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EXECUTIVE SUMMARY
CSIRO Division of Energy Technology was commissioned by the NSW Department of Urban Affairs and Planning (DUAP) to investigate whether any alternatives existed to the use of hardwood charcoal in the production of high purity silicon metal from a smelter proposed for the Lithgow region.  This report details the rationale used for the screening of possible alternatives, the assessment of the alternatives and the recommendations of possible alternatives.

All commercial production of silicon metal throughout the world is performed using a very high temperature process in electric arc furnaces.  Carbon, mainly in the form of charcoal or coal, is used to reduce the quartz or silica to the silicon metal.

The carbon plays a multifaceted role in the process and as a consequence there are a number of properties of the carbon that are critical to its efficient operation.  The four most significant of these properties have been used as the criteria for selecting possible alternatives to hardwood charcoal.

THE SELECTION CRITERIA

Impurities:
The raw materials for silicon metal production, quartz and carbon, always contain some small amounts of impurities such as iron, calcium, titanium, sodium, phosphorus and boron.  The carbothermic process does not produce a "slag" to carry away impurities and therefore nearly all the impurities introduced with the quartz and carbon will end up in the silicon metal.  Thus, if high-grade silicon metal is required, a high purity quartz and carbon must be used.
Reactivity:
Silicon monoxide gas requires a lot of energy to produce and therefore it is important to convert it all to silicon carbide by reacting it with the carbon.  What does not react can pass up and out of the bed where it will mix with the surrounding air and oxidise back to silica (SiO2) in a very fine powder known as "silica fume".  To ensure that a maximum amount of the silicon monoxide gas is converted to silicon carbide, the carbon source selected must be very reactive.
Size and Strength: The bed of quartz and carbon in the furnace must remain highly permeable so that the silicon monoxide gas can make maximum contact with the carbon as it rises through the bed.  This is achieved by having a closely sized lump material rather than fine dusty material for both the carbon and the quartz.  The carbon must also be strong enough to not break into finer particles as it is loaded and must maintain its strength up to the very hi-h temperatures in the furnace.
Electrical conductivity: The electrical energy for the process is released in the arc from the tip of the carbon electrodes.  It is important to keep this intensely hot zone close to the bottom of the furnace so that the cooler zone, where the silicon monoxide can be converted to silicon carbide, can be maximised.  If the carbon is a good electrical conductor, the power can pass from the electrode, through the carbon in the bed, to the furnace body and in so doing heat the carbon it passes through.  This heating reduces the size of the "cool" zone in the furnace and will lead to increased loss of silicon monoxide.  Thus the operator needs to select a carbon that has a low electrical conductivity.

It can be seen, from the discussion above, that Purity, Reactivity, Strength, Size and Conductivity are criteria that should be considered as critical to the silicon producer and therefore should be used in the screening of alternatives.
Of course the cost impact of alternatives must be a principal consideration.  If an alternative proves to be uneconomic, whether it be due to the supply cost or its impact on the process, it cannot be considered as a viable alternative even if it excels in all other criteria.  While the likely cost of alternatives was considered it has not been used as a screening criteria because the cost impact of alternatives on the overall production is extremely complex and would need to be the subject of a major study in close collaboration with the smelter operators.
ALTERNATIVES CONSIDERED
A summary of the alternatives considered, and their rating against the criteria, is shown in the table below.  Those alternatives that failed to meet the criteria were not considered in more detail.
Alternative
Purity
Reactivity
Strength
Size
Conductivity
Notes
Hardwood





Very suitable from a purely

charcoal





technical point of view

Petroleum

x


x
Not suitable

coke

Natural gas

x


x
As carbon derivatives. Not







suitable.

Bituminous
x
?



Ash levels from 1-IO% too

coal/coke





high. Some coals have poor







reactivity.

Brown
x




Ash levels at 1-2% too high.

coal/char





High sodium.

Softwood

x
x


Poor physical properties.

charcoal

Plantation



?

Purity and size could be

hardwood





problem if young trees

charcoal





utilised.

Briquetted
-?




Can purity be maintained

woodwaste





during collection and

charcoal





transport?
Anthracite
x
x



Not suitable

Rice husks
x

x


Although mainly Si very high







ash results in too much other







impurities.

