port Talbot as seen in figure 43. The sample is dissolved into a solution of nitric acid before being fired into the instrument. The ICP is calibrated using known concentration standards, the results are then read as per table 10 (Hitachi, 2018).


	Metals
	ICP OES
	Cr
	0.01%
	Ni
	0.0018%

	Al
	1.36%
	Cu
	0.0020%
	Pb
	0.0004%

	As
	<0.0005%
	Fe
	2.51%
	Sb
	0.0003%

	B
	<0.0005%
	K
	0.0760%
	V
	0.0041%

	Ba
	0.0050%
	Mg
	0.5700%
	Zn
	<0.0005%

	Ca
	2.12%
	Mn
	0.0093%
	
	

	Cd
	<0.0005%
	Mo
	<0.0005%
	
	

	Co
	0.0007%
	Na
	0.0110%
	
	


[bookmark: _Toc511736073]Table 10 ICP-OES Metals Analysis
The results show an increase of Fe and Mg elements, which confirms the XRF result. Understanding why the presence of these are significant to the catalyst may unlock the trade secret. However the possibility is the raw material used to produce the catalyst could be high in these elements inherently. 
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[bookmark: _Toc511736056]Figure 43 ICP-OES based at Port Talbot Analytical Lab (Lewis, 2018)



[bookmark: _Toc511735984]Proximate Analysis

Proximate analysis is normally used to determine the viability of coal to be used as a carbonisation coal. The test consists of 4 different tests carried out using a furnace set at different temperatures under varying atmospheric conditions.
Volatile is carried out in a furnace heated to 900oC under a normal atmosphere. 1g material is weighed before entering the furnace and stays in the furnace for 7 minutes. The material is removed and cooled to room temperature in a desiccator to prevent moisture ingress from the atmosphere. The sample is weighed back and the weight is recorded. A percentage loss is carried out using the weights and this is referred to as the volatile matter (BSI BS ISO, 2010).
The Ash test is 1g of material in a weigh boat and placed into a furnace at 1000oC. The material is maintained at this temperature under a normal atmosphere for a minimum of 12 hours. The weigh boat containing the material is cooled in a desiccator to ensure moisture isn’t absorbed from the atmosphere at room temperature. The weight before and after is used to calculate the Ash value. This is expressed as the percentage left after the reaction is carried out (BSI BS ISO, 2010).
Swell is carried out in a bowl shaped crucible with a lid. This is carried out in a furnace at 1000oC for 10 minutes in a normal atmosphere. The material expands depending on its chemical composition to varying degrees. The final expansion is measured for size against a chart of known swell shapes, and the figure is given from 0 to 10 (BSI BS ISO, 2010).
Moisture is 1000g of material weighed onto a large weigh tray. This is then placed in a drying oven under a nitrogen atmosphere to prevent H2O ingress from the atmosphere. After 4 hours the material is removed from the drying oven and is weighed on a balance, the weight is recorded and the material is returned to the drying oven for a further 30 minutes. The weighing process and returning to the oven is repeated until constant mass is obtained then the process is complete. The percentage lost is referred to and the H2O content of the material (BSI BS ISO, 2010).





The furnace used for proximate analysis can be seen in figure 44.

	Proximate
	Furnace

	Vol
	2.42

	Ash
	64.7

	Swell
	0

	H20
	3.59%


[bookmark: _Toc511736074]Table 11 Catalyst Proximate Results

The results as per table 11, indicate a processed carbon based material. The results don’t indicate a coal due to the low volatile matter. The volatile indicates a semi Coke possibly, contrary to this the Ash value is too high to be a Coke. The swell indicates a synthetic carbon material and the moisture is indicative of a synthetic material where a naturally occurring product normally contains around 7% moisture. The ash value may be indicate the presence of metallic elements due to their reactivity which further supports the XRF and ICP OES analysis.
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[bookmark: _Toc511736057]Figure 44 Furnace for Proximate Analysis in the Analytical Lab (Lewis, 2018)


[bookmark: _Toc511735985]XRD

X-Ray Powder Diffraction (XRD) is a semi quantitative analytical technique used to identify phases of crystalline material within a sample. Information is also provided on the presence and dimensions of unit cells. Crystalline substances will act as 3d diffraction gratings for X-Ray wavelengths, the diffraction is based on interference of the X-Ray using the crystal structure presence within the sample (Dutrow & Clark, 2018). 
X-rays are generated from within the instrument by a cathode ray tube and are directed towards the sample. Any interaction between the incident rays and the sample produce constructive interference and a diffracted X-Ray. These rays are detected and counted. By measuring and scanning the sample through a range of 2θ angles, all possible diffraction directions of the lattice are attained. Conversion of the diffraction peaks to d-spacing identifies the mineral. As the d-spacings are unique hence determining the crystalline composition of the sample is detecting its fingerprint (Dutrow & Clark, 2018).
The XRD used is based in the Technical Development Centre in Harbourside as per figure 45.

	
	XRD
	

	Compound
	Formula
	Relative (%)

	Graphite
	C
	70%

	Spinel
	Mg(Al,Fe)O2
	30%


[bookmark: _Toc511736075]Table 12 XRD Analysis
The results in table 12 show the presence of Spinel, this is a Mg, Al, Fe based crystal mineral. At 30% of the material it is not wise to rule out the effects of this. Although it is unclear how this material can be matched on site with another process, the XRD analysis has been sent to a petrochemical supplier to help determine the source and provide a price for the supply of this material.
[image: cid:d294da31-4c7f-4c9a-8dce-52867f3a5e6c]
[bookmark: _Toc511736058]Figure 45 XRD based in Harbourside (Lewis, 2018
[bookmark: _Toc511735986]SEM

Secondary Electron Microscopes (SEM) is used in Port Talbot to view samples at 30,000 x magnification to detect defects in final product material. The SEM in Port Talbot also has an EBSD (Electron Back Scattering Detector) detector attached for identifying elements present within the sample (Swapp, 2018). 
	High energy electrons are focused onto the sample generating a variety of signals at the surface of the sample. The signals that come from the “electron to sample” interactions reveal information about the sample including texture, chemical composition, crystalline structure and orientation of crystal making up the sample. Data is collected over a 2d range of selected area on the surface of the sample. Images can be generated of areas ranging from 1cm to 5 microns. The EBSD is used to determine crystal structures present within the material by recognising signals coming from the interactions and comparing them to the finger print of known crystal structures (Engler & Randle, 2000).
The SEM is a chosen methodology over an optical microscope mainly because there are many limitations with optical microscopy. The optical microscope is limited to the wavelength of visible light which is 1 micrometre, therefore the resolution is only 1 micrometre. The SEM can measure as far as Angstrom level to view specimens to atomic size. They work using De Broglies Equation as per calculation 12. The velocity of the electron is the variable, by increasing the speed of the electron the wavelength gets smaller (Owen, 2018). This allows the electron to be diffracted with far better resolution allowing the instrument to view atoms at atomic size as per figure 46.[bookmark: _Toc511736091]Calculation 12 De Broglies equation in Practice (Owen, 2018)
De Broglies Equation

