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Abstract

This report attempts to identify opportunities that may improve the efficiency of a continuous
chemical process which uses equipment that consumes Natural Gas. The primary reason for this topic
was to establish financial savings which may defend profit margins against the rise of fixed costs
associated with manufacturing, helping to ensure the longevity of the division. However, the decline
of the Steel Industry in South Wales soon provoked a realisation that a business can no longer rely on
profitability for longevity but, must also consider the impact it has on the Environment, this reassured
the author that the topic selected was appropriate.

The ‘Research and Literature survey’ of this report focuses on a subject matter that is relevant to the
topic and, was used to learn the function of each process step as well as their chemical kinetics. In
doing so, provided the knowledge for when using a suite of continuous improvement tools to identify
that; a deficiency in Sulphur may be the cause of this reports problem statement.

Analytical method were used to estimate the current proportion of Sulphur added to a Hydrogen
Reduction process then, samples taken to perform laboratory experiments to find the actual quantity
of Sulphur. Our results were inconclusive because we deemed our sampling plan flawed however, we
observed a consistently higher percentage of Sulphur to that of the value calculated using the
analytical method.

Our further work shall involve the implementation of a process sampling plan in contrast to the
population sample plan that this report has employed and, we shall also pursue further investigations
which shall be based on our results that; have indicated that there may exist a relationship between
the pH level of an additive used to deliver Sulphur into the process and, the effectiveness of the
Hydrogen reduction process.
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1. Introduction

The conflict between Russia and Ukraine expossed the UK’s vunrability for relying on an imported
Natural Gas supply, as sanctions were impossed on Russia global demand for the commodity rose.
During 2022 and 2023 the wholesale cost of Natural Gas in the United Kingdom increased by 404%
(Jackman, 2023), inflating the fixed cost’s associated with manufacturing processes, placing the UK’s
manufacturing sector at a disadvantage to their forign competitors. Vale’s operations in Clydach were
subject to this very scenario, with processes that used large volumes of Natural Gas for steam
reforming into Hydrogen and, as fuel to heat furnaces that were required through-out their
manufacturing process.

The increase to fixed costs led to intensified internal competition with Vale’s Copper Cliff Nickel
refinery in Ontario, Canada.The competition was based on who could produce a Nickel product which
had the largest profit margin, the price would be; which refinery received the Nickel Oxide mined in
Indonesia. Historically, the refinery in Clydach would produce a premium product which could be used
for specialist application such as Nickel alloys, Stainless Steel and Electric Vehicle batteries (Dalling,
2019). Nevertheless, during this period the refinery in Ontario had significantly lower fixed costs, with
a comparisson showing that Canadian business consumers pay 72% less for their Natural Gas than
their UK peers (GlobalPetrolPrices.com, 2023), with the extra operational costs imposed on the
Clydach refinery being absorbed by the premium product’s profit margin. This scenario awoke the
realisation that if a healthy profit margin could not be maintained the benefit of the organisations
refining Nickel in the UK would be lost, although the cost of Natural Gas has since stabilised in the UK,
the devision of the organisation remain steadfast in finding reduction to their Natural Gas usage.

The initial stages of this project coinsided with the anouncement from TATA Steel that they were to
close their steel production facility in Port Talbot, it was reported that the Indian owned company no
longer believed that producing steel using an environmentally unfriendly method was sustainable
(Pigott & Price, 2024), this prompted the leadership team at Clydach’s refinery to refelect on their
Environmental, Social and Governance (ESG) policy, leading to a further endorsement of initiatives
which could demonstrate a continuous improvement regime that was not limited by increasing
profitability by lowering resource waste but, also considers the impact that it’s business has on the
environment. Fulfilling Vale’s ethical obligations to the environment would provide economic benefit
in the form investment from stakeholders who require assurance that their funds would be secure,
evidence of this would be provided with certification from an international quality standard such as
ISO14001 (Law & Your Environment, 2024). A standard such as this requires a company to provide
evidence of its consideration to the impact it has on the environment this, provides confidence to a
potential investor that the business they are about to invest in is focused on long term goals which
ensure its sustainability (Nutburn, 2024).

It was for the longevity and environmental sustainability of the business the author wanted to solve a
problem which may reduce the consumption of Natural Gas at the refinery hence, a request was made
to each of the refineries department managers for information that they may have relating to
excessive Natural Gas expenditures. a Technologist responded, informing of a substantial discrepancy
of Natural Gas consumption between two seemingly identical Natural Gas furnaces which, had been
prominent for a considerable period but, could not be explained. Each of the Natural Gas furnace are
known as; Born Heater 1; Born Heater 2 and, were located within the Reduction and Activation step
of Kiln Line 1 and Kiln line 2. The descriptive element of both names relative to the manufacturer of
the furnace, the identification number relative to the Kiln line of which, it is associated.
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1.1. Aims & Objectives

The aim of this report shall be to identify a means to reduce the fixed costs of production by reducing
Natural Gas consumption of Born Heater 2 and therefore, reduce impact to the environment. We shall
endeavour to complete the following objectives to achieve our aim.

Familiarisation with the process.

Research Theory of the process.

Interview process owner, Team Leaders and Operators.
Define Project Scope.

Compile and analyse data.

Suggest Improvements.

YVVVYVVY
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2. Timing Plan

We have used the DMAIC model of Six Sigma to provide a framework for this project therefore, we
have used each phase of the acronym; Define, Measure, Analyse, Improve, Control, as milestones for
our project time line. It can be seen from our project plan which, has been illustrated in Figure 1 as a
Microsoft Excel Gannt Chart, that a milestone is achieved once specific and measurable tasks have
been completed. It was important to the author that the timing plan was not restricted to achieving
the goals specific to this project but, also included goals associated to their personal, academic and
professional circumstances, it can be seen in Figure 1 that time allowances are made for assignment
deadlines and, exam preparation. We were mindful to integrate milestones from the Kiln 2
production plan because of an impending outage during which, the process would be isolated for six
weeks to allow equipment maintenance.

We have been mindful from the outset that; if potential process improvements were identified,
implementing a change to a process which contains hazardous materials would be protracted,
therefore, the time allowed for the Improve and Control phases of DMAIC are suggestive rather than
applied.

Our original project plan was optimistic with determining durations for milestone, we believe this to
be a product of the authors inexperience of the process that they were studying because, as their
knowledge grew so too, did the number of potential causations.

On reflection of the projects actual timeline, we concede that delays were incurred because of
obstacles which were not considered or, could not have been foreseen. One such deviation was
created by the availability of a Hydrogen purity analyser. It was identified during our research phase
that there was potential for warm Hydrogen gas which, exited Kiln 2 Born Heater, to become poisoned
with Nitrogen this may have had a cooling affect and, may have hindered the effectiveness of the
Hydrogen reduction processing of TNOS. After consultation with Vale’s Technical team, a planned was
drawn to analyse the process gas after the point of potential poisoning however, the analyser which
was intended to be used was damaged beyond repair with the lead time for a replacement being
longer than this project’s deadline. The fluidity of this projects timeline has been a prominent reason
why the author has been able to overcome obstacles of this ilk.
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project
Identify evidence to support project COMPLETE
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Diagram (PID)
Study Process User Manual for reduction circuit COMPLETE
Study how the mond process works COMPLETE
Create a process map and SIPOC COMPLETE
Study the origins of all inputs into the system COMPLETE
Study Control Philosophy of Born Heater COMPLETE
Measurement COMPLETE
Create data collection plan COMPLETE
Collect data COMPLETE
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collate findings to date COMPLETE
Decide on next steps COMPLETE
Create Presentation COMPLETE
COMPLETE
Analyse COMPLETE
Compile data COMPLETE
Analyse data COMPLETE
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Improve COMPLETE
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Potential Trial
Analyse data COMPLETE
Decide on next steps COMPLETE
Technical Report
Poster NOT STARTED
Final VIVA NOT STARTED

Figure 1, Gantt Chart of Project Milestones
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3. Research & Literature Survey

3.1. The Process at Clydach

Nickel products are categorised as either Class | or Class Il according to the Nickel purity of the product.
Class | products have a greater than or equal to 99.8% Nickel content and, at the time of writing can
be sold at the London Metal exchange (LME) for $16230.00 USD per Tonne (LME, 2024). A market
exists for a premium product which facilitate bespoke manufacturing process, chemicals used to
produce the premium product are confidential because of its substantial markup.

The Mond Process has been used at Clydach to refine raw material into Class | products, since 1902
when it was founded by the German chemist; Ludwig Mond (Vale Europe Ltd., 2024). The refinery has
evolved over its many years and has transformed from batch manufacturing to continuous
manufacturing which enabled constant chemical processing. The Continuous process has been
distributed amongst three plant areas; the Process Gas Plant, primarily used to reform Natural gas
into hydrogen; the Process Extraction Plant used to extracts Nickel in a gaseous form from the raw
material; the Process Manufacturing Plant, used to process gas into the final product which is a raw
material for Stainless Steel and Electric Vehicle (EV) batteries manufacturing.

Our topic for this report shall be located within the Process Extraction Plant, an area that has two
identical continuous process lines which, operate in parallel by using common inputs and producing a
common output that is exported into the Process Manufacturing Plant. The process lines are
identified as Kiln Line 1 and Kiln Line 2 of which, each has a series of four kilns; The reduction Kiln; The
Activation Kiln; The Volatilisation Kiln; The Stabilisation Kiln, all interconnected with a network of
pipework, conveyors, and elevators (Vale Europe Ltd., 2023). The process of each kiln has been divided
into two steps; the Reduction and Activation Step, it includes the Reduction and Activation Kiln; the
Volatilisation Step includes the Volatilisation and stabilisation Kiln, they are defined so, according to
the primary gas which they use; Hydrogen gas in the Reduction & Activation Step; Carbon Monoxide
used in the Volatilisation Step.

3.2. The Reduction & Activation Step

Clydach receives 879,000 tonnes of double roasted Nickel Oxide (TNOS) from a refinery in Matsuzaka
near Tokyo every year, it’s chemical composition comprises of; 75.9% Nickel (Ni); 20.5% Oxygen (0);
1.29% Carbon Monoxide (Co); 0.49% Iron (Fe); 0.13% Copper (Cu); 0.005% Sulphur (S). The material is
delivered to the refinery in one tonne bags which, are conveyed into silos where they are stored until
required. Demand is determined by the Integrated Business Planner (IBP) who dictates the feed rate
at which the process operates, this can vary from 2 to 4 Tonnes per hour (Jones, 2024). When required,
the material is discharged from a silo onto belt conveyors which deliver their payload to a storage
vessel located on Kiln Line 1 or, a storage vessel located on Kiln 2.

An Additive, Nickel Sulphate Hexahydrate (NiSO,.6H,0), is blended with TNOS before it enters the
reduction kiln, this was to introduce Sulphur into the process which, increases the rate of reduction
(Oswa, et al., 2008). Bluestone and Umicore manufacture NiS0,.6H,0 for the refinery, having two
vendors safeguards the process if, one manufacturer could no longer produce their product
(Ebeneezer, 2024), each consignment of compound is chemically identically and, delivered with a
certificate of conformity. A consignment consists of 22 sealed one tonne bags at a cost of £3430, are
delivered to the refinery and stored in a warehouse. At the beginning of shift, a process operator will
take eight one tonne bags from the warehouse to; the Nickel Sulphate Preparation Plant where, their
content will be transferred to a Link-bin. A Link-bin provides a safe method of dispensing the
compound into a storage vessel located on Kiln Line 1 or, a storage vessel located on Kiln Line 2. Whilst,
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a Link-bin awaits transfer to a storage vessel, it is held in one of two holding area’s; the first, for
NiSO,.6H,0 manufactured by Bluestone the second, manufactured by Umicore. It is believed by
Ebeneezer (2024), that the purpose of segregation was to ensure that the NiS0,.6H,0 fed into each
kiln remains consistant however, we find contradiction when we review a process data log which,
informs of various periods when the NiSO,.6H,0 manuafactured by both vendors have been used
on one kiln line (Vale Europe Ltd., 2024).

Each material stored in their associated storage vessels located on Kiln Line 2 are discharged into
weigh hoppers which create batches of TNOS and NiS0,.6H,0 in accordance to wieght. The TNOS
weigh hopper discharges into a rotary valve which feeds into a rotary screw conveyor, the speed of
both are variable and controlled by a Variable Speed Drive (VSD), this is programmed to alter the speed
of the rotary valve and conveyor in accordance with an hourly feed rate the process operator decides
to select. Likewise, the NiSO,.6H,0 weigh hopper discharges into a rotary valve and rotary screw
conveyor, the speed of which is controlled by a VSD that is unrelated to the aforementioned VSD but,
is also controlled by the process operator selecting an appropriate hourly feed rate. When the
NiS0,.6H,0 reaches the end of the rotary screw conveyor, the materials drops into a discharge pipe
which enters into the top of the TNOS rotary screw conveyor where, both materials are blended
together.

At the end of the TNOS rotary screw convey the blended material falls into the boot of a bucket
elevator then, lifted up to the top of the process where, it is allowed to fall through various seal
hoppers that have been designed to prevent the escape of Hydrogen gas as the material moves closer
to the Reduction Kiln. Once inside the Reduction Kiln, the material is conveyed through the 35m long
rotating vessel at a speed dictated by the kilns rotational speed and it’s 3° horizontal decline. The kiln’s
Internal mild steel scoops agitate the material, exposing as much of its surface area to the warm
Hydrogen gas during the 48 hour incubation period. The reduced material leaves the Reduction Kiln
via a rotary valve and drops into the Activation Kiln.