Coconut
x

x


High potassium. small grain

shells





size.

Bagasse
x
?
x
?

High ash, would need







briguetting.
Ultra clean





Ti could be problem for

Coal/lcoke





some customers. At least 3






years before commercial
The two options, shown in bold italics in the above table, were selected as being worth further consideration.  They are charcoal, from densified or briquetted hardwood waste from the forestry and milling operations, and char made from ultra clean coal.

Hardwood waste from sawmills within reasonable distance from the proposed smelter, appear to exist in sufficient quantities to support the production of 30,000 tonnes per annum of charcoal if a suitable briquetting/densification process could be found.
Several technologies exist for the briquetting of either wood waste before carbonisation, or charcoal generated from wood waste, and these could be scaled up to a level capable of supporting the proposed silicon smelter.  A process, which briquettes the wood waste before converting it into charcoal, is already in commercial production in Western Australia and appears to produce a highly suitable charcoal.

v

A similar process has recently been proposed by a NSW based group as part of a larger proposal by the Western Sydney Waste Board to introduce a metropolitan waste wood management plan, with hich grade charcoal being one of its value added outputs.
The author is advised that the Applicants are looking at a process involving fluid bed charcoal production, followed by conventional briquetting with binders to produce a reductant, but he has some concern over the high temperature strength of this product.
An ultra clean coal (UCC) technology, owned by White Industries Australia, produces a high purity coal with mineral impurities comparable or lower than hardwood charcoal, except for titanium.  The group has experience in producing chars and cokes from various UCC products and are confident of producing cokes with suitable size, strength and reactivity.  Although not currently at commercial production stage, UCC is predicted to be in commercial production early in the life of the proposed silicon smelter.

RECOMMENDATIONS
There are three alternatives that the author feels warrant consideration by the Applicant, two based on woodwaste and one based on ultra clean coal.  None of these alternatives have previously been used in a silicon smelter.  It is unlikely, therefore, that sufficient confidence could be gained from laboratory testing to enable a new smelter to commit to their exclusive use from its start up.  It is therefore recommended that these options be thoroughly investigated so that, should they still prove suitable, their introduction to the silicon smelter operation could be made at the earliest practical time.
Alternative 1: Produce extruded briquettes from selected hardwood sawmill waste drawn primarily from the North East and Western NSW mills.  The briquettes are then carbonised to produce the desired charcoal.  Briquetting and carbonisation use a technology developed by, and currently in small-scale commercial production with, HOTROX, a Perth based company primarily marketing to the domestic barbecue and heating sector.  Scope exists for producing woodwaste briquettes, made using the HOTROX technology, and then feeding them to the silicon smelter's own charcoal kilns.  However, it should be noted that HOTROX claims much of the quality of its charcoal is due to the carbonising conditions employed locally at their facility.
Alternative 2: Use charcoal briquettes similar to those of Alternative 1, but produced using hardwood waste from Western Sydney Waste Boards quality managed wood recycling program married to the briquetting/carbonising technology of Biomass Energy Systems and Technology (NSW).

The technologies for Alternatives 1 and 2 are considered to be sufficiently advanced for them to be applied within 2-3 years, soon after the commissioning of the silicon smelter.  The most significant challenge would be the establishment of a system that would enable the efficient collection of consistent and high purity wood waste.
Alternative 3: Use char/coke derived from ultra clean coal produced using the UCC technology developed by White Industries Australia and CSIRO.  Whites are pursuing a commercialisation plan, but this is unlikely to have commercial quantities available until mid 2000). This alternative should be investigated for introduction later than Alternatives 1 and 2.
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8 CHARCOAL FROM WASTE HARDWOOD 
8.1 Wood Sources
In the Australian Forest Products Statistics report for the September quarter 1999 ABARE and Bureau of Rural Science sources [Connell et al 1999] have estimated that NSW forest industries produce about 3.7 million cubic metres of residue from softwood and hardwood operations.  Around 1,030,000 m3 per annum are currently uncommitted.  Residues from sawmills alone amount to 1,750,000 m3 per annum with 200,000 m3 uncommitted available.

These statistics would make it appear highly justifiable to look at the possibility of using wood waste as a source for the charcoal reductant required for the proposed silicon smelter.