λ = h  
     mV

Where

λ = Wavelength			m = Mass of Electron
h = Planck’s Constant		V = Velocity
All of the above are constants, the only variable is velocity
λ = 6.63 x 10-34
  (9.11 x 10-31)(1 x 104) 		λ = 7.2 x 10-8m  or 720 Å
This would be visible in the atomic level


[image: https://qph.fs.quoracdn.net/main-qimg-2e8468e061423ec479823712c997a620]
[bookmark: _Toc511736059]Figure 46 Si atoms as seen using SEM (Fishman, 2018)

The SEM used for this analysis was based in the Metallography department at Port Talbot and can be seen in figure 47. 
	Element
	SEM

	C
	70%

	O
	14%

	Mg
	1%

	Al
	5%

	S
	1%

	Si
	1%

	Ca
	2%

	Fe
	2%


[bookmark: _Toc511736076]Table 13 SEM Results
The SEM as per table 13, confirms the previous Analysis especially the 70% carbon determined by the XRD. The interesting find in the SEM Data is the presence of silicon. This is indicative of a naturally occurring coal when compared to coals imported at Port Talbot. With the contrast in information provided from all of the analytical techniques used so far it is building a picture of the catalyst. There is potential from the data found that the catalyst is a mixture of material from both synthetic and natural sources. With the contrasting information it is difficult to say that this material is from a single source.
[image: ]
[bookmark: _Toc511736060]Figure 47 SEM Based in Port Talbot Metallurgical Lab (Lewis, 2018)

[bookmark: _Toc511735987]GC - MS

Gas Chromatography Mass Spectroscopy (GC-MS) is an analysis technique which combines two individual detection techniques both Gas Chromatography and Mass Spectroscopy. The process is used to identify and quantify unknown samples and trace organic materials within samples (Davies, 2018).
A sample is dissolved into a solvent of known spectra, DiChloroMethane is the solvent used in this analysis. This solution is injected into a gas chromatograph which volatilises the sample. The volatile gaseous components separate based on size and polarity within the column, these components then enter a mass selective detector. Based on mass the detector will detect a spectrum of analytes within the sample. The spectra are then compared to a catalogue of over 275,000 different combinations of organic compounds. The nearest are selected and the program indicates the presence and quantity of each compound. This will indicate the level of which the material has been cracked or processed (Davies, 2018).
The GC-MS used for this analysis is pictured in figure 48 and is based in Harbourside in Port Talbot. The GC-MS data shows no organic compounds present within the catalyst. This indicates that the material is similar to a Coke or charcoal. There is more information required to discover the source of the catalyst. This information reaffirms the theory that the catalyst is a mixture of different materials (Davies, 2018).
[image: cid:58edddf5-07db-4ca3-ac65-3fe4ef26e2e7]
[bookmark: _Toc511736061]Figure 48 GC-MS Based in Port Talbot (Lewis, 2018)
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[bookmark: _Toc511735989]Cost of Project
[bookmark: _Toc478817624][bookmark: _Toc479158607][bookmark: _Toc511736077]Table 14- Overall cost of project (Lewis, 2018)
	Equipment
	Cost
	Quantity
	Unit
	Total Cost

	Catalyst
	£0
	1
	each
	£0

	Drying Oven
	£1200
	1
	each
	£1,200

	SEM Maintenance
	£8000
	1
	Per Year
	£8000

	XRD Maintenance
	£9547
	1
	Per Year
	£9547

	XRF Maintenance
	£5695
	1
	Per Year
	£5695

	ICP OES Maintenance
	£4995
	1
	Per Year
	£4995

	Pilot Oven Maintenance
	£2450
	1
	Per Year
	£2450

	Pilot Oven Felt
	£36
	54
	each
	£1944

	Pilot Oven Cassettes
	£420
	2
	each
	£840

	Consumable Cardboard Boxes 
	£8
	54
	each
	£432

	Flux for Bead Making
	£2.86
	20
	Gram
	£57.20

	Nitric Acid
	£8.98
	1
	Litre
	£8.98

	Desiccator
	£586
	1
	each
	£586

	CSR CRI Rig Maintenance
	£9985
	1
	Per Year
	£9985

	Micum Drum Maintenance
	£1250
	1
	Per Year
	£1250

	Thermocouples 
	£250
	10
	each
	£2500

	Stopwatch
	£2
	2
	each
	£4

	Deionised Water
	£4
	5
	Litre
	£20

	Nitrogen 
	£8.87
	2
	Cylinder
	£17.74

	CO2
	£58.23
	1
	Cylinder
	£58.23

	Dichloromethane
	£29
	1
	Litre
	£29

	Liquid Nitrogen
	£4.50
	10
	Litre
	£45

	Van Rental
	£335
	16
	Week
	£5360

	Sample Barrels 
	£25.50
	14
	each
	£357

	Sample Scoops
	£13.86
	2
	each
	£27.72

	Sample Bags
	£0.98
	50
	each
	£49

	UKAS Certifications
	 
	 
	 
	 

	Oven and Furnace Calibrations
	£1500
	1
	Per year
	£1500

	Balance Calibration
	£555
	1
	Per year
	£555

	Sieve Calibration
	£350
	1
	Per year
	£350

	CSR Gas Flow Meters
	£1900
	1
	Per Year
	£1900

	Health and Safety 
	 
	 
	 
	 

	Gas Monitors
	£288
	2
	each
	£576

	PPE Work Wear
	£187
	2
	each
	£374

	Man Hours
	 
	 
	 
	 

	Pilot Oven Work
	£16
	416
	Hour
	£6656

	Catalyst Evaluation Work
	£16
	224
	Hour
	£3584

	Report Writing
	£16
	400
	Hour
	£6400

	
	

	
	Overall Cost of Project
	£77,352.90



[bookmark: _Toc511736062]Figure 49 Overall cost of project (Lewis, 2018)
Figure 49 shows that the cost of the project was heavily based on man hours. The justification for the project is based on the potential $30,000 per week imported Coke saving generated, if the source of catalyst can be found and the material can be sourced locally at a lower cost. The cost of the project at £77352.90 will pay back in full within 3 weeks of introducing the catalyst.