Whilst in the Reduction Kiln, the blended material is enveloped by Hydrogen which flows through the
4m diameter kiln in the opposite direction to the flow of material then, exits via an outlet located near
the inlet of which the blended material enters. The Hydrogen gas is heated as it flows through a Born
Heater which, has a radiant zone where four stainless steel tubes, each with a diameter of 100mm
which, provide a conduit for Hydrogen gas to flow. The tubes pass through the radiant zone of the
Born Heater seven times, allowing the gas within sufficient time to be heated. Three combustion
burners provide heat to the Radiant Zone by burning Natural Gas in the presence of a naturally induced
flow of air which enters at the bottom of the combustion chamber. The temperature is set by a Process
Operator in a Digital Control System (DCS) which can range of 420°C and 530°C, this provides a set-
point for instrumentation embedded within a closed-loop control system to achive and maintain. If
the temperature is not maintained a thermocoupler will detect the deviating process varible and,
inform the DCS of the error, a controller would adjusts a 4-20 mA signal to a ‘Current to Pressure’
converter, applying a proportional 3-15 psi response of instrument air to a valve positioner, which
would adjusts the amount of Natural Gas flowing into the combustion units of the three burners ergo,
controlling the temperature of Hydrogen Gas entering the process.

When the blended material enters the Activation Kiln, a rotating vessel that has a length of 20m and
a diameter of 2m, it moves in the same manner as it does in the Reduction Kiln but, has a shorter
incubation period of 8 hours (Bevan, 2024). During its transition through the kiln the material is again
agitated and exposed to a flow of Sulphur Dioxide (S02) and Hydrogen which both flow in the same
direction that the material is travelling in. This, according to Vale Europe Ltd. (2023), produces a
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Sulphide within the material which enhances Nickel extraction in the following Volatilisation Step
however, Vale Europe Ltd. (2023), confesses that the exact mechanism of this reaction is unknown.

We can see in Figure 2, a block diagram that identifies the necessary inputs and, corresponding by-
products, of the Reduction and Activation step, Figure 3 simplifies further by illustrating the main
process flow, excluding inputs and outputs associated with sub-processes. The product of this
process is a material that has a Nickel content greater than 89% which, is then able to be processed
in the following Volatilization step.

Caustic
Inert Hydrogen Water Suphur Soda
Nitrogen Fud Gas Diaxide Ukilities

il

Blended Feed REDUCI Activated
B« FIMW Feedng Step NGAND Reduced Mette

ACTIVATING
—> STEP —>

! !

Purge Gases ToStack Flue Gas To Amosphere

Spent NaOH To Drain Methane-Rich Hydragen To Inanerator

Y
Kilnheads Exhaust To Atmosphere v Waste Water To Bfluent

Sury To Effiuent

Figure 2, Inputs and outputs of Reduction and Activation Step (Vale Europe Ltd., 2023)
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Figure 3, Process Flow up to and, including the Reduction & Activation Step
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3.3. Theory of the Reduction Process

The Reduction Kiln’s function is to remove Oxygen from Nickel Oxide, it achieves this by using the
Hydrogen Reduction Process (REDOX), an established method that provokes a reaction between
Oxygen atoms embedded in the lattice structure of a metal oxide molecule and, the atoms of heated
Hydrogen gas. The result of the reaction is the formation of gaseous water molecules which, are
carried away in the direction of flowing Hydrogen. Hydrogen gas is used for its notable characteristics
as a reducing agent because it is eager to shed it’s only electron that orbits in its most outer shell so,
that the element may become a noble gas (Science Notes, 2024). Hydrogen is adsorbed onto the
surface of the NiO molecule where it’s electron is transferred to Oxygen at the solid-gas interface
causing the transformed Hydrogen proton to have an electropositive charge this, creates an amenable
condition allowing a polar covalent bond to form between a pair of electrons from an Oxygen atom
which, has an electronegative charge that would be created by receiving the Hydrogen atoms
disassociated electron (Brown, 2015). A Hydrogen atom has two vacancies in its valence shell that
allows for a bond to be formed with another Oxygen atom, this reaction forms a water (H,0) molecule
(Averill & Eldredge, 2012).

Affective Migration of Oxygen atoms from the TNOS compound is subject to; type and concentration
of the reduction gas used, reaction temperature, time exposed to the reduction gas, porosity of the
particle and surface area (Plascenia & Utigard, 2009), furthermore, Lee & min (2019), find coralation
between smaller particle size and a decrease in the required reduction temperature.

Quality of the Reduction process is determined by the Nickel verses Nickel Oxide ratio of a processed
particle and, a processed particle’s Specific Surface Area (SSA). The Nickel verses Nickel Oxide ratio
strives to achieve a less than 2% Nickel Oxide (Unreduced) value, this ensures the material introduced
to the Volatilisation step is of a high Nickel content and, is able to be processed which, mitigates
processing costs that do not produce a yield. A high SSA value enables a high Nickel extraction rate
from a Nickel particle whilst in the Volatilisation step (Vale Europe Ltd., 2023) therefore, maximising
production yield.

Producing a quality product during the Hydrogen reduction process requires the correct process
conditions and chemical components for the necessary reactions to take place. The work by Moore
(2015), on effects of the addition of NiSO,.6H,0 to Nickel Oxide prior to the material entering the
process, explains that there are variables which need to be consider to ensure that unreduced Nickel
Oxide is limited and, that SSA are maximised. He informs us of the following variables which need to
be considered; ratio of NiSO,. 6H,0 to TNOS; impurities in both NiSO,. 6H,0 and TNOS; temperature
of process; duration exposed to process; Hydrogen flow rate; purity of Hydrogen, Lascelles (2004),
investigation into an alternative source of nickel sulphate for the kiln plant, also recognised that the
addition of NiS0,.6H,0 caused modification to the pore structure of the Nickel molecule because of
the higher rate of reduction (Lascelles, 1986), this positively influences Nickel extraction rates in the
Volatilisation Step due to the increase of specific surface area. NiS0,.6H,0 facilitate migration of
Oxygen atoms from Nickel molecules by coating a layer of Sulphur onto the surface of a Nickel Oxide
molecule. To do so, NiS0,.6H,0 is decomposed at a temperature greater than 100°C which causes
the ionic bonds of the compound to ruptured allowing the required sulphur to be liberated (National
Library of Medicine, 2024).

It is the consensus of Foran (2014) and Moore (2015), that the ideal ratio of Nickel Sulphate
Hexahydrate should introduce a 0.4% proportion of Sulphur for the total combined mass of the
blended feed that is to be processed, at this ratio they conclude that reduction temperature, residence
time, and the probability of material sintering shall be reduced.
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3.4. Theory of the Activation Process

As aforementioned, Vale Europe Ltd. (2023), knows little of the reaction between Ni, H,, and SO,
which happens in the Activation Kiln but, they state with a large degree of certainty what they believe
to be the product of the following reaction.

“ Nickel + Sulphur Dioxide + Hydrogen = Sulphided Nickel + Water” (Vale Europe Ltd., 2023)

A paper investigating the recovery of SO, in the atmosphere, provides education of how this reaction
may occur by informing that the Nickel particals in the material may act as a catalyst. According to Lu,
et al. (2021), Nickel Phosphate is a catalyst for the hydrogenation of SO, creating Hydrogen Sulfide
(H2S), and based on the work by Zhang, et al. (2019), expossing pure Nickel to H,S will lead to the
poisoning of Nickel with Sulphur resulting in a Sulphided Nickel product. If using a Nickel based catalyst
to hydrogenate SO,, efficincy of the process will depend on the morphology of the catalyst and the
temperature of which the process has been exposed to, Lu, et al. (2021), says that this should be in
the range of 200°C - 300°C, however they also report that a metal-free phosphate mesoporous silica
catalyst can be used to improve performance if temperature is below 200°C. Sulphur poisoning of pure
Nickel takes place when H,S molecules are adsorbed onto active sites on the surface of Nickel partical
with a weak bond forming between a Sulphur atom and the Nickel atoms. The activation energy of
bonds are greater than that of the bonds between a Sulphur atom and the Hydrogen atoms of a H,S
molecule resuling in their fracture and the decompossition of the H,S molecule (Zhang, et al., 2019).

It is assummed that the intention of the process is to prevent liberated Oxygen atoms, a by-product
of the formation of H,S, from re-oxidising the pure Nickel product by bonding them with Hydrogen
atoms recently liberated from H,S molecules to form water vapour which can be removed from the
process in a condensation column external to the Activation Kiln. For this to be effective the abient
temperature, which will provide the activation energy needs to be above 300°C (Jolly, 2024).

3.5. Volatilisation Step

The processed material leaving the Activation Kiln enters the Volatilisation Kiln, a 55m long rotating
vessel that has a horizontal decline of 3°, its Internal mild steel scoops agitate the material, exposing
the material particles to Carbon Monoxide (CO). The CO flows through the 4.6m diameter kiln in the
opposing direction to the flow of the material, transforming into Nickel Carbonyl gas then, exiting
through a gas outlet pipe near to the point of which the material entered the kiln. The material is
incubated in the kiln for 12 days (D'Angeli, 2024), after which it exits through a rotary valve and
conveyed into the Stabilisation Kiln, once adequately cooled, the residual material is sent to a precious
metals refinery where metals such as Cobalt and Iron are extracted.

Nickel Carbonyl gas which exits the Volatilisation Kiln flows through a circuit of pipework known as
the Carbonyl Circuit. The Carbonyl circuit transports gas from the Process Extraction Plant to the
Process Manufacturing Plant where it is decomposed into the final product. The decomposing process,
breaks bonds between CO and Ni atoms allowing CO to flow back to the Process Extraction Plant
where it is recycled by being introduced back into the Volatilisation Kiln. It can be seen in Figure 4, a
block diagram that identifies the necessary inputs and, corresponding outputs required to produce an
adequate product in the Volatilization Step.
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Figure 4, Inputs and outputs of the Volatilisation Step (Vale Europe Ltd., 2024)

3.6. Theory of the Volatilisation Step

The Activated material enters the volatilisation kiln with an ideal Sulphur content of 1.7%, which has
permeated multiple layers of the Nickel molecule, by doing so has caused the covalent bonds holding
the molecules atoms together to weaken (Greig, 1972). As the material moves through the
Volatilisation Kiln, at a temperature between a range of 50 to 60°C (Lewis, 2023), a Carbon atom of
the CO molecule forms a bond with a Nickel atom, it’s energy severs the bonds between other atoms,
creating a gases carbonyl molecule called Nickel tetracarbonyl gas (Nis). Once an atom has been pulled
away from the surface, another Nickel atom is exposed and, if part of the sulphated layer, allows for
the process to be repeated. The efficiency of this process is reviewed by measuring the ratio of Nisto
CO, the target ratio should be greater than or equal to 90%, according to Poland (2023), an influencer
of this metric is the Specific Surface Area (SSA) of the reduced and activated marterial.

3.7. Problem Statement
A measurement of Natural Gas consumed by each Born Heater was recorded every week during a
period in 2023, the measurement was relative to the amount TNOS processed by each of the
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Reduction and Activation Steps. The graph illustrated in Figure 5 shows measurements recorded for
Kiln 1 while, Figure 6 illustrates measurements for Kiln 2, each green plot represents a measurement
of gas consumption (Y-axis) V’s the quantity of TNOS processed in the Reduction and Activation step
(X-axis). An orange plot can be seen on each graph, this represents a measurement taken for Week 45
of 2023, a comparison of the this measurement shows that for approximately the same quantity of
TNOS processed (680 Tonnes), gas consumption for Born Heater 2 was significantly higher than that
of Born Heater 2 - 320,000KW/h and 275,000KW/h respectively. The monitory comparison was
calculated with the actual cost paid for each KW/h which was £0.0549 (Sterling, 2023), the cost of gas
consumption for Born Heater 1 was £15,097.50 and the cost for Born Heater 2 was £17,568, a total
loss of £128,466 can be calculated for the inefficiency of Born Heater 2 over a 52 week period.

An interview with the Process Superintendent provided the problem statement which we will attempt
to solve; “The Hydrogen gas exiting Kiln 2 Born Heater needs to be hotter than that of the gas exiting
Kiln 1 Born Heater, this helps us to control the percentage of Nickel Oxide that has not been reduced
and, to increase the Specific Surface Area of the material......” (Poland, 2023). This is confirmed by
reviewing the Distributed Control System (DCS), which provides a recording of process variables, we
can see from Figure 7, a comparison of the desired temperature (Set-Point), for the Hydrogen gas
exiting Kiln 1 & Kiln 2 Born Heaters. The period reviewed is for quarter 4 of 2023 and, shows that Kiln
2 (Orange plot), has a consistently higher setpoint than that of Kiln 1 (Blue plot). Furthermore, we find
additional confirmation when we compare the percentage of Nickel Oxide that was not reduced by
Kiln 2 with the setpoint for the desired temperature of Hydrogen, it can be seen in Figure 8 that, as
the percentage of Nickel not reduced climbs past the upper limit of 2% the setpoint is increased.

Kiln 1 Born Heater Fuel vs. Kiln 1 Feed
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Figure 5, Trend of Natural Gas consumption relative to quantity of TNOS processed through Kiln Line 1 (Sterling, 2023).
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Figure 6, Trend of Natural Gas consumption relative to quantity of TNOS processed through Kiln Line 2 (Sterling, 2023).
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Figure 7, Comparison between Kiln 1 and Kiln 2 Born Heater's Exit Hydrogen Temperature Setpoint (Foxboro DSC, 2024)

Figure 8, Comparison between Kiln 2 Hydrogen temperature setpoint and, Kiln 2 %Unreduced value (Foxboro DSC, 2024).
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3.8. Previous Investigations

The discrepancy of gas consumption for each Born Heater has been evident for many years, gas
measurements identify the issue as far back as 2004 (Vale Europe Ltd., 2024) prompting a report to
be commissioned by the refineries leadership team in 2013.