The problems with utilising this resource is the diffuse nature of the resource, concerns over consistent quality and the need for a procedure that would convert the waste into a form suitable for use as a silicon smelter reductant.
Wood waste derived from the forestry practice will tend to be made up of small trees and branches in which the proportion of bark and sapwood is high compared to that of mature tree trunks.  If this material was to be used for the production of a charcoal reductant its impurity level, while still being low, could be slightly higher than the charcoal derived from "old-growth".
The selection of sawmill waste as a source for the charcoal production should give a higher purity, as the mills would be processing mature tree trunks with a high proportion of heartwood.
8.1.1 Type
At this point in time there is insufficient evidence to suggest that softwood wastes could be formed into a charcoal with a suitable combination of strength and reactivity to be suitable for silicon smelting.  While densification processes may enable the production of a charcoal with reasonable strength it is felt that it is unlikely to be able to achieve a strength comparable to hardwood charcoal.  In addition the reactivity of the softwood, either reconstituted or from wood block, will be lower than the hardwood and, while processes exist by which the reactivity can be increased, any modification to increase the reactivity would be at the expense of a further loss of strength.
Discussions with parties with experience in wood briquetting and charcoal production [Cole 1999, Josephs 1999] indicate that softwood waste can be blended with hardwood waste in the production of a good quality briquetted charcoal but the proportions of the blend would need to be determined in close consultation with the smelter operators in order to establish an acceptable balance of reactivity and strength.
For the purposes of this study, the intention will be to look at the possibility of using only hardwood wastes but the substantial reserves of softwood waste should not be forgotten.
8.1.2 Distribution
One of the greatest obstacles in the utilisation of wood residues will be the effect on the economics of the collection and transport of the residues to the plant.  For this reason, only those forest regions closest to the proposed plant will be reported.  At this stage the statistics reported are averages over large regions, and economics could change markedly depending on where in the region the wood waste was sourced.
8.1.3 Wood waste from NSW Western region
A report prepared Stucley and Raison [1999] for the NSW Sustainable Energy Development Authority, looking at the potential for the use of forestry by-products in power generation, indicates that 125,700 tonnes of wood wastes were "removed" in the year 1997-98 from mills located at Baradine, Deniliquin, Dubbo, Forbes, Inverell and Narrandera.  This is relatively small compared to the 584,364 tonnes were removed from the North East forest region.  The make up of these wastes and their availability is not clear from this report, however the data was collected using a questionnaire sent to 441 saw mills and it is likely that more detailed data is held by the authors.

It is unlikely that sufficient sawmill residue would be available from this region to generate the full quantity of charcoal required for the proposed silicon smelter and additional wood waste sources, such as residues from timber harvesting in the area or sawmill wastes from the North Eastern forests, may be required as top up.
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8.1.4
Wood waste from NSW upper and lower NE region
Connell et al (I 999) quote a total of nearly 2.7 million cubic metres of hardwood waste from this area.  An estimated 1.4 million m3 of residue is produced during harvesting of the public native forests alone but most of this is not currently used.

While this is a very large resource, the manner in which it is distributed (mostly left on the forest floor) would make collection and quality control difficult.  The possible local environment impact of removal of this material from the forests must also be taken into consideration.

It would appear that the source of choice in respect to collection efficiency, quality consistency and environmental impact would be the sawmill residue (sawdust, off-cuts, etc).  Sawmill residues produced from milling of hardwood from plantations, public native forests and private native forests in this region amount to 334,000 m3 with the hardwood plantation component being predicted to increase by 28,000 m3 by 2020.

While this region provides the greatest resource of woodwaste in NSW, its distance from the proposed smelter means that transport costs may be prohibitive.  A more detailed study of the distribution of woodwastes in this and other regions and the associated collection and transport costs would need made before committing to utilising this resource.

8.1.5
Wood waste in the Southern Forests (Oberon) region
This region produces around 180,000 m3 of uncommitted forestry residues plus a further 30,000 m3 per annum of sawmill residue.

In addition this region is responsible for the generation of a further 760,000m3 of softwood residues.