[bookmark: _Toc511735990]Brain Storming


Coke
By – Product of Carbonisation
Activated Charcoal
Mixture of Coke
Synthetic Petrochemical
Petroleum By-Product
Mineral
Mineral mixed with Coke
Natural Coal
Coal Tar Pitch
Source of the Catalyst














[bookmark: _Toc478816063][bookmark: _Toc478816732][bookmark: _Toc478817099][bookmark: _Toc478817531][bookmark: _Toc478817589][bookmark: _Toc479158500][bookmark: _Toc511736063]Figure 50 - Brain storming the potential sources of the catalyst.(Lewis, 2018)


This brain storming session, as seen in figure 50, was set up for 20th January at 15:00 in the Morfa Administration Block. In attendance was Paul Dickinson the Technical Manager, Winson Chung the By Products Manager, myself and Peter Barnes the Laboratory Manager.


[bookmark: _Toc511735991]Discussions
[bookmark: _Toc511735992]Catalyst Effect on Carbonisation

The project began with a trial on early devolatinisation using the catalyst. The process that the catalyst claims to accelerate, relies on volatile matter being driven off a carbonaceous structure. The most simple technique to use to prove the concept was the manual volatile testing method. The results although indicative, showed little to no difference both when the catalyst was used and when it was not. The test should be continued over several tests in order to quantify the effects completely.
Following the devolatinisation was the effect on the base blend. The base blend was made up from 4 coals from various parts of the world. This blend was selected as it met all of the desired blend characteristics, a quaternary blend reduces the sources of variation whilst maintaining the interaction mechanism offered by 4 parts to the blend. For this set of tests the results were positive from a cold strength perspective. There was a 3% increase in M40 with no impact on CSR. This was positive but it is difficult to quantify the impact on the cost of the process without further testing increasing poorer quality softer coals which was later in the project.
The next stage of the project was to evaluate the effects with the smallest number of variables as possible. This involved using Australian MV coal. This coal was selected as it has the desired carbonisation characteristics without the requirement to blend with other coals. This part of the trial would not quantify any interaction effects between coals, but would identify any improvements made by simply using the catalyst. The results generated using the Pilot Oven, show that the catalyst has a negative impact on the Coke quality. A 3% decrease in cold strength was witnessed alongside a 5% decrease in CSR. This may be due to the Gieseler properties of the coal already, Australian MV has good plastic properties which may have been hindered by the catalyst presence. This is not positive for the outcome of the project so should be investigated further using other single coal blends.
As discussed previously the increase of soft coals was also quantified during the project. For this we used coals from either end of the volatile spectrum from 17% to 33%. The blends were charged into the Pilot oven, in order to quantify the effects of quality when increasing the use of softer coals in blend making. When using the low volatile soft coal there was an increase in hot and cold strength of the material produced. The high volatile side of the test showed no variation in cold strength but a negative impact on hot strength. This indicates that the effects are property specific. Further trial work should be carried out to understand both why this is and how the catalyst can be used effectively to increase the use of softer coals on an industrial scale.
Time reduction was also considered during the project, using the base blend as used previously in the project. The testing was carried out on a range of carbonisation times from the standard 24 hours down to 16 hours. The results indicate that there is no detriment to the Coke quality until the carbonisation time is reduced to 16 hours. At 18 hours there was no significant change to both the hot strength and cold strength of the material produced. This is significant to operations at Port Talbot as the two blast furnaces require 28KT of Coke per week to operate. The reduction of carbonisation time to 18 hours would allow for 29KT of Coke to be produced per week which provides a 1KT surplus to BF requirements. This is purely theoretical based on Pilot oven scale but the results will justify the trial on a large scale. 
Stamp charging was the final carbonisation trial completed for this project. This was to quantify the benefits of the catalyst using a non-recovery carbonisation technique, to share information with our sister plant in Jamshedpur in India. As the results show there is no improvement to quality of both hot and cold strength when using the catalyst. This may have been impacted by the design of the Pilot Oven, the setup is that of a recovery oven with a narrow chamber. A normal recovery oven has a wide and shallow charging profile hence the study using Port Talbot’s Pilot oven should not rule out any further development work in India.
[bookmark: _Toc511735993]Catalyst Evaluation

The cost of the catalyst at 10$/KG is the defining factor for the purchase of the catalyst industrially. With current consumption and commodity markets there is a $10,000 per week benefit to importing Coke over using the catalyst to produce Coke internally.
A range of testing was carried out including XRF, ICP-OES, Proximate, XRD, SEM and GC-MS in order to determine the potential source of the catalyst. It is difficult using the analysis to determine the source but many of the tests completed, indicated a mixture of different products were used to produce the catalyst. Most components of the catalyst are organic carbon based compounds that have been synthetically manufactured. The metal oxides found in the XRF analysis should have a negative impact on Coke quality, but the Silicon Dioxide show that the catalyst contains naturally occurring carbon based product i.e. Coal. Again this is backed up by the ICP metals analysis. This must be naturally occurring or indicates a carbon sample spiked with a metallic. 
The proximate analysis indicated a synthetic carbon material such as Coke. The low volatile is indicative of a low quality Coke but the Ash is not consistent with this theory. The ash indicates a semi Coke product such as Tar Pitch. The XRD indicates the presence of Spinel, this is an enigma and it is undetermined where this could have come from. Further work is required with a petrochemical supplier in order to determine the source of the Spinel and the effects it would have on Coke making. The SEM confirms the carbon base of the material but with 70% carbon it indicates a semi Coke which is different to previous findings. At this point along with the GC MS lack of findings it was confirmed that the material was a mixture of different parts. Components of the catalyst appear to come from organic, natural and synthetic sources.
[bookmark: _Toc511735994]Summary of Discussions
	Discussed
	Outcome
	Impact

	Early Devolatinisation
	Not Successful
	Proof of concept was not obtained as the test with and without catalyst shows no quantifiable difference. Further work required

	Effect on Base Blend
	Successful
	Improved coal strength and no impact on hot strength. This provides value to Blast Furnace operations.