The report conducted by CR Plus Engineering (Appendix A), focused on the combustion inefficiencies
of each Born Heater, concluding that Kiln 2 Born Heater was less efficient than that of Kiln 1 because
of the accumulation of additional heat losses from the Waste Gas Stack and exposed supporting
structure. The report proceeds to suggest a “quick Win” option that specifies the remedial work to
worn seals and insulation at a cost of £20,000 and, a “long term” option which requires a full
replacement of the Born Heater at a cost of £950,000 (CR Plus Ltd, 2013). It was obvious to the reader
that the aforementioned study did not consider the Born Heater as a component of a system, rather,
an isolated asset with assumptions made of the characteristics for the remainder of the system
therefore, there was little contemplation of the external influences that may impact the efficiency of
the Born Heater.
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4. |Investigation

Interviews were conducted to establish the; Voice of the Customer and, the Voice of the Process, in
doing so the entire system, that is; the Reduction and Activation Step was considered. A Cause and
Effect diagram (Figure 10), was created to document relevant influences which, may contribute to this
reports problem statement. Establishing potential improvement for a system as complex and, as
hazardous as this shall require considerable support from a team of process experts which, depending
on the enhancement could take an extensive period of time, it is for this reason, we have used an
Impact Matrix (Figure 9), and have establish where our time will be best spent.

After consideration and consultation with stakeholders we decided to pursue the “verify the Nickel
Sulphate Hexahydrate feed ratio” cause. We then focused on finding a method to measure the
relationship between the process input and process output, we analysed data recorded in the Bonham
data log finding a correlation between the use of NiSO,.6H,0 from various manufacturers and, the
percentage of unreduced Nickel Oxide. The relationship has been illustrated as a combined bar and
line graph in Figure 11, bars rising above the horizontal axis identify a period when NiS0O,.6H,0
manufactured by Umicore was used by Kiln Line 2, the bars dropping below the horizontal axis show
the period when the compound was manufactured by Bluestone. The blue line plot represents the
measurement of percentage unreduced Nickel Oxide during the period that both manufacturers of
the compound was used, it has a negative offset of 72 hours which accounts for the time required for
the blend of TNOS and NiSO,.6H,0 to be processed by the reduction kiln and, the activation kiln
where after, a sample was taken every 24 hours to analyse percentage unreduced Nickel Oxide. We
can see from the dashed plot of the linear trend that; the percentage unreduced Nickel Oxide value
decreases when the NiS0,.6H,0 component of the blended feed was manufactured by Bluestone,
when we numerically analyse the data for an equal period either side of the date the manufacturer of
the compound was changed, it was found that the average percentage of unreduced Nickel during a
campaign of Umicore was 3.4%, in contrast a campaign of Bluestone was 1.15%.

PLAN IMMEDIATE
Exposure to Oxygen during sampling Incorrect Position of Sample Point
Ensuring material in reduction kiln is agitated Verify temperature measurements

Verify Nickel Sulphate feed ratio
Correct material flow rate through reduction kiln

DROP CONSIDER
Training for adjusting set-point Correct SO2 flow rate in activation Kiln
Experience of adjusting set-pint Correct hydrogen flow rate in Reduction kiln

Training for DCS operation
Repair degraded insulation
Verify Nickel sulphate impurities
Verify Hydrogen Impurities

—|mpact

Figure 9, Impact Matrix evaluating causes of the problem statement (Croft, 2024)
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Figure 10, Cause and Effect diagram used to establish potential reasons why Kiln 2 Born heater consumes additional Natural Gas
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The Relationship between Nickel Sulphate Type and % Unreduced Nickel
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Figure 11, The Relationship between Nickel Sulphate Type and % Unreduced Nickel

We proceed to gather the information we have learnt to establish reasons why a different
manufacturer of this compound would have a consequence of increasing the temperature set-point
of the Hydrogen gas exiting Kiln 2 Born Heater , we employ the 5-Whys exercise (shown in Figure 12)

— Problem Statement
Kiln 2 Born Heater requires more Natural Gas compared to Kiln 1 Born Heater.

1st Why 2nd Why 3rd Why 4th Why 5th Why

= The Internal = Lower Sulphur
temperature at the * Properties of nickel content
» Temperature of centre of the sulphate hexahydrate
born heater is reduction kiln 2 has + The Percentage of recived from different Change in mass
controlled by T207 an impact on the Unreduced material is manufacturuer are
which has a higher purity of Nickel greater than 2% different from ) )
setpoint than Kiln 1. extracted from the previous | SR R 2 S
nickel oxide manufacturer.
material. * Higher Impurities

Figure 12, 5-Whys exercise to identify root causes

We shall perform sampling and analysis to determine the actual content of Sulphur contained in a
mass unit of NiSO,.6H,0 and, to find the sample’s pH value, in doing so, we aim to find evidence
which may support a root cause. A sample of NiSO,.6H,0 shall be taken from four sealed bags of the
compound prior to its introduction to the process. The compound is a cancerogenic therefore, the
sample was collected by a process operator who donned the appropriate Personal Protective
Equipment, on tearing the sealed bag they commented on the odour released. A measurement of
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250ml of compound was taken from 2 bags which were supplied by the Bluestone vendor and, 2 bags
which were supplied by the Umicore vendor. Each sample was labelled with details of the name of
sampler; date sample taken; manufacturer; lot/batch number. To perform analysis that identify
Sulphur content, a Quality Assurance Laboratory technicians dissolved 0.5g +/- 0.0005g of
NiS0,.6H,0 in to a 100ml flat bottom boiling glass. 12ml of Perchloric acid and 3 ml of concentrated
nitric acid were added to the boiling glass which, was then placed on a hotplate for 5 minutes to begin
the dissolution process. Once the sample had dissolved the glass was removed from the hot plate and
left to cool, at room temperature anti-bumping granules, 40ml of deionised water and, 20ml of Zinc
standard solution was added. Plastic sample holders were used to prepare the sample for inserting
into the analyser, each have three parts: an outer ring, an inner ring and a cap, these are assembled
in a fashion which prevents a liquid sample from leaking while analysed. The samples were loaded into
a X-ray Fluorescence Spectrometry, an instrument which emits a primary source of radiation that is
used to detect various elements within a sample by analysing the secondary radiation emitted from
the material, by doing so, the radiation absorbed by the material can be calculated and, the material
identified (Nasrazadani & Hassani, 2016).

Analysis for pH saw a further 40g +/-0.1g of each sample weighed and transferred to a 100ml flat
bottom boiling flask where deionised water was added. A Mettler Toledo Expert Pro Electrode was
used in conjunction with the Mettler Toledo seven Easy pH analyser so that an accurate pH
measurement could be established. The electrode was introduced, one at a time, to three known
standard solution; pH7, pH4 and pH10, these were used to verify the analysers calibration, after each
verification test the electrode was rinsed with deionised water to eliminate contamination. The
electrode was dipped into a sample of dissolved Nickel sulphate hexahydrate, the solution was
agitated with a magnetic stirring bar and left until the analysers digital reading stabilised at which
point the measurement was recorded. The Value of a pH measurement can range from 0 to 14, where
0 is very acidic, 7 is neutral and, 14 is very alkaline. We anticipate that our results will equal to or,
greater than 5 if not, Laker (2008) advises that the only consequence is that the internal steelwork
associated with the reduction and activation step will be subjected to an increase in corrosion,
Roselina, et al., (2013) condraicts Laker (2008) by informing of an additional consequence, they
suggest that a vaiation in pH can have an effect on the structure of a Nickel molecule.

Our expectation was for the content of Sulphur to be consistent with the value obtained from the
analytical method used to find the atomic mass of the element for 1 molecule of NiS0O,.6H,0, we
proceeded by using the molecular formula of the compound to identify the number of atoms of each
element, we multiplied the total of atoms of an element by each elements atomic mass weight to find
the total mass of an element and, have shown our results in Table 1 (Chemical Aid, 2024).

Nickel Sulphate Hexahydrate has a mass weight of 262.87 g/mole (Kathiravan, et al., 2016) therefore,
it can determine the proportion of Sulphur contained within a mass unit of the compound shall be
12.198%. It is important that our experiment validates this percentage because it has been used in
Equation 1 to produce a guide (Figure 14), for an Process Operator when they adjust the feed streams
for TNOS and NiS0,.6H,0, if Sulphur content is below that of which found by the analytical method,
the operator would unknowingly starve the Hydrogen Reduction process of the Sulphur it needs to be
effective. We reviewed certification received from vendors upon delivery for validation of Sulphur
qguantity however, found that this is not stated instead the Nickel content of the compound was
specified as 22.296% (Appendix C), from this we use the proportion of Nickel identified by the
analytical method which, has been presented in Table 1, for generating Equation 2 which, provides
validation of the correct amount of Nickel is present but, does not confirm that the element is part of
the desired compound, it could be speculated that the element exists as Nickel Oxide in which case,
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would be considered as an impurity because the mass unit weight of the compound would change
diluting the quantity of Sulphur contained in the lot.

We elaborate with the following example, consider a delivery having a volume of 1m3 and, on the
basis of the delivery being 100% Nickel Sulphate Hexahydrate would have a mass of 3680 kg of which,
448.89 kg would be Sulphur but, when an alternative scenario is considered whereby, a delivery
consists of; 90% Nickel Sulphate Hexahydrate that has a density of 3.68 g/cm3 (National Center for
Biotechnology Information, 2024); 10% Nickel that has a density of 8.9 g/cm? (National Center for
Biotechnology Information, 2024), Equation 3 shows that a consignment of a mass 3680 kg would have
an overall reduced of Sulphur content in the lot to 404 kg, for context; this would reduce the Sulphur
component of the total mass of product fed into the Hydrogen reduction process from 0.488% to
0.439% (Equation 1).

Each delivery of Nickel Sulphate was accompanied with certification that was issues by the
manufacturer to verify quality and weight of their product (Appendix C, Appendix D, Appendix E,
Appendix F), we make comparisons to our experimental results for validation that quality has not been
compromised during transportation.

Table 1, Total mass weight of each element contained in Nickel Sulphate Hexahydrate (Chemical Aid, 2024)

Element Number of Atoms Molar Mass (g/mol) Total Molar Mass (g/mol)
Nickel (Ni) 1 58.6934 58.6934

Sulphur (S) 1 32.065 32.065

Oxygen (O) 10 15.9994 159.994

Hydrogen (H) 12 1.00794 12.09528
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Figure 13, Photograph of rate parameters for a 25:1 feed ratio for a total feed rate between 2,000 and 3,300 kg per hour.
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Figure 14, Photograph of rate parameters for a 25:1 feed ratio for a total feed rate between 3,400 and 4,600 kg per hour.

Equation 1, Calculation to verify Sulphur content for total mass (Francis, 2024).
Trate = Total hourly feed rate

NS,qte = Hourly feedrate of NiSO,.6H,0

Sk = Estimated Sulphur content of Total

Sy = Decimal percentage of Sulphur in 1

mass unit of NiSO,.6H,0

SP
(1_00 X NSrate)

X 100=3S
Trate £
(121.338 X 80) X 100 = 0.488%
2000 ’

Equation 2, Analytical method to verify Nickel content in Nickel Sulphate Hexahydrate
NS,, = Total NiS0,.6H,0 mass
NA,, = Total Nickel atomic mass

N, = Calculated Nickel percentage

NA,,

NS,

58.6934
262.87

x 100 = N,

X 100 = 22.327%
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Equation 3, Calculation to consider the affect to sulphur content in a consignment that contains impurities
N, =90% Volume of NiSO,.6H,0 Consignment

N; = Density of NiS0O,.6H,0

Sm = Sulphur content mass of NiSO,.6H,0

S, = Decimal percentage of Sulphurin 1

mass unit of NiSO,.6H,0
N, X Ny
——— | xS, = §
( 1000 ) P m
(900000 X 3.68

% 0.12198 = 404K
1000 ) g
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5. Experimental Findings

Results of our experiment are shown in Table 2, when we compare the percent of Sulphur obtained
by experiment to the analytical method we have used to estimate, we see that actual Sulphur content
for each sample is higher than we expected for both manufacturers. We also see variation about the
mean value for the four samples which, has a range between -0.09% to +0.1%.

Furthermore, we see that there are variations between the result of each pH test with both deliveries
received from Umicore being 33% more acidic than the deliveries received from Bluestone. We
calculate the effect of an increase to; the proportion of Sulphur in one mass unit of NiSO,.6H,0, we
use a mean value of the Sulphur recorded in Table 2 (12.733%) then, use Equation 1 as the foundation
to generate Equation 4 which shall provide a basis for comparison. Expectingly we find that Sulphur
content as a proportion of the total material fed into the Hydrogen reduction process increases from
0.488 % to 0.509.

Table 2, Test Results (Jayne, 2024)

Batch Number  Manufacturer Date of test | pH %S
23-143V Bluestone 24/04/2024 6.1 12.71163
23-399V Bluestone 24/04/2024 6.1 12.84305

2940502620 Umicore 24/04/2024 4.1 12.6467
2940502697 Umicore 24/04/2024 4 12.73358

Equation 4, Calculation of Actual Sulphur proportion of the total material fed into the Hydrogen Reduction Process

Trate = Total hourly feed rate

NS,qte = Hourly feedrate of NiS0O,.6H,0

Sg = Estimated Sulphur content of Total
Sp = Decimal percentage of Sulphurin 1

mass unit of NiSO,.6H,0

SP
(m X NSrate)

x100=S
Trate E
2000 '
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6. Discussion and Conclusion

The author is content that their report has identified potential causes by means of population
sampling however, they know that it would not provide substantial evidence that would endorse
reasons for change to the way Vale’s production team operate, for this, we need to create an adequate
process sampling plan. In conjunction with this we need to establish the processes Lower Control Limit
(LCL) and, the processes Upper control Limit (UCL) these ensure that our process operators can
identify common causes of variation from the special causes of variation.

We review Figure 11 and see that, changing the manufacturer of the NiSO,. 6H,0 used by the process
has an impact to the measurement of percentage of Nickel Oxide that was not reduced. Our results
show that actual Sulphur content from the samples which were taken from consignment lots, were
higher than that found by the analytical method, according to theory this should not impact the rate
at which Nickel Oxide is Reduced therefore, would not have an influence on the percentage
unreduced metric hence, an increase to the temperature of Hydrogen gas exiting Kiln 2 Born Heater
would not be required. That said, we have great concerns regarding the location of which samples are
taken to analyse for the percentage of unreduced Nickel Oxide which remains after the Hydrogen
reduction process. At present these are taken after the material has left the Activation Kiln, a process
of which, according to Vale Europe Ltd. (2023), little is known about the chemical reaction that takes
place therefore, we can not be confident that this reaction does not influence both the percentage of
unreduced Nickel Oxide metric and, the SSA metric.