With more than 360,000 m3 of sawmill residue being produced each year and many times that in forestry residues, there would appear to be a sufficient resource of waste hardwood to support the production of 30,000 tonne per annum of hardwood charcoal for the proposed silicon smelter.  A detailed study of the locations and tonnages of the major sources would need to be performed in order to get an estimate of the economic impact that such an operation would have on the process.
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With the predicted growth in hardwood forests in both public and private plantations the sustained availability of this resource seems to be assured.  The following quote from Connell's [1999] report gives some assurance of the potential for this resource and indicates the need to have processes which ca utilise this resource.  "Given Australia's projected large availability of non-sawlog wood, finding markets for products that may be produced using this wood will be essential for further growth of the domestic wood and paper industries".  There is, however, a potential competitor for the woodwaste resources in the form of the NSW power generation industry.  The power generators are looking at this resource as a means of improving their overall balance of greenhouse gas emissions by burning a portion of woodwaste instead of only coal.  Although the greenhouse impact of this approach appears to be minimal it could impact the availability of supply of woodwaste to the silicon smelter.
8.2 Collection and Blending
Collection, transportation and blending of woodwaste for the proposed smelter is likely to be the second most significant cost in the production of charcoal, the carbonization process being the first. Without a detailed analysis of the sources it is not possible to put a cost on this stage of the process but an indication can be seen in the report by Stucley and Raison where they state that the “Total cost for the forest material delivered to a power plant within 100km generally ranges from $25-$45/ green tonne”.
The cost of the saw dust at the mill can range anywhere between minus $9 per tonne (ie, the mill pays for the disposal) through to plus $12 per tonne.

…
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7.1.2 Plantation hardwood char
Char from plantation hardwood has much of the advantages of char from old growth but with the possibility of significantly less environmental impact on both local environment and greenhouse gas emissions.

A clear disadvantage appears to be the lack of sufficiently large existing reserves and the long delay in establishing a suitable resource.  Total of all current NSW hardwood plantation growth rate appears to be around 300,000 tonnes per annum of which 120,000 tpa is already being- extracted (NSW Forestry web page) leaving 180,000 tpa production from the all of the State, much of which would be from plantations less than six years old.  In comparison, the smelter is likely to require I 00,000 to 150,000 tonnes per annum.

Due to the less mature timber that would be harvested in plantation scheme, the ratio of heartwood to sapwood will be lower with the result that mineral levels, while still low, will be slightly higher and the char will be slightly weaker and more friable.

The disadvantages of high moisture content discussed for old growth also apply to plantation hardwood.

7.1.3
Softwood charcoal
7.1.3. 1 Purity
Charcoal made from softwoods tends to have higher ash levels than the hardwood chars. The two common plantation softwoods, Cypress pine and Radiata pine, produce char with ash levels around 3.0% and 1.0% respectively.  The principle element contributing to this high ash appears to be Ca while the levels of other elements of interest are comparable to those in the hardwood chars.  Calcium is one of the more easily removed
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of the contaminants and may, in some instances, be desirable in maintaining a suitable Al:Ca ratio (Spratt & Brosnan, 1990).

7.1.3.2 Reactivity and strength
Two disadvantages of softwood chars are their relatively low reactivity and their low strength.  Some improvement in char reactivity may be possible through changes to the char manufacturing process but it is likely that this would be to the further detriment of the char strength.
7.1.3.3 Densification
An improvement in char strength has been reported by Josephs [2000] who has studied the briquetting of wood wastes under conditions which cause some of the lignin components to bind the material together to form a dense briquette.  It is understood that the char produced from these briquettes may be stronger than the conventional softwood char but documented evidence of this has not yet been gained.

Whether a densified softwood char produced in this way could exhibit an acceptable combination of strength, reactivity and purity is uncertain and would have to be further investigated.

Although commercial scale production of these briquettes is not being carried out in Australia it is likely that, should the properties be suitable, commercial production could be established within two years.

The environmental impact of the use of plantation softwoods is seen as more acceptable than old growth hardwood both in effect on ecosystems and greenhouse gas emissions.  While greenhouse gas impact may be close to neutral the relative reactivity and its effect on electric power consumption must be taken into account, as discussed earlier.

The densification option opens up the possibility for the inclusion of waste wood and other biomass, which would have significant environmental merit, however particular care would need to be taken to ensure a low and consistent level of impurities.  Reports on recycled timber indicate ash levels in between 1% and 3%.
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