	Effect on Single Coal
	Not Successful
	Decrease in both Hot and Cold Strength. Difficult to understand why this happens. Potential impact on plastic layer. Further work required.

	Increased use of Soft Coal
	Partially Successful
	Low volatile shows improvement. High volatile shows negative effects. Property specific effects require further work to quantify totally.

	Reduction in Carbonisation Time
	Successful
	Carbonisation time reduced by 25% on a Pilot scale. Generates potential $30,000 per week cost saving.

	Stamp Charging
	Not Successful
	No difference quantified. Potentially due to the recovery design of the Pilot Oven. Should not rule out further work using a non-recovery style Pilot Oven.

	Source of Catalyst
	Not Successful
	Various analysis carried out. Good picture of what the catalyst is however source still unclear. Requires further work as the use of the catalyst industrially relies on this to generate any cost benefits.


[bookmark: _Toc511736078]Table 15 Summary of Discussions
[bookmark: _Toc511735995]Conclusion

Overall the project has been a success. The various trials carried out using the Pilot Oven have proved that the catalyst does have an impact on Coke quality. The most successful trial was the reduction in carbonisation time. This was identified as the main objective of the project due to the 30% shortfall in Coke required for BF production. At present this shortfall is made up from imports from other countries at a cost of around $30,000 per week. The reduction in carbonisation time using the catalyst would make up for this shortfall and even produce an excess of 1KT per week of Coke to allow for maintenance on the Coke oven battery. Despite only being carried out on a Pilot oven scale the proof of concept can be applied on an industrial scale. The other trials of carbonisation were less successful with the increase of soft coals. This aspect of the project would require further work before this could be scaled up on an industrial scale.
The source of the catalyst remains unknown despite the extensive testing carried out to determine this. A deeper understanding of the properties of the catalyst has been achieved. The catalyst is made up from different components from varying sources some natural and some synthetic. The use of the catalyst on site is dependent on the cost reduction from 10$/KG of the catalyst or a method of producing it internally. The cost of using the catalyst is $40,000 per week to generate a $30,000 saving per week. This is uneconomical so further work is to be carried out to determine the source. How the catalyst works provides an insight into the properties that effect Coke making. The conversion of H2O to CH4 within the process could be catalysed by the metallic oxides present within the catalyst. 
Further work is required, but the reduction in carbonisation time justifies the time required to further evaluate the catalyst and its effect. Overall the objective has been met, however the cost of supply of the catalyst is a major factor to overcome before it is used on an industrial scale.






[bookmark: _Toc511735996]Recommended Further Work
[bookmark: _Toc511735997]Further Research into Origin of the Catalyst

The cost of importing the catalyst means that it is uneconomical to use in Port Talbot. This work is important to ensure the business benefit is reached. The data has been sent to a petrochemical supplier to manufacture a product with the same composition and provide a price for this supply. 
Alternatively further work is required to determine the composition of each component of the mix. This may unlock the secret to the mix and would allow it to be produced locally at low cost to the business. This work is the most important part of the ongoing work to close out the project and close the 30% import gap of Coke production.

[bookmark: _Toc511735998]Early Devolatinisation with the use of a TGA

Proof of concept was unclear when the volatile was measured manually over a period of time at set intervals. Thermo Gravimetric Analyser (TGA) is an automated process for testing proximate analysis. This equipment allows for the volatile to be driven off whilst measuring the weight loss continually. This would provide a higher volume of data with increased measurements. This would enable a trend of loss to be created with second intervals as opposed to 30 second intervals. This work would prove the concept more effectively and accurately than the manual testing carried out. This facility is available at our sister plant in Ijmuiden, a sample of the catalyst has been sent off to them to carry out the analysis and report back. 






[bookmark: _Toc511735999]Investigate Gieseler Plastic Properties

The effect of the catalyst on Australian MV single coal was particularly interesting during the project. This should be investigated further in order to gain an understanding of how the catalyst effects the plastic layer. For this I recommend a plastometer and dilatometer test. One without and one with catalyst for a variety of different coals. American MV coal as well as Australian MV should be investigated using this technique. The plastometer heats the coal to plastic temperature 350oC. A stirrer then measures the resistance in the liquid coal mass. This maps the plasticity of the coal and would indicate any differences within the plastic layer when using the catalyst.
[bookmark: _Toc511736000]Catalyst Effect on Gas Pressure

Gas pressure is a critical factor when operating a Coke making process. This is for safety of the plant and for recovery of by-products. This gas pressure is measured during the carbonisation process in the Pilot oven using the pressure probes associated with the Pilot Oven. During the time of the project the pressure measurements were inconsistent with the Pilot Oven in Port Talbot, so these results were omitted. There is a separate project to identify and rectify ongoing problems with the pressure measurements. Once this work is completed, the impact on gas pressure should be quantified by repeating the test work in this project but this time noting the gas pressure.   
[bookmark: _Toc511736001]Further Testing at Other Pilot Plants

As discussed the non-recovery stamp charging process could not be fully quantified using the Pilot oven in Port Talbot due to the original design. It is therefore that I recommend the same testing is carried out at the Jamshedpur plant where they have a non-recovery Pilot plant to match their non-recovery Coke oven. This would give a better indication as to whether the stamp charging technique improves the use of the catalyst. Also for comparison and reliability of results the same test schedule should be adopted in the same design recovery Coke oven in Ijmuiden. The results can be directly compared and the data provided will be more reliable


[bookmark: _Toc511736002]Scale Up Testing at Morfa Coke Ovens

The biggest selling point for the catalyst is the reduction in carbonisation time with the potential for a $30,000 per week saving. Despite the savings quantified on a small Pilot scale it is important to see if the catalyst works in practice. For this the catalyst should be added to the Morfa blend at the vibrating feed level. This is the bunker at the top of the Coke oven, here the catalyst can be added in a 0.014% ratio into the charge car.  The oven can be charged as usual and the carbonisation time reduced to 13.5 hours which is 25% less as calculated in table. The Coke can then be tested to ensure the quality of the Coke remains consistent. This would provide the best information to investigate whether the catalyst has an impact. From this information the trial could increase the priority of discovering the source of the catalyst to produce in house.
[bookmark: _Toc511736003]Evaluate The Use Of Alternative Materials That Have Catalysing Effect

The cost of the catalyst is the inhibiting factor for driving the project forward and reducing the cost of importing Coke. A recommendation to discover the source of the catalyst is outlined previously however there is an alternative option. The perceived active ingredient, Spinel should be investigated further. If spinel is the catalysing agent then there may be an option to use a different source. One option is Magnetite, this is a type of Iron Ore Fe3O4, there is an option to spike Coke with a varying quantify of Magnetite in order to replicate the effects. This is a project in itself and is justified by the shortfall of Coke that is produced compared to Blast Furnace consumption.