Analysis of pH levels in our samples were included in the experiment as merely an opportunity for the
author to enhance their knowledge of the impact that certain pH levels may have on the integrity of
assets which, is a responsibility for their current role in the organisation however, when we compare
and contrast Figure 11 with Table 2 we see correlation that the more acidic compound received from
Umicore increases the percentage of Nickel Oxide that has not been reduced, this is based on the
assumption that the compound used at the time of production was acidic — we do not have evidence
that this is true. Table 3 and Table 4 show results for the amount of Nickel Oxide that was not reduced,
during an equal period before and after changing from Umicore manufactured NiS0O,.6H,0 to the
Bluestone manufactured compound, we see that; during the period that the process uses the
compound manufactured by Umicore, the percentage of unreduced Nickel Oxide was 66% higher than
that of a period when a Bluestone compound was used. To contextualize, we consider the annual
waste that may be produced whilst feeding the blended TNOS and NiSO,.6H,0 material at a rate of
4 tonnes an hour then, assign a monetary value to the accumulation of the waste which, provides an
annual cost incurred by the organisation. We see from Equation 5 that if the percentage of unreduced
Nickel Oxide were to be reduced to that of the level whilst using Bluestone manufactured
NiSO,.6H,0, an additional 760,228 kg of activated Nickel would have been processed by the
Volatilisation Kiln and, based on current extraction rates of 90%, 684,205 kg of grade 1 Nickel would
have been produce that, according to the prices at the time of writing, we could estimate (Equation
5), to have a value of £10,447,811.21 (LME, 2024).

Though we must be cautious, our concern is; we have narrowed our scope by analysing only two of
the process parameters at the time of the change, we must consider all parameters that may influence
however, we feel that the current sampling regime does not provide this data nonetheless, we feel
that considering the potential savings which could be made, further work is necessary.

When we are confident with the sampling plan and, find consistent results which, endorse the results
found by this report, there may be potential saving opportunities that may benefit the business. We
reflect on Equation 4 and make comparisons to theory, we find; the Hydrogen reduction process has
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more than sufficient Sulphur to enable an effective process therefore it would be prudent to adjust
the feed rate of Nickel Sulphate Hexahydrate to a measure which provides the value of Sulphur
obtained by the analytical method. We consider the effects of this adjustment in Equation 6 and see
that there may be potential to reduce the feed rate of NiS0,.6H,0, to 77 kg per hour which would
accumulate to an annual reduction of 26,280 kg, based on the current prices this would have a
monetary value of £90,140.40 which, may also be applicable to Kiln line 1 therefore, doubling the
savings.

Our work is inclusive, although contrary to Laker, (2008), our data suggests that the effects Nickel
Sulphate pH levels are not limited to; an increase in corrosion of pipework throughout the hydrogen
circuit but, there seems to be a tangible relationship with the quantity of Nickel Oxide which had not
been reduced. We believe that further work is required to first; establish a sampling programme which
is consistent and, relevant to the process of which to be monitored, secondly; to test each sample and
collate data for analysis.
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Table 3, Average Percentage of Nickel that was unreduced during a campaign of Nickel Sulphate Hexahydrate manufactured
by Umicore

Date B3 sulkphate type B4 % Unreduced Nickel (-48hrs Offset) [~ |
08/07/2023 UMICORE 3.57
09/07/2023 UMICORE 1.6
10/07/2023 UMICORE 0.42
11/07/2023 UMICORE 1.21
12/07/2023 UMICORE 5.56
15/07/2023 UMICORE 3.66
16/07/2023 UMICORE 3.34
17/07/2023 UMICORE 2.57
18/07/2023 UMICORE 1.99
19/07/2023 UMICORE 4.24
22/07/2023 UMICORE 3.35
23/07/2023 UMICORE 1.93
24/07/2023 UMICORE 5.25
25/07/2023 UMICORE 3.04
26/07/2023 UMICORE 2.61
29/07/2023 UMICORE 4.15
30/07/2023 UMICORE 9.33
31/07/2023 UMICORE 8.58
01/08/2023 UMICORE 1.94
05/08/2023 UMICORE 4.42
06/08/2023 UMICORE 1.79
07/08/2023 UMICORE 1.97
08/08/2023 UMICORE 0.68
09/08/2023 UMICORE 4.56,

% Unreduced Average: 3.4

Table 4, Average Percentage of Nickel that was unreduced during a campaign of Nickel Sulphate Hexahydrate manufactured
by Bluestone

Date Sulkphate type % Unreduced Nickel (-48hrs Offset)
12/08/2023 BLUESTONE 0.56
13/08/2023 BLUESTONE 0.87
14/08/2023 BLUESTONE 1.13
15/08/2023 BLUESTONE 1.05
16/08/2023 BLUESTONE 0.85
19/08/2023 BLUESTONE 0.99
20/08/2023 BLUESTONE 1.59
21/08/2023 BLUESTONE 1.32
22/08/2023 BLUESTONE 1.34
23/08/2023 BLUESTONE 0.76
27/08/2023 BLUESTONE 0.67
28/08/2023 BLUESTONE 0.74
29/08/2023 BLUESTONE 0.47
30/08/2023 BLUESTONE 0.27
02/09/2023 BLUESTONE 1.99
03/09/2023 BLUESTONE 1.24
04/09/2023 BLUESTONE 1.78
05/09/2023 BLUESTONE 1.61
06/09/2023 BLUESTONE 0.68
09/09/2023 BLUESTONE 0.6
10/09/2023 BLUESTONE 1.68
11/09/2023 BLUESTONE 2.25
12/09/2023 BLUESTONE 24
13/09/2023 BLUESTONE 0.76

% Unreduced Average: 1.15
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Equation 5, A calculation to find the potential value of waste created by using Umicore Nickel Sulphate Hexahydrate

Tp =TNOS hourly feed rate

T.

y =TNOS feed rate

P, = Number of daily production Hours
P; = Number of yearly production days
UR; = Deficit of Unreduced average

V., = Decimal percentage of Nickel Extracted

N, =priceof grade 1 Nickel per Kilogram
C, =Yearly cost of waste incurred

Tr X P, X Py X URy X V,
XN, =
( 100 ) p= Cw
3840 x 24 X 365 x 2.26 X 0.9
( 100 )x £15.27

= £10,447,811.21
Equation 6, Calculation to find adjusted feed rate of Nickel Sulphate Hexahydrate
Trate = Total hourly feed rate
NS,4te = Hourly feedrate of NiS0O,.6H,0
Sg = Estimated Sulphur content of Total
Sp = Decimal percentage of Sulphur in 1

mass unit of NiSO,.6H,0

Sp
(m X NSrate)
Trate
(12.733 % )
~100 ~“%
2000

X 100 = 0.488%

Transpose to find 'a’,

(% x 2000)

12.733

X 100 = 76.651 Kg/Hr
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7. Further Work

Our Discussion and Conclusion section underlined that current sampling regimes for NiSO,.6H,0 do
not exist, we believe that if a sample point were to be installed on pipework located just before the
point of which the blended feed material enters into the Reduction Kiln which has been illustrated as
“Sample Point 1” on Figure 16, this would constitute an adequate process sampling plan which
would allow daily analysis for Sulphur content.

The provision of a UCL and, an LCL which are visible on a Control Chart that is used to record Sulphur
results would provide a process operator with the information they would need to adjust
NiSO,.6H,0 feed rates appropriately. Establishing the UCL and, the LCL must take into consideration,
process effectiveness and cost and, must be endorsed by the Process Extraction Superintendent. We
can determine the LCL to be the value of 0.4% which Foran (2014), finds to be the most effective
amount of Sulphur needed for the Hydrogen reduction process, the UCL shall consider the additional
cost to the budget if an unnecessary amount of Sulphur was fed into the process, we can consider the
value of 0.488 which has been calculated in Equation 1 and, is the current method of estimating
Sulphur content. We can see from the Control Chart illustrated in Figure 15 that; common causes of
defects are those which stay within the limits and, special causes of defects are those which fall outside
of the limits.

Control Chart for Sulphur Content in Nickel Sulphate Hexahydrate

0.45 L ~ / \ S

04

Percentage of Sulphur (%)

0.35

03

Sample Date

UCL | CL

Actual Sulphur Content

Figure 15, Control Chart for Sulphur Content in Nickel Sulphate Hexahydrate
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We have found the location of which samples are taken to analyse for the percentage of Nickel Oxide
that had not been reduced to be incorrect, at present, samples are taken from material which is
released from the Activation Kiln a process step after the process step we wish to monitor, this
contradicts Trottier & Dhodapkar (2012), advise for sampling particulate materials the right way who
suggest that material should be taken at the end of every process to ensure that; relevant process
variables can be adjusted in a timely fashion to rectify any defects that have been found. We believe
that if a sample point was to be installed in the location illustrate as “Sample Point 2” on Figure 16,
the Hydrogen reduction process could be analysed effectively with any process adjustments required
to prevent a defect in quality, made earlier by the omission of the time taken for the Activation Kiln
to process the material.

From Born
Heater

Hydrogen From
Process Gas Pint

| Sample Point 1

Feed fiE
From Cyclones 7 o HIEH i
ToCycknes i Dy
- - I>H, To Cyckne
i S P—
¢ > i
Make Up Lol 1
Hydrogen Supply To Actiation
+ ToCoarse Kin FGHEHEHHHHHHFHAH §f S
ykogen £x CER
SealGas Sipply R
Sample Point 2 o -
Current
Sample Point
Conveyor
Reduction Process Activation Process

| |

Function: Remove oxygen from the material Function: Add Sulphur to the material

Figure 16, Identification of proposed and current sample point in the Reduction and Activation Step

We have analytically proven that by decreasing the amount of NiSO,.6H,0 used by a relatively small
amount we would be able to make substantial savings however, we have not considered the
consequence of this to the process in its entirety. As we have found in our research, the production of
carbonyl gas in the Volatilisation Kiln is reliant upon the amount of Sulphur adsorbed onto a Nickel
molecule during its time in the Activation Kiln, if a net decrease of Sulphur addition was made by
decreasing the NiS0,.6H,0 feed rate into the Reduction Kiln, would the affect be; a reduction of
activated material leaving the Activation Kiln? To answer our question, we would like to make a small
incremental reduction to the Feed rate of Nickel Sulphate Hexahydrate whilst, monitoring the content
of Sulphur entering the Reduction Kiln and, after allowing a period for the material to journey through
the Reduction and Activation Kiln, we would like to sample to analyse the amount of Sulphur present.

Although monitoring process variables and adjusting parameters will provide an effective process it
shall still remain susceptible to human factors which, for this scenario, will have the potential to create
defects and waste if an operator selected a disproportionate feed ratio of NiSO,.6H,0 for the feed
rate of the TNOS. We believe that this error could be prevented if the system were to be automated
by taking the 0-5 Volt control signal for the VSD’s driving the discharge systems from the TNOS weigh
hopper and, the NiS0,.6H,0 which, at present are adjusted by a potentiometer, to the DSC.
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This report has not found conclusive evidence which supports that; pH has an influence on the
Hydrogen Reduction Process, we would like to further explore this by devising a laboratory experiment
whereby, we adapt a current Technical department Standard Work Procedure to determine the
amount of Nickel Oxide that has not been reduced when Nickel Sulphate Hexahydrate of various pH
values are blended with TNOS and used in the Hydrogen reduction process. This experiment will use
the ‘Laboratory Scale Carbonylation: Reduction Step’ apparatus which will mimic said process, a
representative sample of 50g shall be taken from a lot of Nickel Sulphate Hexahydrate then, a quantity
of 1.64g shall be added to a beaker whereby, 5cm? of pH3 buffer solution is added, the beaker is then
placed on a hot plate to dissolve. Once dissolved, 50g of Nickel Oxide is added and stirred then, will
be left on a plate to dry out. A test tube shall be used to contain the sample in a void of 10cm long
which shall be created by two glass wool plugs, the tube shall then be connected to a rubber tube
then, placed into a cradle which is suspended in the furnace and attached to a weigh scale. The furnace
shall be switched on and, heated to a temperature of 420°C where it shall remain at throughout this
experiment. The weigh scale shall be zeroed, this will be used to determine the end of the reduction
process, Hydrogen gas shall then be introduced via a needle plug valve where the flow shall be limited
to an equivalent of 15 L.h™.. The reduction process will be deemed complete once the weigh scale no
longer registers a loss in weight which typically would take 15 minutes to process, the sample shall
then be removed and cooled. The process shall be repeated for a pH buffer solution with pH values of
4,5, 6, once all tests have been complete they shall be sent to the quality assurance laboratory where
they will analyse for the percentage of unreduced Nickel Oxide remaining.
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Appendix A

This section includes a report detailing the findings of an investigation into energy inefficiencies of Kiln Line 1 and,
Kiln Line 2 Born Heater.
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EXECUTIVE SUMMARY

This report presents the results of 2 Carbon Management Energy Efficiency (CMEE) survey of Vale
Europe Limited, Clydach Nickel Refinery carried out by CR Plus Ltd. The survey and report are
provided by the Carbom Trust. The Carbon Trust receives public funding from the Scottish
Government and the Welsh Government.

The current agreed scope of work is to undertake the objectives set out which includes a review the
site’s Born heaters and other heaters based on benchmark analysis and to research other plant
heating options with the compilation of the outline business case for Born heaters.

Two Born heaters are located on the roof of the Kiln Plant at Vale Clydach {one per production line);
their purpose is to pre-heat hydrogen for delivery to the Reduction Kiln. Within the Reduction Kiln
this pre-heated hydrogen is used as a reducing gas, removing oxygen from the nickel oxide
feedstock by reacting to form water vapour and therefore leaving a nickel reduced "matte’, which is
fed into the Activation Kiln for further processing. The water vapour exits in the kiln suspended in
hot gas which is processed through a series of cyclones and scrubbers before being cooled. From
this clean hydrogen is then fed back into the Born Heater for pre-heating to continue the
recirculation loop.

Heat energy (into the Born Heaters) is created from burning natural gas as the fuel; this energy is
transferred to three main outputs:

1. Hydrogen Heating
2. Surface Heat Loss/ Radiation
3. Stack Waste Heat

Minimising the latter two outputs within any new schemes is a key consideration to any efficient
plant. The Born Heaters use 33.3GWh of energy per year at a cost of E749k.

Quick Win

Born Heater 2 uses substantially more gas than Born Heater 1 and although the additional hydrogen
flowing through No.2 heater accounts for 7% additional gas the rest is due to higher stack loss and
higher structural heat loss, It was noted that gaps existed between the convection heat exchanger
and the supporting structure as the insulation was removed; this both cooled the hydrogen and
prevented heat transfer from the combustion gases prior to expulsion to atmosphere (high exhaust
temperature with additional oxygen). In addition the hot hydrogen pipework emits heat, Sealing this
area will optimise energy efficiency in relation to both aspects and save circa £36k per year.

Access can be obtained but at that height and obvious health and safety implications the cost of
repair will probably amount to £20K (still less than a 1 year payback).

Long Term Born Heater Replacement Benefits

The only other real reduction in energy is to purchase two new Born heaters that will incorporate the
highest insulation standards and extract as much heat from the exhaust gases by the convection
heat exchanger or a combustion air heat exchanger whilst not dipping below the gas dew point,
Preliminary calculations and initial costings suggest savings would amount to £195k per year for a
£1.9m Capex i.e. a 10 year payback. This may support the justification of new Born heaters when
reguired on maintenance or health and safety grounds.

Overall Package

When implemented, the Born heater system specified in this report is estimated to achieve a 31%
saving. This represents circa E231K per year on an on-going basis. The cost of implementing the
package of measures is estimated to be circa £1.9m giving a simple payback period of 10 years.

Carbon Management Energy Efficiency Report Vale Europe Limited, Clydach Nickel Refinery
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Estimated Carbon Savings. Overall saving will be 1,891 tCO:z/per year.
IMPORTANT NOTICE

All costs and savings stated in this report are based on the data available at the time of the visit.
For further liability information, see the Important Notice section.

Carbon Management Energy Efficiency Report Vale Europe Limited, Clydach Nickel Refinery
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1.INTRODUCTION

IMPORTANT MOTICE: Whilst reasonable steps have been taken to ensure that the information contained within this Carbon
Management Energy Efficiency (CMEE) Report is correct, you should be aware that the information contained 1 Ik may be
Incomplete, inacourate oF may have become out of date, Accordingly, CR Plus Led, the Carbon Trust, its agents, contractors
and sub-contractors and the Government make no warranties or representations of any kind as to the content of this <
Carbon Management Energy Efficiency {CMEE) Report Carbon Management Energy Efficiency (CMEE) Report or its accuracy
and, to the maximum extent permitted by law, accept no liability whatsoever for the same induding withouwt limit, for direct,
indirect or consaguential less, business interruption, loss of profits, production, contracts, goodwill or anticipated savings. Any
person making use of this Carbon Management Energy Efficlency [(CMEE) Report does so at their own risk. £ Queesn's Printer
and Controller of HMS0,  Any trademarks, service marks or logos used in this publication are the property of the Carbon
Trust, and copyright is licensed to the Carbon Trust. Mothing in this publication shall be construed as granting any licence or
right to use or reproduce any of the trademarks, service marks, logos, copyright or any proprietary information in any way
without the Carbon Trust prior written permission, The Carbon Trust enforces infringements of its intellectual property rights
to the full extent permitbed by law.

The Carbon Trust is a company limited by guarantee and registered in England and Wales under Company Number 04190230
with its Registered Office at: 4th Floor, Dorset House, 27-45 Stamford Street, London SE1 SNT.

1.1 General

This consultation was carried out during the maonths of October to December by Tony Parton (TP)
(lead consultant) with Richard Pyatt (RP), Jamie Jones (11) and Sarah Rees (5]R) of CR Plus Ltd.
Qur main site contacts were Alexander McDowall, Energy Superintendent and Fiona Buttrey,
Technical Manager.

1.2 Organisation Background

Vale is a2 long established site at Clydach operating a complex process with very significant hazard
potential. It has recently become part of the Brazil based Vale Corporation along with its Canadian
parent company. Whilst energy efficiency has not been a major pricrity in the past, this is now being
embraced throughout the Vale organisation and this survey is part of that initiative.

The Vale Clydach refinery consumes 286.6 million kWh of energy in a typical 12 month period
costing circa £7.6 million at agreed tariff rates. This is in a factory area of 215,000m2 producing
nickel products (pellet or powder) in bulk.

1.3 Current Hydrogen Heating System

Two Born Heaters are located on the roof of the Kiln Plant at Vale Clydach, one per production line;
their purpose is to pre-heat hydrogen for delivery to the Reduction Kiln. Within the Reduction Kiln
this pre-heated hydrogen is used as a reducing gas, removing oxygen from the nickel oxide
feedstock by reacting to form water vapour and therefore leaving a nickel reduced "matte’, which is
fed into the Activation Kiln for further processing. The water vapour exits in the kiln suspended in
hot gas which is processed through a series of cyclones and scrubbers before being cooled, this
clean hydrogen is then fed back into the Born Heater for pre-heating and therefore recirculated
again to the Reduction Kiln.

Heat energy into the Born Heaters is created from burning natural gas as the fuel; this energy is
transferred to three main outputs:

1. Hydrogen Heating
2. Surface Heat Loss/ Radiation

3. Stack Waste Heat

Carbon Management Energy Efficiency Repaort Vale Europe Limited, Clydach Nickel Refinery
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m H r Arrangem
Two heating chambers - a Convection Bank and a Radiant Heating Zone.
The convection bank is the first heating chamber the hydrogen enters, here the flue gas passes
around four parallel (hydrogen carrying) 100mm diameter steel tubes, in horizontal formation, which
meander vertically to form seven rows before exiting externally.
These four hydrogen pipes, on exiting the convection bank, turn and drop down on the outside of
each heater into the top of a Radiant Heating Zone, here the four steel pipes meander vertically in a
circular direction within this second and final heating chamber, where after the hydrogen is
transported to the Reduction Kiln.

A sketch of this can be seen in the schematic on Page 8.

1.4 Energy Consumption Overview

The utility table below summarises the natural gas fuel use in two Born heaters and their relative
importance.

Table 1: Energy and Related Costs.

Energy Consumption Cost
Utility
kWh/year £/year Y
Gas - Born Heater 1 14,267,761kWh £321,025 43%
Gas - Born Heater 2 19,032,426kWh £428,230 57%
Total Energy 33,300,187kWh £749,255 100%

Cost figures are based on the average unit gas cost as 2.25p/kWh excluding VAT and standing
charges. These values are used in any energy cost calculations. The gas and electricity costs above
include the Climate Change Levy (CCL). For the avoidance of doubt, all energy terms are in
delivered energy.,

1.5 Objectives
The outline project objectives were to:

+« Undertake the kick-off meeting

« Benchmark current system

» Risk Assessment/method statement to conduct measurement and the conducting and
analysis of measurement to confirm energy balance

« Review with Clydach nickel refinery steam projects team and formulate an action plan
and refine as works are in progress with further meetings to discuss and review (other
sub-reports)

+« Review Born heaters based on benchmark and research other plant heating options (this
sub- report)

« Obtain budget supply costs and estimate additional costs

« Construct reports

« Carbon Trust DCS preparation

Carbon Management Energy Efficiency Repaort Vale Europe Limited, Clydach Nickel Refinery
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2.BENCHMARKING RESULTS

2.1 Structural Heat Loss Calculations

Born heater surface temperatures were measured using a Calex infra-red laser; readings were taken
at regular intervals across surface sections and repeated for each heater. Using these temperature
readings, surface heat losses could be calculated.

Due to the light coloured nature of the *kiln line 1’ heater, readings were significantly lower than the
‘kiln line 2" heater thus considered inaccurate, therefore only readings from the *kiln line 2° heater
were used in the calculations.

BORN - Surface Heat Loss Calcs:
Area Temp Heat Loss Loss
BORN Heaters
m? °c kW /m? KW
4.59 133 1.81 8.3
4.59 170 2.69 12.4
Stack {f) 4.59 180 2.95 13.6
4.59 231 4.41 20.2
Frustum (e} 3.95 130 1.75 5.9
- 7.2 151 2.21 16.1
Convection Bank (d) ?._23 128 2.64 19.3
Frustum (c) 5.20 115 1.44 7.5
5.56 102 1.18 7.8
6.56 88 0.93 6.1
Main Heating Chamber (b) &.56 90 0.96 6.3
6.56 97 1,09 7.2
&.55 93 1.03 6.7
Total - One Heater 138.4 kW
Total (x2) 276.7 KW

The above table is extracted from following imbedded file:

IEJ =
Ny
BORN Heater -
Surface Heat Loss. xk

*MNote: It must however be noted that the calculation does not take into account the varying
weather conditions these heaters are exposed to, which when poor (i.e. windy, wet and cold)
dramatically multiplies the energy lost.

2.2 Summary of SCADA Data

SCADA data, consisting of gas temperature and flow rates to-from the Born heaters, were recorded
from the Kiln Plant control room on three separate occasions:

1. 4™ October,
2. 12" October and the
3. 1% November 2012,

Along with "BONHAM’ weekly data for the reduction kiln, the information ocbtained was used in
calculating the energy consumed by the Born heaters,

Carbon Management Energy Efficiency Report Vale Europe Limited, Clydach Nickel Refinery
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Using exhaust gas oxygen content and temperature, stack losses were calculated as shown below:

Kiln Line 1: Kiln Line 2:
Oy = 4.87 % 0= B3I7%
+ Excess Air = 27 % + Excess Air = 39 %
Exhaust Temp = 205.76 °C Exhaust Temp = 354,37 °C
Stack Losses = 10,4 % b= 9.3 % Stack Losses = 19.7 %

Data for the above losses can be found in the following file:

Rl

BORM HEATER
MEASUREMENTS, wlsx

2.3 Heat Balance

When constructing the heat balance one can calculate various aspects and then assume that one
element is the remainder. In this case the hydrogen flow/temperatures and the exhaust gas
oxygen/temperatures are known. This leaves the structural loss, at which an attempt at an internal
heat loss was attempted (section 2.1) to establish if the difference was sensible.

BORN Heater 1 - Energy Use (%) BORN Heater 2 - Energy Use (%)

W Stac oss W Lk Loss

W Surfann Heas Lass [y @) ® Gurface Heal Loss Chy il

B Hydiug=e Heing |y o eating

By percentage, heater 2 appears to be transferring less energy to hydrogen, as shown below this is
not the case but instead a huge excess amount is radiated through the surface and up the stack.

Carbon Management Energy Efficiency Repaort Vale Europe Limited, Clydach Nickel Refinery
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BORN Heater 1 - Energy Use (kW) BORN Heater 2 - Energy Use (kW)

» Stack Losy B Slock Luss

= Surface Heal Loss oy &07) W Surfoce Heal Loss (uy dill)

& Hydragen Heating w Hydrogen seating

The pie charts illustrated above are extracted from the following file:

Lig

Energy Balance.xlsx

Please note the effects of wind can increase surface heat loss many fold, for example at 100°C
surface temperature and a 5m/s wind speed the increase in heat loss is circa 3.2. Thus the Bomn
Heater loss in this case would increase from 138kW to 443kW. This figure is almost halfway between
the kilns 1 & 2 surface heat loss estimate by difference. Also kiln 2 would lose more heat than kiln 1
as its surface is not entirely painted. Thus the surface heat loss values derived by difference are not
unreasonable.

<

Heat Loss Off
Surfaces with Air Vela

2.4 Observations and Comments
Born Heater Observations:

Both heaters are providing an overall hydrogen temperature increase of 496°C, with only a 2°C
temperature difference between each line consistently, yet Born heater 2 is using more energy to do
so. From the results found, it Is observed that Born heater 2 is consuming 42m?/h more natural gas,
at an extra cost to Vale Clydach of approximately £95k per year.

The Convection bank of heater 1 increases the hydrogen
temperature by 201°C whereas it only adds 128°C in heater 2.
Hydrogen flows at a higher rate around the No.2 reduction kiln
circuit, therefore expecting more heat to be extracted; however
there is missing lagging/insulation (see photo to the right) on
this second heater and a clear gap around each tube emerging
from the convection bank, part explaining the lower §
temperature along with the possibility of air ingress around the
tubes, reducing heat exchange capability.

Moving next onto the Radiant Heating Zone, there are four temperature sensors coinciding with each
of the four hydrogen tubes; these sensors measure each tube skin temperature, near the exit point
of this heating zone (it must be noted, the label ordering of the sensors are not uniform). The
temperatures observed reflect tube proximity to each of the three burners on the passage through
the radiant heating zone. Data obtained shows heater No.2 is producing hydrogen of a higher

Carbon Management Energy Efficiency Report Vale Europe Limited, Clydach Nickel Refinery
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temperature; with more natural gas fed in to this burner and thus higher flue gas temperature this
would be expected.

Natural gas drawn from the site ring main is fed into the natural draft gas burners; air is drawn in
through a short intake duct where a damper controls the air flow. The dampers in heater MNo.1
burner air intake are approximately 90%, 90% and 75% open, whereas in heater No.2 are
approximately 45%, 35% and 85% open, yet the No.2 heater uses more natural gas and has higher
stack Losses - a reflection of the exposed heater location, poor draft control (burmer air intake and
stack damper positioning) and also the missing lagging into the convection bank.