[bookmark: _Toc511736004]Summary of Recommendations
[bookmark: _Toc477766813][bookmark: _Toc478817631][bookmark: _Toc479158615][bookmark: _Toc511736079]Table 16 - Summary of recommendations
	Recommendation
	Justification and Purpose

	Discover source of Catalyst
	To ensure the cost saving of $30,000 per week can be achieved

	Early Devolatinisation with the TGA
	To further prove the concept of the catalyst.

	Investigate catalyst effects on the Gieseler plastic properties
	To gain a deeper understanding to how the catalyst works

	Effects on Gas Pressure
	To ensure the catalyst does not provide dangerous carbonisation conditions.

	Cross comparison at other Pilot Plants
	To validate the data provided at Port Talbot

	Scale up Testing on full scale Coke oven
	To quantify the effects of the catalyst in operation

	Alternative Materials as a catalyst
	To ensure the cost savings can be realised even if they are less than $30,000 per week.
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[bookmark: _Toc511736009]Appendix 3 – Data for Base Blend
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[bookmark: _Toc511736011]Appendix 5 – Data for Increased Soft Coal
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[bookmark: _Toc511736012]Appendix 6 – Data for Reducing the Carbonisation Time
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[bookmark: _Toc511736013]Appendix 7 – Data for Stamp Charge
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Breakdown of Project	
Equipment	Calibration	Health and Safety	Man Hours	55458	4305	950	16640	

Make Up of Coke Usage in BF4 and BF5 

Coke Usage	
Imported Road	Imported MV	Imported Rail	Morfa Coke	0.03	0.22	0.05	0.7	

Coke Suitability for BF Operations

Not Suitable	M40	M10	CSR	72	0	62	Suitable	M40	M10	CSR	28	10	38	Column1	M40	M10	CSR	90	



Desired Blend Characteristics

Non Coking	Moisture	Volatile	Ash	Swelling Button	5	22	0	5	Coking	Moisture	Volatile	Ash	Swelling Button	4	6	10	4	Non Coking2	Moisture	Volatile	Ash	Swelling Button	5	22	10	5	



Devolatinisation 

With Catalyst	60	90	120	150	180	210	240	270	300	330	360	390	420	4.8	13.8	21.5	22.1	23.6	24.2	24.1	23.7	24.4	23.7	24.3	24.3	23.9	Without Catalyst	60	90	120	150	180	210	240	270	300	330	360	390	420	6	12.8	22.3	22.7	24.1	24.6	24.6	24.5	24.7	24.1	24.9	24.8	24.5	Time (Seconds)


Volatile %





Base Blend

Base Blend	
Local Soft LV	Local Soft HV	US Hard HV	Australian MV	25	10	35	30	

Single Coal

Base Blend	
Australian MV	100	

Local Soft LV 50%

Local Soft LV	
Local Soft LV	Australian MV	50	50	

Local Soft HV 50%

Local Soft LV	
Local Soft HV	Australian MV	50	50	

Base Blend

Base Blend	
Local Soft LV	Local Soft HV	US Hard HV	Australian MV	25	10	35	30	

Base Blend

Base Blend	
Local Soft LV	Local Soft HV	US Hard HV	Australian MV	25	10	35	30	
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To be charged on:

Blend Name:

  Dry Input Kg

50.0

USA Hard Coal MV 0.00 8.20 0.00 0.00

USA Hard Coal HV 35.00 7.80 17.50 18.98

Russian Soft Coal LV 0.00 9.20 0.00 0.00

Australian Hard Coal MV 30.00 9.40 15.00 16.56

Indian Enigma HV 0.00 7.60 0.00 0.00

USA Hard Coal HV Type 2 0.00 8.10 0.00 0.00

USA Hard Coal MV Type 2 0.00 7.50 0.00 0.00

Local Soft Coal LV 25.00 6.20 12.50 13.33

Local Soft Coal HV 10.00 8.50 5.00 5.46

Tarred Miscellaneous 0.00 8.10 0.00 0.00

Canadian MV 0.00 8.30 0.00 0.00

Polish HV 0.00 7.20 0.00 0.00

Local Semi Soft LV 0.00 9.10 0.00 0.00

Total 100.0 8.09 50.0 54.3



Coal Input wet Kg  % In blend

moisture Of 

individual Coal 

%

Base Blend for Catalyst Trial
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Blend Name Volatile Moisture Swell Index Ash Coke Yield Kg Predicted Coke Yield Actual Coke Yield Difference CSR CRI M10 M40

Catalyst Trial Blend With Catalyst  #8 24.52 7.6 7.5 8.78 15.818 75.48 76.16 -0.68 59.5 26 7.02 76.02

Catalyst Trial Blend With Catalyst  #7 24.52 7.6 7.5 8.78 15.782 75.48 75.98 -0.50 60 24.9 6.66 76.52

Catalyst Trial Blend With Catalyst  #6 25.25 6.9 7 8.98 15.764 74.75 75.90 -1.15 61.44 25.1 7.58 77.4

Catalyst Trial Blend With Catalyst  #5 25.25 6.9 7 8.98 15.72 74.75 75.69 -0.94 61.33 24.98 6.88 77.76

Catalyst Trial Blend With Catalyst  #4 23.78 7.3 5.5 9.1 15.786 76.22 76.00 0.22 59 27.2 7.64 78.08

Catalyst Trial Blend With Catalyst  #3 23.78 7.3 5.5 9.1 15.748 76.22 75.82 0.40 58.1 27.1 7.94 78.64

Catalyst Trial Blend With Catalyst  #2 25.01 8.1 7 8.57 15.598 74.99 75.10 -0.11 56.3 26 7.16 80.06

Catalyst Trial Blend With Catalyst  #1 25.01 8.1 7 8.57 15.672 74.99 75.45 -0.46 57.6 25.9 6.5 77.84

Catalyst Trial Blend #4 23.16 6.8 7.5 8.72 15.926 76.84 76.68 0.16 58.6 25.1 7.36 76.44