The higher stack oxygen percentage alone can be explained by the missing lagging allowing air
ingress to the convection bank, backed by observations that the burner air intake dampers are fairly
closed and stack damper is generously open” an excess negative pressure would be created in the
heater, thus drawing air in, as exemplified in Figure c below:

AEGATIVE BRAKT AP B =

axwe 2 AEWC T pAMPER
ASTOLEEWE | S DasFig =1 | MESTLY | WD PN
~ e CLOSER e
i 5 A we ; 0 ? [
¢ | i : T ALVEGAS 5 wicl] f COLD AR
1 H H ¥ WAV T i i SUCKRED N
FEROOR SLIGUTLY 7= By — — Lo
NEGATIVE DRAFT [ e d A4 W | B
sORAITOASWC [| POSITRVE 5| ! L I
H DRAFT [+ o A=W I I
Flem o s We o b a5mwe o
| o - < H 38
B i H H i
= [ |
I i 4 o I
s b et -8 | | = Gy Y, .
AR REGISTERS 7

AR BEGISTERS
WD 0PN

Figure b

AR REGISTERS
MOSTLY CLOSED

Figure a Figure ¢

The above Figures (a to c) demonstrate correct and incorrect heater draft, with Figures b and ¢
reflecting excessive draft by positive and negative pressure respectively, which over time will cause
damage and reduce heater efficiency.

Higher stack temperature losses in heater MNo.2 (almost 150°C more than Mo.1) are caused by the
increased fuel consumption, due to the surplus negative draft increasing flow rates.

Circuit Observations:

Both hydrogen lines suffer approximately 10°C temperature losses on transition from Born heater to
the reduction kiln, although both appear to be sufficiently insulated and temperatures into the kilns
therefore remain approximately the same.

However the reducing gas temperature leaving each kiln differs (by 14°C), this is due not only to the
higher hydrogen flow rate in the No.2 circuit but to the internal lay out of each kiln. Cnly 8 lifters
are present in the first compartment of kiln Mo.2 compared to 12 in the same of kiln No.1, and this
is why kiln Mo.2 requires a higher hydrogen flow rate - to achieve the same desired reduction as
MNo.1. The remaining kiln chambers 2 and 3 both have 6 and 4 lifters respectively. The reason far
lifter variation is unknown as this is how they were installed, but kiln Mo.2 was fitted at a slightly
later date.

Kiln Mo.2 produces a higher surface area product (5.29m?/g compared to 5.24m?/g) due to maore
efficient oxygen extraction, this is a good measure of performance and therefore kiln Mo.2 is seen as
the better kiln, although the cost of achieving this is high due Lo Born heater No.2's inefficiency.
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From the 'BOMHAM® data, the feed rate of nickel oxide into the kilns differs by 72kg/h (No.1 being
1.76% faster) but No.2 has a slightly higher percentage of unreduced matte leaving the reduction
kiln {Mo.1=1.27%, No.2=1.54%)

Conclusions:

Damper arrangements on heater No.2 are probable cause of
excess negative pressure in heater (stack damper angle
would need to be verified - assuming reflection of wheel bar
shown right)

Megative pressure within this heater is sucking excess air into
convection bank where lagging is missing around hydrogen
pipes.

Cool air seeping into convection bank is causing lower heat
exchange and higher stack oxygen percentage.

Excess negative draft would cause more fuel consumption (natural daft gas burners)
Higher flue gas temperature increases stack and surface heat losses

Exposed location of these heaters (particularly No.2) escalates surface heat losses further,
dramatically in wet and windy conditions

" Assuming stack damper external wheel bar is indicative of internal damper angle (see phato in
'Conclusions” Page.10)

Page 12
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3. SAVINGS POTENTIAL

3.1 Quick Win - Heater 2: Convection Heater Sealing
Savings will result in two areas:

a) The air ingress at this point is preventing the transfer of heat from the hot combustion gases
to the hydrogen, thus the combustion gases are leaving this section of the convection heater
hooter than unit 1 even though there is cooling air. The 70°C lack of hydrogen preheat
equates to circa 14% of the heat required by the hydrogen. In reality there is no reason why
Born Heater Mo. 2 flue gas loss should not reduce to the same percentage as Mo.l heater.
This will save circa 140kW of energy.

b) Insulating the exposed sections will save circa 20kW in an internal area but as previously
explained, the external wind conditions/rain will multiply this by at least a factor of 3. This
will produce savings of circa 60kW on Born Heater 2.

Thus in total the 200kW saving is possible - 1,600,000 kWh or £36K.

At this moment the cost of insulation and sealing the gaps will not be significant however the cost of
safely carrying out the exercise in terms of planning, scaffolding and installation will provide the bulk
of the cost. This is difficult to quantify the required CapEx without calling in the relevant contractors
that can accurately cost the required work in a safe manner. & CR Plus pure estimate would amount
to £20K cost, however this still would provide a payback of circa 0.6 years.

3.2 Replacement Born Heater

At this stage budget quotes are still to be returned and will be passed to Vale upon receipt, but an
initial email quote (Appendix 1) was used to estimate a cost of one heater below.

Items CapEx
Removal of Existing Plant £80,000
Project Management & Design £90,000
CDM & HAZID plus HAZOP £35,000
Cranes £40,000
Born Heater (incl. Delivery) £410,000
Installation £100,000
Burner & WHR £150,000
Contingency £90,000
10%
Total £995,000

Thus scenario would expect the cost of two Born heaters to amount to £1.8-£2.0M.
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Based on the heat balance data and specifying the following:

Highest standard of insulation

Improved convection box or waste heat recovery to the combustion air
Better pressure control

Improved fuel/air ratio

Further savings (post quick wins) could amount to 8,700,000 kWh per year or £195K between both
Born heaters; i.e. an Energy Payback of circa 10 years.
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4.AFTER THE REPORT

Providing Feedback

Following receipt of the final report we may ask for feedback on your experiences of working with
the Carbon Trust and our consultant, The Carbon Trust values all feedback obtained.
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APPENDIX 1: INITIAL EMAIL QUOTATION - BORN

“Sareh:

Please find below aur budget estimate for supply of Replacement Hypdragen Heater per Born Job #1719,

HEATER: LS 5510,000.00 £ 20%, per Heater, Ex-Works, Tulsa, OK, USA,

Srope of Supply for obove price:

Heater Radiaont Section with Coil & Refractory Installed Heater Convection Section with Coil & Refractary Installed

Heater Stack with transition section
Natural Draft Gas Burners

BURNER CONTROLS: LIS 5280,000.00 # 20%, per Heater, Ex-Woarks, Tulsa, OK, USA.
Scope of Supply for above price:

Burner Manggement System wy PLC Control Ponel Fuel Gas Skid wy Burner and pilat valve train

Delivery of the Heater will be 33 36 Weeks, Ex-Works. If an expedited delivery is required, please contoct us.

We trust we have complied with oll vour requirements. if however any further details are required do not hesitate to contoct us.

We appreciate your interest in Born Inc. and look forward to the possibility of working with pow on this project.
Thank you.

Best Regards,

Vijoy K Rachakomnda
Praocess Engineer
Barm inc.

Tulsa, OK 74107
wiww. Bornine. com

Ph: 918 582 2186 ext: 214
Fox: 918.582.5163
Cell: 918.740.8350

CONFIDENTIALITY NOTICE:

The information contained in this email and any ottached docwments may be confidential or legolly privileged. It has been zent for the sole
use of the intended recipient{s). If you are nat an intended recipient, youw are hereby notified that ony unawthorized review, use, disclosure,
dissermination, distribution, or copying of this communication or any attached documents, is strictly prohibited. if you hove received this
communication in error, please contact the sender by reply email and destroy all copies of the origingl messoge and any attached

documents.”
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Appendix B

This section includes photographs taken during the experiment to identify the quantity of Sulphur in a sample of
Nickel Sulphate Hexahydrate.

Figure 17, Photograph of the X-ray Fluorescence Spectrometry analyser used during the experiment
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Figure 18, Photograph of samples dissolving on a hotplate

Figure 19, Photograph of sample receptacles which are loaded into the X-ray
Fluorescence Spectrometry analyser
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Figure 20, Photograph of receptacles before loaded into the X-ray Fluorescence
Spectrometry analyser

Figure 21, Photograph of Metler Toledo pH
controller
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Appendix C

This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate
from the consignment: 23-143V which, samples were taken to analyse the quantity of Sulphur content.
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VVALE

VALE EURACDPE LIMITED
CLYDACH REFINERY
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DATE
OUR REFEREMCE ND
YOUR REFERENCE NO

11-Apr-24
525.23.38058-16

4510593984 Delivery 25/04/2024

PACKING LIST

Bluestone
Metals &

Chemicals

ale Europe Limited
Clydach Refinery
Swiansea, 346 30R
UNITED KINGDOM

COMMODITY
QUANTITY

PACKING

SHIFMEMT BAEIE
COUNTRY OF DMSPATCH

COUNTRY OF DESTINATION

SHIPMENT METHOD

Nickel Sulphate
22,000

1,000 kg bags
DAP Swansea
United Kingdom
Uinited Kingdom
Truck

COMMODITY: Mickel Sulphate
LOT NUMBER NO. OF BAGS  |NC. OF PALLETS| KGS NET WEIGHT gk i
WEIGHT
23-143v 14 14 14,0040 P 22,500
23-237V ] 2 B,000

“In caze pau detsct Non Conformities please alweys incudse e on the CRRE s sdidiess i o gursaleas so we can taka actior immeciaely.

“@itt= wermerken Sie im Talle giner Reklametion ader Alnwaichung eiren Hinweis sul gem CWR urd infarmiesaen Se wns anschbefiend damit sir

uirgesend weilere MaBnabmen einkeiten vhnren,

® 0 case e delectar Ne Confarmilades por Tavar inchianlzs siemare &0 o CME 2 infdrmeancs para que padamas 1o mar medidas inmediatamernts.

“Mel gaso rilevaste delle Non Confarmitd, W preghiamadi seriveriz serpra sal MR @ di Indinzzarla a noi via 2 mail, in modo da pater agire

mirnadlataments

¥ 5 waus corstates des Mon-Confarmitds 2 la réception de ras predults, rous vous demarders & les inclurs sur le JMB ot maws es communiguer que

s plssinrs aglt immediatement.



Bluestone
Metals &

Chemicals
BLUESTONE METALS 8 CHEMICALS EURQPE S.LU. External Ref No : 4510593984
Carrer de Pascual Y Genis, 1 Planta 6 Product Name : | NICKEL SULFATE
VALENCIA - SP 46002 Lot Number : 23-143V
Spain
+34 960 03 86 80
info@bluestonamc.com

CERTIFICATE OF ANALYSIS

Parameters Unit Value
Ni % 222960
- Co % < 0,0001
Cu % < 0.0001
Fe % < 0.0001
Zn % < 0.0001
Mn % < 0.0001
- Pb % < 0.0001
As % < 0.0001
Ca % 0.0001
The informalion herein is befevad Lo te reliazle. Hi press or impled. ls made as to s sccurscy or

complatenass and nona is made as lo the filness of this 'na!l:nal for any purpose. The manufacturer shall not te lable for
damagss to person or property resultng from itz use. Nothing herein shall be constructed as a recommendation for use
in viclation ot any patenl. Censul the SCS.

Bhousture Metsb & Chenscals - Catrer du Pascasl ¥ Senis, 1 Planta 5 SP 4E0072-Valawia Spain | T + 34360032680 | F + 24960038681 | Eirfoblucstonemc.com



FOR DAMGERDLS GOODS: you st specity: UN no., oper shipger narmi, hazard olass, packing growg fwhers assignad| and any other glament of information requerad under apglicaile national ard intemnetonel reguisiions

MULTIMODAL DANGEROUS GOODS FORM

Clydach Refinery
Swanssa, SAE S0OR
United Kingdom

1. Shipper f Sonsignor £ Sander 2, Transport decument number 2]
Bluastone Metals & Chemicals Europe S.L. E
Calle Pascual y Ganis 1, 6° 3 . Shizper's refarence &
46002 VALENCIA
SPAIN Page 1o 1Pages 525.23.3808-16 ki

4. Fralght Foreearder's reference

&, Consignee 7. Carfiar (o he compieted by the carmer]

Yale Europe Lid

SHIPPER'S DECLARATION

I henzby declara that tha corenis of this consignmenl are lelf g
accusmlely desaiibed BElow by Lhe proger shipEing name, and are
classified, pacl_cag_?d. marked and |abals and am in all raspacls
in Eruuﬁr mpdlh ior rapspar] according lo the applizable intermational

and natlonal governmentsl raguiations.

£ Thiz shipmant is within the Amitations prescrbed for (Delets non-appilcsble)
ROAD TRANSPORTATION WITHIN THE UK

B, Additensl handling Information

10, Vezzel | Thght re, @nd date 11, Port ! place of lcading

12, Port § place of discharge 13, Destinalion

Swunsen, United Kingdon

S=F MARITHE 2OLLUITACT
11384 0F 1000KE

Fedy
27 BAGS

14, Shippirg marks * Muanber and kird of packapes; descripfon of e Wesght Groes Weight (kg Cubbe {m3)
i qoads
UM 3077 ENVIROSMENTALLY HAZARDOUS SUBSTANCR, S0LID, HN.C.5. (HICKEL SULFATE), CLASS 3, BG III,

22,C000.00 72,500.00

E:nergency EFhone Hunmber: Antigifoentrum +32 {0} 70 245 Z£3

16, Containgr identillcation
MNa.! wishicle regislration
Mg,

18, Seal number [5]

17, Contzinervehizle size & fype 8. Tare {ky) irg_ Tolsl gross mass

122,500.00

WOV TH BERTILYH A0W 18 B0 HIHOIVH A07 18 SOHTHOTPH Hre 15 SOOI A 10 SONIHTIYH S07 1 SRS LYH Ay 18 SaNIHoL¥H O 8 SONTHOIYA How T S

CONTAINERVEHICLE PACKING CERTIFICATE
| herehy declars fhat (he pords descrited above havebeen packed|ioaded inlo
the canlainervehicle idenlified above in accordsnce with ithe applicable
provisions **
MUST BE COMPLETED AND SIGNED FOR ALL CONTAINER/VEHICLE
LOADLS BY PERSON RESPONSIBLE FOR PACKING/LOADING

21, RECEMING ORGANIEATION RECEIFT

Recalved the ebove number of packeges/conainersireal ers in apparant
good order and condition unless slalsd hereon: RECEIVING

ORGANI SATION REMARKS:

20, Hame of campany
Deny | agistics

Houliers name 123, Mame of company {2F SHIPFER PREFPARING THIS NOTE)

Bluestone Mstals & Chamicals Europe S.0L.