Catalyst Trial Blend #3 25.02 7.1 7.5 9.7 15.576 74.98 74.99 -0.01 60.3 27 7.32 73.54

Catalyst Trial Blend #2 25.02 7.1 7.5 9.7 15.672 74.98 75.45 -0.47 56.9 26.8 8.28 73.88

Catalyst Trial Blend #1 25.42 7 7.5 9 15.268 74.58 73.51 1.07 58.7 25.2 7.38 75
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Blend Name Volatile Moisture Swell Index Ash Coke Yield Kg Predicted Coke Yield Actual Coke Yield Difference CSR CRI M10 M40

Australian MV With Catalyst #4 21.58 8.7 7.5 12.1 16.064 78.42 77.34 1.08 63.2 24 6.86 76.72

Australian MV With Catalyst #3 21.58 8.7 7.5 12.1 15.512 78.42 77.68 0.74 63 24.6 6.78 77.14

Australian MV With Catalyst #2 22.7 7.6 9 12.5 16.086 77.3 77.45 -0.15 59.5 25.6 7.04 77.42

Australian MV With Catalyst #1 22.7 7.6 9 12.5 15.392 77.3 77.11 0.19 59.1 25.8 7.66 78.54

Australian MV Without Catalyst #6 21.9 7.7 9 7.2 16.178 78.1 77.89 0.21 67.9 22.2 6.45 78.02

Australian MV Without Catalyst #5 21.9 7.7 9 7.2 16.162 78.1 77.81 0.29 68.1 22.3 6.7 79.3

Australian MV Without Catalyst #4 21.7 8.1 7.5 11.2 16.066 78.3 77.35 0.95 67.6 25.2 7.28 81.7

Australian MV Without Catalyst #3 21.7 8.1 7.5 11.2 15.93 78.3 76.70 1.60 64.4 24.9 7.3 83.78

Australian MV Without Catalyst #2 21.7 8.1 7.5 11.2 16.042 78.3 77.24 1.06 64.9 23.9 6.98 80.08

Australian MV Without Catalyst #1 21.7 8.1 7.5 11.2 15.994 78.3 77.01 1.29 66.8 22.9 7.12 81.02
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Blend Name Volatile Moisture Swell Index Ash Coke Yield Kg Predicted Coke Yield Actual Coke Yield Difference CSR CRI M10 M40

50/50 Local HV with Catalyst #2 29.5 8.3 4 12.5 14.518 70.5 69.90 0.60 36.7 45.6 9.04 68.62

50/50 Local HV with Catalyst #1 29.5 8.3 4 12.5 14.458 70.5 69.61 0.89 37.8 43.6 8.9 67.8

50/50 Local HV Without Catalyst #2 28.29 9.6 6 13.1 14.956 71.71 70.01 -0.30 36.7 47 8.16 70.84

50/50 Local HV Without Catalyst #1 28.29 9.6 6 13.1 15.25 71.71 70.42 1.29 37.7 44.4 8.76 71.78

Blend Name Volatile Moisture Swell Index Ash Coke Yield Kg Predicted Coke Yield Actual Coke Yield Difference CSR CRI M10 M40

50/50 Local LV With Catalyst #2 18.73 6.6 5 11.9 16.526 81.27 79.57 1.70 62.3 22.2 7.12 77.28

50/50 Local LV With Catalyst #1 18.73 6.6 5 11.9 15.448 81.27 79.38 1.89 64.7 21.6 8 76.12

50/50 Local LV Without Catalyst #2 18.41 6.2 5.5 11.69 14.732 81.59 80.93 0.66 63 22 8.02 74.26

50/50 Local LV Without Catalyst #1 18.41 6.2 5.5 11.69 14.732 81.59 80.93 0.66 61.1 23.8 9.44 75.52
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Blend Name Volatile Moisture Swell Index Ash Coke Yield Kg Predicted Coke Yield Actual Coke Yield Difference CSR CRI M10 M40

16 hour with Catalyst #2 24.44 6.4 7 9.95 15.562 75.56 74.93 0.63 58.8 26.7 6.04 77.74

16 hour with Catalyst #1 24.44 6.4 7 9.95 15.59 75.56 75.06 0.50 60.3 25.7 6.7 76.06

18 hour with Catalyst #1 24.31 7.3 7 10.54 15.658 75.69 75.39 0.30 61.6 28.2 7.8 79.76

18 hour with Catalyst #2 24.31 7.3 7 10.54 15.78 75.69 75.97 -0.28 60.6 26 7.14 78.26

20 Hour with Catalyst #1 24.37 6.8 7 10.44 15.378 75.63 74.04 1.59 60.3 25.7 7.82 77.84

20 Hour with Catalyst #2 24.37 6.8 7 10.44 14.226 75.63 73.82 1.81 58.8 26.2 7.96 80.52

22 Hour with Catalyst #2 24.76 6.8 8 10.79 15.21 75.24 74.23 1.01 61.9 26.5 9.54 77.66

22 Hour with Catalyst #1 24.76 6.8 8 10.79 15.2 75.24 74.18 1.06 63.4 24.4 8.22 78.1

Catalyst Trial Blend With Catalyst  #4 23.78 7.3 5.5 9.1 15.786 76.22 76.00 0.22 59 27.2 7.64 78.08

Catalyst Trial Blend With Catalyst  #3 23.78 7.3 5.5 9.1 15.748 76.22 75.82 0.40 58.1 27.1 7.94 78.64

Catalyst Trial Blend With Catalyst  #2 25.01 8.1 7 8.57 15.598 74.99 75.10 -0.11 56.3 26 7.16 80.06

Catalyst Trial Blend With Catalyst  #1 25.01 8.1 7 8.57 15.672 74.99 75.45 -0.46 57.6 25.9 6.5 77.84
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Blend Name Volatile Moisture Swell Index Ash Coke Yield Kg Predicted Coke Yield Actual Coke Yield Difference CSR CRI M10 M40

STAMP CHARGE With Catalyst #4 24.15 6.9 7.5 10.81 13.248 75.85 75.13 0.72 58.2 27.2 7.34 77.46

STAMP CHARGE With Catalyst #3 24.15 6.9 7.5 10.81 15.138 75.85 74.88 0.97 58.1 27.1 7.5 77.72

STAMP CHARGE With Catalyst #1 24.91 7.5 7 10.17 15.41 75.09 74.19 0.90 59.5 26.3 7.52 77.63