Marne | Stalug of declarant In case of emergancy oall:

wehicle reg. no. [Meme /Staus of dacisrant In case of emergency call:

Werner van Dixhoom +34 951 040 117

TR T L T RN THCED




VALE EUROPE LTD
CLYDACH
SWANSEA

SAB 5QR

REGISTRATION

SUPPLIER

PRODUCT

HAULIER

DESTINATION

ORDER No.
CONTAINER No.
NOTES
HAT/GLASSES

FIRST WEIGHT
SECOND WEIGHT
NET WEIGHT

Operators Signature

GOODS IN TICKET
TRANSACTION No 53836

Duplicate
KX850WP

BLUESTONE-METAL-CHEMICAL

NICKEL SULPHATE

S-K HAULAGE

VALE SWANSEA

25/04/24
449

YES

38580 kg 040904 25/04/2024 12:41:4
15820 kg 040907 25/04/2024 14:32:5
22760 kg

DRIVERS NAME PETERS

e
Drivers Signature  ..[L.5

A record of the weights used on this transaction will be kept for six months

Hlues home i3 f,o/aﬁ’ 56“7 /4

22 wIT 730\7f
Lar Ao~ 23-287V fomd e

lor V' =23-)43

el Vo — [28  23-3807-76
/3’6\5 Aate _ 23



&

Um iCO re L Pro Forma Invoice

Client's address: CGBO2A202
Date 19 APR 2024 TODINIL UK LTD
2 Balfour Woad |
WEYBRIDGE, SURRREY i
Surrey KT13 8HD
UNITED KINGDOM
Ref. client f DAOFB 7 {01.2024) Apr/
Delivery address: 1017875
VALE EUROFPE LIMATED
Conteact / Tl 2202076234 7 13 FER 2024 Clydach Refincry
Yoyspenllweh Road
SWANSEA SA6 QR
Drelivery /DA B235314 / 23 APR 2024 UNITED KINGDOM
VAT number client GE398793903 Contactperson:  Kristel
Delivering plant: SUBS C5M BEM Olen
Materiad  Product Deeantily Linit price Tortal

MNrmber  Custom farilf code

(rounded to 2 dee.)

20405135 Mickel Sulphate Blectroless Grode, 22,3%, T kg big bags
2833 2400 22,000,000 KG

Conntry of Origin: BE

4.30 USD/EG 94,693,735 LISD

The exparter of the products covered by this document (BEREXBEO401574852) declares that, except whers otherwise clearly

indicated, these products arc of EU preferential origin.

VAT (code 42)
{47 BE EXPORT - VAT EXEMFT

Total weight 22,000,004 KG

Taotal amount

94,695.73 15D

Payrment: 45 days cnd of month ,

Dclivery: DAP SWANSEA by Trailer

Pro ¥orma Invaice for customs purpose only,

Remarks: EXPORTER OF RECORD BE (M01574852
Remarks: IMPORTER OF RECORD GEB 398793003

THMPORTANT MNOTTICE

- Export formzlitiss have to be done st a Belglan customs offics

- Customs code and description of product :

see commercial inveice

« BZS5 3 message confirming exit of EU~Territory to be addressed to @
customsfunicore. com

Colralt Erergy Prodoets Olen YWatcrtorensiraar 33 - 13 2230 Olen - Belgiom
Thuicore, SASNY Rus du Mareis - 31 - Brockstraut
Tel (32-2) 227.76.36 - Fax [32-%) 227.7%.30

Tl {32-14} 24.54.78 Fax {32-14) 24.37.55
B-1000 Bruxells - Bru
RCB/HRBE 85381 - TVARTW BEMIIT4832

sc]



" o
: Note de poids - Lieferschein
U m Ico re Consignment note - Vrachtbrief

@ Packing List - Paklijst

Lettre de voiture - Frachtbrief

| Destination - bestemming - Lisferanschrift

J Dal.ar. - leseringnr. - n® de Byraison - Lisfer Nr. Dare - Danom 1017875
8235514 23 APR 2024 VALE EUROPE LIMTTED
Drder - comemande - Verkaufsbelog Dtz « Danim Clydach Refinery
F202YTE254 13 FEB 2024 Yoyspenliwch Road
Y. mel, - UL el - vos réf. - Tar Feichen Diate = Dabom SWANSEA SAG 3OR _
OFEB 7 (01.2024) Apr
Carrier - vervoerdee - gxpéditenr - Spedidon Transpore-T Client - blant - Kunde
DSV ROAD NV/SA CGROIAZ0Z
Agen TODINI UK LTD
2 Balfour Road
Coregpandent - somespondunt - Ansprechparimer Tel. WEYBRIDGE, SURREY KT13 8HD
Eristel UNITED KINGDOM

Tlane - fabriek - wsing « Werk
SUBS CSM BEQM Clen

Unleadine painc - refarense - vesse] - alosing - destination - azent

Shipping marks 2202076254 Lisplaats - refarentic - schip - sluiting - bastemming - agent

Point de décharge - référence - bateaufssmeiurs « destination - ags
Abladestelle - Verwels = Schiff - Schlissoag - Bestmmung - Agen
F2{1 UK Costoms Agent Namme:Jeavons Enrodr Lid-
customs &) eavonsenrotin. coonk-tel 441212010061,
Irmpaorter BORI Nr: GBE 398793003 cc

Comntry entrate @ todind. com/delivery o
Virited 15 bock in adv./Contset person :Mr.Phil
e g — BOWDEN,phil bowden @vale.com
A, or, Crstomes Teriff code - dosanetariefeods - (Mriantity Net weight Tarra Gross wetght
N Ardicle Covelie e tarif doucnier - Zalftarife Code Hoeveetheid Netogewicht Tarra Bruty gewichy
Deseription - berchrifvbiz - ddsignation - Bezeiclmung (heantitd Poids net Tare Poiddy brut
Menge Netta Gewichr Tara Brga Gewichd
(k=) (kg (hz)
- i
20405135 | 2833 2400 : 22 22,000.000 (6000 22,066.000
Nickel Sulphate Electroless Grade, 22,3%, 1000 ke big bags
O 3077 MLLIE}JGEVAARLDKB WASTE STOF, N E.G. (MNiklkelsulfazt Hexabwvdraat), 9, I, ()
UM 3077 MATIERE DANGEREUSE DU POINT DE VUE DE L'ENVIRONNEMENT, SOLIDE, N.5.A.
{Sulfate de Nickel Hexahydrate), 9, 0T, {=)
UN 3077 ENVIRONMENTALLY HAZARDOUS SUBSTANCE, SCLID, N.0.5. (Nickel Sulphste
Hexalydrate) 9, IT, MARTNE POLLUTANT
Sepregation Group: Mot Applicaie
EMS n® F-A/&-F
Palet - Palette: 3 440.000 440,000
Totals - totas] - total - Gesarame T 22000000 S06.000  22.506.000
Iacoterms: DAP, Swansea
Comnents - bemerkingen - commentaives - Bemerlungen
i For roceipt - woor ctvenest mansparter - vervoerdar
B poar réception - fir EmpsEnaer mansporteur - Falres
|
|
Cobalt Energy Froducts Olen Watertorensteast 23 - B 2890 Olen - Belglam T Tel (32-14) 24.54.78 Fax (32-14) 24.57.56
Tmicore, Rue du Ifareis - 51 - Brockstrast B-1000 Bruxclles - Brusscl

Tel {322) 227 76,36 - Fax (322) 2207230 RCHALRE 53382 - TYAGTW RE(LRIST4E52



1 Shipper/Consignor/Sender 2 Transport document number

8235514
Umicore, SA/NV 3 Page 1 of pages 4 Shipper's raference
Industrieweg 34
g%SO Grobbendonk T Waﬁﬁﬁ&ﬁﬂdﬁr’sm

7 Carrier (to be completad by the carrier)

6 Consignee

UVRUFE LIMLITED CLAR
Clydach Reflnery ?mmma‘suggmu‘non o this consi are fully and accuratsly
Een lweh Road descrioed below by the preper shiging rame, a7 are class'ied, paciaged, masksd
SW N 2nd labelled/placarced anc are in &' respest in proper condision for transport acoor-
50 ding to the appicabie internationsi and 9o regulat
1’“ ent i$ Withir the limitatians prescribed for: 9 Additional handling infarmaticn
[Ddete non-applicable)
PASSENGER AND CARGO CARGO AIRCRAFT 24 hours emergency number:
AIRCRAFT ONLY Carechem24/Umicore
g IMight no. and daie 1 Portplace of loading Region Europe: +32 3 213 15 70
Grobbendonk {BE/
12 Port/place of discharge 13 Destination
Swansea/GRB
14 Shipping marks * Number and kind of packages; description of goods Gross mass (kg) Net mass (kg) Cube (m?)
.22 BIG BAG 1000 KG 2 % 066 00 22 000,000
Nickel Sulphate Electroless Grade, 22,3%, 1000 big bag
UN 3077 MI IEUGEVAARLIJKE VASTE STOF N.E.G. (lekelsulfaat

Hexah )]r draat), 9, IITI,
UN 3077 MATIﬁRE DANGEREUSE DU POINT DE VUE DE L~ ENVIRONNEMENT SOLID
N.S.A. (Sulfate de Nickel Hexahgdrate II
UN 3077 ENVIRONMENTALLY HAZARDOUS SUBSTANCE, SOLID, N.0.S. (Nickel
Sulphate Hexahydrate) 9, III, MARINE POLLUTANT

gregatlgr} Group. Not Applicable

SDS : 300000002057
22 Palets 440,000

15 Container identification No -~ ~ | 16 Seal number(s) | 17 ContainerVEHfcfeSize 2/ type | 15 Tare mass (kg) | 12 Total gross
vehicle registration No. O Open O Closed {inciuding tare} (kg)
size:
CONTAINER/VEHICLE PACKING CERTIFICATE 21 RECEIVING ORGANIZATION RECEIPT

Recaived r of packages/contz nerstrailers in order
erey deckers o e goods demcivd shove eve ben peked | SSRGS S0 P R
with the applicable provisions.™

MUST BE COMPLETED AND SIGNED FOR ALL
CONTAINER/VEHICLE LOADS BY PERSON RESPONSIBLE
FOR PACKING/LOADING.

20 Name of company Haulier's name 22 Name of company (OF
SHIPPER PREPARING THIS NOTE)

Umicore, SA/NV
Name/status of declarant

Umicore, SA/NV

Placs and date

Grobbend
Signature of decla

DRIVER'S SIGNATURE

DANGEROUS GOODS: : 2

You must specify: UN No. proper shipping name, hazard diass, Packing groups (where assigned), MARINE POLLUTANT and obssrve the mandatory reguirements
under ths applicable naticnal and internatiznal govemmental regulations. Fer the purpozes of the IMDG Code see 5.4.1.1.

= For the purposes of the IMDG Code see 5.4.2.

Ses overlest for documentary aspscts.
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¢ I1f (-)
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N.S.A. (Sulfate de Nickel Hexahydrate), 9, III, (=)
22 Palets 440,000
Total weight 22.506,000 KG
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VALE EUROPE LTD
CLYDACH
SWANSEA

SAG6 5QR

REGISTRATION

SUPPLIER

PRODUCT

HAULIER

DESTINATION

ORDER No.
CONTAINER No.
NOTES
HAT/GLASSES

FIRST WEIGHT
SECOND WEIGHT
NET WEIGHT

Operaiors Sighature

A record of the weights used on this transaction will be kept for six months

L}mﬂ@ﬁ@

38160 kg
15660 kg
22500 kg

GOODS IN TICKET

Duplicate
KN1473C

UMICORE

MICKEL SULPHATE

DSV TRANSPCRT

VALE SWANSEA

25/04124
KN285PC

YES

040903
040908

DRIVERS NAME

Drivers Signature

22 > | 7 AR

Detrery A/ °
LT e — 294
e — O 23

g:f:t?

Jurpd AT

TRANSACTION No

25/04/2024 12:34:3
25/04/2024 13:41:1

ADf\MJACEK

~p2355i%
0SS 62 699

}?(/Luf 177 ﬁ{)h%—d—f !{A/"Vei'cmja,.

53835

6l|Page



Appendix D

This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate
from the consignment: 2940502697 which, samples were taken to analyse the quantity of Sulphur content.

62 |Page



VVALE

VALE EUROPE LIMITED
CLYDACH REFINERY

Bulk FMW Discharged ex Containers w4/ 3/ 2% .

No

9274

Lot

Silo

Actual

Advised

Vaese) Sonlon . No. used Gross Weight Gross Weight Vasiance
22540
VW e ent
TWe 657128
Tontw) | OMIColE  (OLPHATE
2L ) TonaAE Al
Lot | pe + 2940502847
DeL IN° + R233070
LAs OATE & /773
RAYL 6 - Yoword tANAOTeul|E
LS2) oy 22,540
Soldga
TondINY [uMitore  Joidase
2.2 < | ) qoane AL
(T IN° +299050 269 7T
DeL (N9 -+ 82033021
GAL | OME 4L/2]
BAY | 1\ | rowPer wjaradevit
Rp—
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WVALE EUROPE LTD
CLYDACH
SWANSEA

S5A8 5QR

REGISTRATION

SUFPLIER

PRODUCT

HAULIER

CESTINATION

ORDER No,
CONTAINER No.
MOTES
HAT/GLASSES

FIRST WEIGHT
SECOND WEIGHT
NET WEIGHT

—

Operators Signature

GOODS INTICKET
TRANSACTION No 53470

LLZ1ERL

UMICORE

NICKEL SULPHATE BAGS

DSV TRANSPORT

WVALE SWANSEA

14103724

TIPEBS7 1286

YES
38520 kg 040188 14/03/2024 12:33.2
15980 kg 040191 14/03/2024 13:37:1
22540 kg

DRIVERS NAME BELLINGHAM

A record of the weights used on this transaction will be kept for six months

TondING UmICorRe JOLPHMATE

27 ~1 Towae RA LS

——

S N7
Lo e - 2940502647

DEL pJe — QZSjOZ—O

QpG Dme - 2T
Loc Alon — AAY L Polsben s Metovle
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@ Packing List - Paklijst

[
e Note de poids - Lieferschein
U m ICO re Consignment note - Vrachtbrief

Lettre de voiture — Frachtbrief

ﬁ]cs.térmf:’m; = bestemmring - Licferanschrift

138l nr, - leveringor, - n° de livraison - Liefer MNr, Dase - Dansm 1I 1017875
8233021 12 MAR 2024 YVALE EURQUE LIMITED
Cirder = conmmanie = Vegkan lshal e - Dty Clydach Refinery
2202076246 13 FEB 2024 Ynyspenllweh Road
Yo ref - U et - woe rel - Lhr Zeichen e = Datorn SWANSEA SAf SOR
OFE 7 (01.2024) Mar
Carrier - vervoerder - expéditeur - Spedition Transporc-I0 Client - klant - Kunde
DSV ROAD NWV/SA CGBO9AZ02
Agent TODINI UK LTD
2 Balfour Road
Correspondens - covrespondant - Ansprechpartner Tel, WEYBRIDGE, SUREEY KT13 8HD

Jana

UNTTED KINGDOM

Plant - [abrick - asine - Werk
SUBS C5M BEO4 Olen

Unlgading point - reference - vessel - closing - destinacdion - agent

Shipping marks 2202076246 Lasplaats - refereatie - sehip - slulting - begizonning - agent

Pumt g dlechargs - rélerence - basalermelure - destinetion - age
Abledestelle - Verwets - Schill - Schlirssuny - Bestimmuong - Agen
F201 UK Customs Agent Mame:Jeavons Evrotir Lid-
customsEjeavonseurotic.conk-te] 441212010064,
Importer EORI Nr: GB 398793903 cc

Country cntratc@ioding.com/delivery o
: ; book in adv /Contact person :Mr Fhil
Unleod Ko BOWDEN phil_bowden @vale.com
Milvet, phiv, Cietmins Vardff code - douatetariefoeds - ‘. Qreansdy Ner weight Tarra Grags wedsht
N Articdn aele din tarlf doudrler - Zoiltarife Code Hoevaallieid Netopmeiels Tana Bruta gewicht |
Dexeripiion - hotehrfving - ddeiguation - Bereicluieg ransind Foids met Tare Paids hrur
Menge Natto Gawichy Tars Brutn (ewieli
(k) (kg) (kg) i
) I
20405135 || 2H33 2400 22 22,000, 65000 22, 066000

Mickel Solphate Electroless Grade, 22,3%, 1000 kg big bags
By ' 0 W ' rahyelraat), 9, I, (-3

UN 3077 MATIERE DANGEREUSE DU POINT DE VUE DE L'ENVIRONNEMENT, SOLIDE, N.5.A.

(Sulfzte de Nickel Hezahydrate), 9, 1L ()

TN 3077 ENVIRONMENTALLY HAZARDOUS SUBSTANCE, SOLID, MN.0O.5. (Nickel Sulphate

Hexahydrate) 9, I, MARINE POLLUTANT

Segregation Group: Mot Applicable

EMS n® F-A/S-F

Palet - Palette: 12 440.000 440,000
TFotals - totaal - tolal - Gesamme 22, 000000 S06.000 22 506000
Tncoferms: DAP, Svwansca
Commrents - heinerkingen - conmnentaires - Bemerkungen
Far receipt - woor onbvangar ITATLSPATTET - Vervoerdar
pour réeeption - fir Bmpfinger transparceer - Fahrer
Cobalt Energy Products Olen Watcrtorenstrant 33 - B 2250 Olen - Belgiom Tel (33-14} 24.54.78 Fax (32-14} 74.57.56 )
Umicore, Iﬁ‘N i Fue du Marais - 31 - Broskstroa L1000 Brozelles - Beussel
Tel (32-2) 2F7.76,36 - Fax {32-2) 227.79,30 RCBHRB £5382 - TVABTW BEI401574852
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’

Examiciaie your & . piaer yoor « Exaerplar fur Frachtfohrer

surtuten pamsl

o
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= CMR ey
T e A 5 o g dhen B o
r I 1]
b T — L Ly Tl
liJMéCO{E SA/N§4 DSV ROAD NV/Sa
ndustriewve / NV/S
2280 Grobbgndan Transportcentrum L.A,
Grobbendonk/BE/ 8930 Rekkem
2mnm- axlisn S, ¢ Candresseorie o ades. St V DQ l— QUL 35 cf
Emphinger (e, Ansctett Staar) o€ )‘\_LL‘D °(\76/\50\/
g Rpeoey g 380 7<lemss”
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Mnhmum R e 1)

Swansea f f ( Nacnioigenaar FChIUNFED i Acent S Corcrmeupin , Sriche s ARAmacym
C M 1 Z\'Au;fy

bwe s AR che ZHSIEOIA & N,

ot 401,

- 047505 68 ndtpiswwfehotza bo

a s afeoets A tanspan ¢

[T] vemus isttente « Wechtiiden » Warkzoter ‘gn— v
O ;
fulo

Nou

10 mwmmmmmxmmmmsﬂo: T+ VGrvosrdo Qoeaenen (a3 S CAo- oF NERpeA T YoTarAT MeREn o AE |
Belorderte Guter (A, Azl Daio- coer Verpunhor

Ay R NI + SO0 ] v e e
-\ Frat 3

NICKEL SULPHATE EI'; (‘RADE,’BIG BAGS 1000KG22.000,000KG 22.066,000
SDS : 3000000020 22,000 Pieces
SN %%;’7 l:lII)..IEUGEVAARLIJKE VASTE STOF, N.E.G. (Nikkelsulfaat Hexahydr

UN 307‘7 MATIERE DANGEREUSE DU POINT DE VUE DE L ENVIRONNEMENT, SOLID
N.S8.A. (Sulfate de Nickel Hexahydrate), 9, IIl, (-}

22 Ppalets 440,000
Total weight 22.506,000 KG
2(’ 1{"()6 et e |
. AVD ¢
) :gcfcx Q
Ldogog¢ayl
©3/ 7o
L'Trixfumnn;mbmﬁ” ddizur + Coo-de Szende: pezergee and: |43 rectors & T Vi o aee et + Al s ADTERt
r Ty number :
Carechem24/Umicore [] ot omocawsamert « Cockr mmocus. » gegon Nosvishems
Region Europe: +32 3 213 15 7 ] mepesa et ’ e
&
£ - Delivery number: 8233021
S T oo Ref. number : 2202076246
2280 Grobbendonk 11.03.2024 Ref. Customer : OFB 7

@ WOZA256600  Fmal, fabedralifohetn be
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WwALE EUROPE LTD
CLYDACH
SWANSEA

SA6 QR

REGISTRATION

SUPPLIER

PRODUCT

HAULIER

DESTINATION

ORDER No.
CONTAINER No.
NOTES _
HAT/GLASSES

FIRST WEIGHT
SECOND WEIGHT
NET WEIGHT

GOQDS IN TICKET
TRANSACTION No
Ls21suv

UMICORE

NICKEL SULPHATE BAGS

NDQ

VALE SWANSEA

14103724
JUL394

YES

37600 kg 040188 14/03/2024 12:38:0
15080 kg 040184 14/03/2024 14:27:2
22540 kg

DRIVERS NAME MEHANOVIC
T

A record of the weights used on this transaction will be kept for six menths

TONDI N1 Ggmicone  JULPeATE
77 w1 Toune AV
Ly T Ao Z%qo§026Q7

DL aJe — 827536721
tae OME — &/ 1]

53473

Drivers Signature L/

(onemon — BAZ 11 fouoen  LAlogle
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Appendix E

This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate
from the consignment: 23-399V which, samples were taken to analyse the quantity of Sulphur content.
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E VALE Ne 9270

WALE ELUROCPE LIAITED
CLYDACH REFINERY

Bulk FMW Discharged ex Containers oae 3”?/&2/@’—#

Vegsa| Gentainar Na. Lat Silo Actual Advized

v Variancs
Ma. used Gross Weight Gross Weight

S K 215 &2, 340 L{js
GHIL LwS

Bruestoad  Dulfudr

o

Do x T PAES

1?::4*;; A Fhernae cial HousSE

LoT 19 23%-299V

DEC N HR5.2B-3BOT. 4

i)

BAG DAL — (09]QY
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WALE EURQPE LTD
CLYDACH
SWANSEA

SAE6 50R

REGISTRATION

SUPPLIER

PRODUCT

HAULIER

DESTINATION

ORDER Na.
CONTAINER MNo.
NOTES
HAT/GLASSES

FIRST WEIGHT
SECOND WEIGHT
NET WEIGHT

Operators Signature

GOODS N TICKET

TRANSACTION No 53326

GH18LUJ

JPS

NICKEL SULPHATE BAGS

S-K HAULAGE

VALE SWANSEA
29/02/24
T315

YES

38860 kg 039901
16120 kg 039909
22740 kg

DRIVERS NAME

Drivers Signaiure

29/02/2024 12:33:5
26/02/2024 13:41:3

MARTIN

A record of the weights used on this transaction will be kept for six months

BLucsione Suwhte 99 <\ Baas
Bay D Poudiz LIACLHauSE

. 2ac TTha-Ee.
HEL AV SR5.23%, 3505
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Appendix F

This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate
from the consignment: 2940502620 which, samples were taken to analyse the quantity of Sulphur content.
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. VALE No 9959

VHLE ELROPE LIMITED
CLYDACH REFIMNERY

Bulk FMW Discharged ex Containers oo 20/ 12,/273....

Vessel Cantainer No Lot Silo Actual Advized

i
Ma. used Grazs Walgh Gross Weight ranee

0469z Z| DSyAZ80%:2] 122,600

TOA A asy UMy OpneE  SUd PHATE

221 > L Tdume  GAG(

LAY 7 | Polonen dARenou e

LoT | A)°— 2940502610

DeEL I p° 1 8208T7¢7

3

(A dATE- O/ 20




* DT TLEZOT PN Z 2 AssnaERg ASO

BC

» V)

M

IR

Deliverad by DSV Roac Limited RK2UK-ABO74
Deliver Contact ANDREW HORTON Page 2(3)
VALE EUROPE LIMITED Phons +44 (D) 1255 244088
YNYSPENLLWCH ROAD { Shipper
SAANEEA UMICORE SA
SAG 5QR UM SA

BE-1000 BRUXELLES
Phone 1792 B8 42 501 BELGIUM
Delv. 2023-12-21
Dely. Time 12:30-12:30
Ref 8228742-2202067826 CMR-CONSIGN. NOTE
Consignee Date 2023-12-20
VALE EUROPE LIMITED Reference BEUK10-2781 RKZUK-ABO74
YNYSPENLLWCH ROAD Terms [QELIVERED AT PLACE
SWANSEA DAP
SAG 5QR SWANSEA
Qriginating member BEUK10
Cail. 2023-12-19/07:30-15:00 Hautier -
Unit.no DSVA3802421 Reg.no.

UN 3077 ENVIRONMENTALLY HAZARDQUS SUBSTANC E, SOLID. N.O.S_ (ENVIRONMENTALLY HAZARDOUS SUBSTANCE).SOLI (-}, 2)

CLL.20000.0 KGS

UN 2077 ENVIRONMENTALLY MAZARDOUS SUBSTANC E, SOLID. N.O.S.(ENVIRONMENTALLY HAZA DOUS SUBSTANCE),SOLI, {-3.2

CLL,2000,0 KGS o

CHRIS, BORGZSAUMICORE . CON

CHRTS BORGNSH

Marks & Nos No.of Pkg. Contents Waeight kg Volume

22020687826 22  PLL  NON-STACKABLE ¢ NIC‘ GW 24000 22.C00 CBM
i 135 LDM

EL SULPHATE\

ESS Gaeaﬁm;a% 0
00 KG:BIG BAGS
UN 3077, ENVIRONMENTALLY HAZARDOUS SUBSDWO.E&SOLID N.C.8. {ENVIRONMENTALLY HAZARDOUS SUSSTANCE).SCLI,(-).20
CLL,20000.0 KGS 4
UN 3077 ENVIRONMENTALLY HAZARDOUS SﬁESTANCfE SOLID, N.O.S. {ENVIRONMENTALLY HAZARDOUS SUBSTANCE}SCLI..(),2
CLL.,2000.0 KGS " e,

27‘”"‘

Matwihstanding anything te the contrary hesain, the carmage le subject 1o the CHR Conveation 3e adogted by the Executive Order 1936-09-08 Ne. 802 on contract in
Insarnational carrlsge by ad.

PIN 8272 F201 UK CUSTOMS AGENT NAME:DSV-E MAIL:SCPHIE. TURNER@UK DSV.COM / EORI NR -
GB778655171000/DELIVE RY TO BE BCOKED IN ADVANCED / € © NTACT PERSON : MR, PHIL BOWDEN ,

Marks & Nos No.of Pkg. Contents Weight KG Volume
2202067828 22 PLL NON-STACKABLE / NiCK GW 24000 22.000 CBM
N 22508
EW 24000 S .
Returnable items 12 SPAN

Veees gav com
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Dollverad by DSV Road Limited RK2UK-ABO74
Deliver Contact ANDREW HORTON Page 3(3)
VALE EURQPE LIMITED Phone +44 (Q) 1255 244068
YS"YSN PSEEP;J;.LWCH ROAD Shipper
oy UMICORE SA

UM SA
BE-1000 BRUXELLES
Pheone 1792842 501 BELGIUM
Delv. 2023-12-21
Delv. Time 12:30-12:30
HAZARDOQOUS GOODS SPECIFICATION
Consignee Date 2023-12-20

VALE EUROFE LIMITED
YNYSPENLLWCH ROAD
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Appendix G

Figure 22, A photograph of the apparatus described in our further work to establish the effects of pH on the Hydrogen Reduction process
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