STAMP CHARGE With Catalyst #1 24.91 7.5 7 10.17 15.41 75.09 74.19 0.90 59.5 26.3 7.52 77.74

Catalyst Trial Blend (Without Catalyst 15g) #8 24.52 7.6 7.5 8.78 15.818 75.48 76.16 -0.68 59.5 26 7.02 76.02

Catalyst Trial Blend (Without Catalyst 15g) #7 24.52 7.6 7.5 8.78 15.782 75.48 75.98 -0.50 60 24.9 6.66 76.52

Catalyst Trial Blend (Without Catalyst 15g) #6 25.25 6.9 7 8.98 15.764 74.75 75.90 -1.15 61.44 25.1 7.58 75.4

Catalyst Trial Blend (Without Catalyst 15g) #5 25.25 6.9 7 8.98 15.72 74.75 75.69 -0.94 61.33 24.98 6.88 77.76

Catalyst Trial Blend (Without Catalyst 15g) #4 23.78 7.3 5.5 9.1 15.786 76.22 76.00 0.22 59 27.2 7.64 78.08

Catalyst Trial Blend (Without Catalyst 15g) #3 23.78 7.3 5.5 9.1 15.748 76.22 75.82 0.40 58.1 27.1 7.94 78.64

Catalyst Trial Blend (Without Catalyst 15g) #2 25.01 8.1 7 8.57 15.598 74.99 75.10 -0.11 56.3 26 7.16 80.06

Catalyst Trial Blend (Without Catalyst 15g) #1 25.01 8.1 7 8.57 15.672 74.99 75.45 -0.46 57.6 25.9 6.5 76.84
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Project Name / Goal Reference : 

Status: Green

Benefits

Y Y

Y Y

Y Y

Y Y

Y Y

Y Y

Y Y

Y Y

Y Y

Y Y

Timeline Planning

Overall Status:

N/A

What Who Task ID Comments Status

Short Term Tasks - Weeks

4849505152 1 2 3 4 5 6 7 8 9 101112

Analyse the Catalyst for Proximate Analysis JL Y N

A glass bead of the catalyst was made up and 

tested it on the XRF. Results have been 

recorded.

Green

Analyse the catalyst using the XRF to determine oxide composition JL Y Y

A glass bead of the catalyst was made up and 

tested it on the XRF. Results have been 

recorded.

Green

Arrange Water Soluble Anion Testing of the Catalyst JL Y Y

Water Soluble Anions have been completed on 

this sample

Green

Arrange to Analyse material using SEM of the Catalyst JL Y Y

SEM Analysis has been complete. SPINEL Found 

requires follow up

Amber

Sample "Activated Carbon" To determine Relationship with Catalyst MR Y Has been sampled and submitted to the labs Green

Analyse Activated Carbon GRD Y Y

Not enough sample for XRF Required to get 

more

Amber

Sample "Pitch" To determine Relationship with Catalyst MR Y To be Sampled Week 50 Green

Analyse Pitch GRD Y Y Required once sampled Green

Arrange to use XRD instrument with Gareth Davies for qualatitive 

analysis on Catalyst Composition

JL Y Y Y

Gareth has been sent a sample of the catalyst 

and has been analysed. Results have been 

recorded

Green

Investigate claims that catalyst promotes early devolatinisation of 

coke and coal 

TM Y Y

The devolatinisation test has been carried out 

and the results have been reccorded. Requires a 

retest

Amber

Produce Base Blends (Morfa Blends) for Effect on Normal Production MR Y Y Y

This has been complete will analyse results at 

the end

Green

Produce Single Coal Blends for Effect on Single Coal - Australian Mid 

Volatile

MR Y Y Y Half way through the testing program Green

Produce increase local soft coal blends  MR Y Y Y Not yet sampled Green

Produce Base Blends (Morfa Blends) for reducing Coking Time MR Y Y Y Y Not yet prepared but on track Green

Produce Base Blends for Stamp Charging MR Y Y Not yet prepared but on track Green

Analyse Data  JL Y Y Y

Gathering data at present will analyse once 

obtained

Green

Determine Spinel Effect on Carbonization Catalysis PD Y Y Y Y Enigma and difficult to understand Amber

Longer Term Tasks - Months

Octob

Nove

Dece

Janu

Febru

MarcApril

May

June

July

AuguSepte

Arrange visit to sister plant in Ijmuiden to Benchmark Operations JL, CP, MR Y Y Y Y

Literature Review to determine Best Coals to Practice with JL Y Y Y Y Y Y Y

Write Major Report JL Y Y Y Y Y Y Y



Benefits KPI

March-14

End:

Julian Owens

Tom Jefferies

Start:



Jack Novak

Michael Roosmalen

Courteney Peart

Carl Greenslade

Craig Williams

Project Status:

Green P Barnes

Reducing coking time by approx. 2 hours

To improve efficiency in the coking process

Improving supply and demand

John Lewis

Sponsor:

Team Members

Proximate Analysis

Evaluating the Effectiveness of a Catalyst Thermact MT in 

Improving Coke Making using the 25Kg Pilot Oven

John Lewis

Blend Making

Thermact MT

What's out

Quantitative Analysis 

Dept. 

What's in

Pilot Oven Operation

Owner:

Taylor Morgan

Effect on By-Products production

Technical



To investigate claims that Thermact MT improves quality of coke, 

reduction in carbonisation time and allows increase of non prime 

coal using the 25kg Pilot Oven.

Qualitative Analysis 

Objectives Scope

Potential to increase coke output 

Lawrence Tuckett
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KPI 1

N/A

KPI 2

N/A

KPI 2

N/A

KPI 3

N/A

Achievements

Concerns (ambers and reds)

Retest Required of Early Devolatinisation. Results do not show any significant difference

 Determination of Spinel raises the question. What Effect does it have on catalysing the blend 

More Ash required of Activated carbon for XRF Analysis

Changes to agreed plan/Reason

Who 

authorised 

change

Date

Flash Report for the Week (output of the review meetings)

The catalyst has been analysed on its own for vol, ash and swell. Results have been recorded.

A glass bead of the catalyst was made up and tested it on the XRF. Results have been recorded.

Water Soluble Anions have been completed 

Evaluating the Effectiveness of a Catalyst Thermact MT in Improving Coke Making using the 25Kg Pilot Oven
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Table 1 — Criteria for multiple determinations (CRI)

Range 1, 121
Rt A B <
<10 - — -

S1020 20 25 27

>20<30 25 32 35

>30%40 30 30 5

>40<60 35 50 55
>60 - - =

) Given two results
— Ifrange 1¥; - X1 < A, average the two results.

— Ifrange 1¥1 ~ X1 > A and range [X1 ~ X < B, perform a third test.

— Ifrange 1X; - X| > B, perform two more tests.

b)  Given three results

— If X{max) ~ Xuix) < B, average the three results.

— IF X{max) - Xmin) > B. perform a fourth test.

9 Given four results

— IF X{max) ~ Xguin) < C, average the four results.

— If X(nax) = X(uin) > C, discard X(max) and X(ir) and average the remaining two results.

The mean index shall be rounded offto the first decimal place.
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Table 2 — Criteria for multiple determinations (CSR)

Range 1%, - X2
R A B c
>80 - - =
7080 20 25 27
60570 25 52 35
5060 50 40 45
53050 35 50 55
=0 - = =

) Giventwo results
— Ifrange [X] - X1 < A, average the two results.

— Ifrange |1 -~ X2 > A and range |X1 - X1 < B, perform a third test.

— Ifrange |X) - X, > B, perform two more tests.

b)  Given three results

— IF X(max) - X(mir) < B, average the three results.

— IF X(max) ~ X(mir) > B, perform a fourth test.

9 Given four results

— IF X{max) ~ X(mir) < C, average the four results.

— IF X(max) ~ X(min) > C, discard X(may) and Xmin) and average the remaining two results.

The mean index shall be rounded off to the first decimal place.
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Figure 27 CRI Uncertainties (S ISO, 1990)
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Blend Name CSR CRI M10 M40

Catalyst Trial Blend With Catalyst  #8 59.5 26 7.02 76.02

Catalyst Trial Blend With Catalyst  #7 60 24.9 6.66 76.52

Catalyst Trial Blend With Catalyst  #6 61.44 25.1 7.58 77.4

Catalyst Trial Blend With Catalyst  #5 61.33 24.98 6.88 77.76

Catalyst Trial Blend With Catalyst  #4 59 27.2 7.64 78.08

Catalyst Trial Blend With Catalyst  #3 58.1 27.1 7.94 78.64

Catalyst Trial Blend With Catalyst  #2 56.3 26 7.16 80.06

Catalyst Trial Blend With Catalyst  #1 57.6 25.9 6.5 77.84

Catalyst Trial Blend #4 58.6 25.1 7.36 76.44

Catalyst Trial Blend #3 60.3 27 7.32 73.54

Catalyst Trial Blend #2 56.9 26.8 8.28 73.88

Catalyst Trial Blend #1 58.7 25.2 7.38 75
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Blend Name CSR CRI M10 M40

Australian MV With Catalyst #4 63.2 24 6.86 76.72

Australian MV With Catalyst #3 63 24.6 6.78 77.14

Australian MV With Catalyst #2 59.5 25.6 7.04 77.42

Australian MV With Catalyst #1 59.1 25.8 7.66 78.54

Australian MV Without Catalyst #6 67.9 22.2 6.45 78.02

Australian MV Without Catalyst #5 68.1 22.3 6.7 79.3

Australian MV Without Catalyst #4 67.6 25.2 7.28 81.7

Australian MV Without Catalyst #3 64.4 24.9 7.3 83.78

Australian MV Without Catalyst #2 64.9 23.9 6.98 80.08

Australian MV Without Catalyst #1 66.8 22.9 7.12 81.02
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Blend Name CSR CRI M10 M40

50/50 Local LV With Catalyst #2 62.3 22.2 7.12 77.28

50/50 Local LV With Catalyst #1 64.7 21.6 8 76.12

50/50 Local LV Without Catalyst #2 63 22 8.02 74.26

50/50 Local LV Without Catalyst #1 61.1 23.8 9.44 75.52
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Blend Name CSR CRI M10 M40

50/50 Local HV with Catalyst #2 36.7 45.6 9.04 68.62

50/50 Local HV with Catalyst #1 37.8 43.6 8.9 67.8

50/50 Local HV Without Catalyst #2 36.7 47 8.16 70.84

50/50 Local HV Without Catalyst #1 37.7 44.4 8.76 71.78
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Blend Name CSR CRI M10 M40

16 hour with Catalyst #2 58.8 26.7 6.04 77.74

16 hour with Catalyst #1 60.3 25.7 6.7 76.06

18 hour with Catalyst #1 61.6 28.2 7.8 79.76

18 hour with Catalyst #2 60.6 26 7.14 78.26

20 Hour with Catalyst #1 60.3 25.7 7.82 77.84

20 Hour with Catalyst #2 58.8 26.2 7.96 80.52

22 Hour with Catalyst #2 61.9 26.5 9.54 77.66

22 Hour with Catalyst #1 63.4 24.4 8.22 78.1

Catalyst Trial Blend With Catalyst  #4 59 27.2 7.64 78.08

Catalyst Trial Blend With Catalyst  #3 58.1 27.1 7.94 78.64

Catalyst Trial Blend With Catalyst  #2 56.3 26 7.16 80.06

Catalyst Trial Blend With Catalyst  #1 57.6 25.9 6.5 77.84
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Blend Name CSR CRI M10 M40

STAMP CHARGE With Catalyst #4 58.2 27.2 7.34 77.46

STAMP CHARGE With Catalyst #3 58.1 27.1 7.5 77.72

STAMP CHARGE With Catalyst #1 59.5 26.3 7.52 77.63

STAMP CHARGE With Catalyst #1 59.5 26.3 7.52 77.74

Catalyst Trial Blend (Without Catalyst 15g) #8 59.5 26 7.02 76.02

Catalyst Trial Blend (Without Catalyst 15g) #7 60 24.9 6.66 76.52

Catalyst Trial Blend (Without Catalyst 15g) #6 61.44 25.1 7.58 75.4

Catalyst Trial Blend (Without Catalyst 15g) #5 61.33 24.98 6.88 77.76

Catalyst Trial Blend (Without Catalyst 15g) #4 59 27.2 7.64 78.08

Catalyst Trial Blend (Without Catalyst 15g) #3 58.1 27.1 7.94 78.64

Catalyst Trial Blend (Without Catalyst 15g) #2 56.3 26 7.16 80.06

Catalyst Trial Blend (Without Catalyst 15g) #1 57.6 25.9 6.5 76.84
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