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Foreword

Environmental Clean Technologies (“ECT”) is pleased to have supported
Federation University in commissioning this report on the “Alternate uses of
Yallourn and Loy Yang Lignites.”

Our company has been pursuing zero and low emissions use of lignite for over 15 years. However, over that
time, available reports on the various lignite seams and their applicability to future applications have become
dated and unreliable. This initiative intends to assemble all available, relevant data into one report, updated
for the acceleration of technology solutions increasingly available to lignite as a feedstock. We see this report
as a useful industry resource providing a ready reference for technology companies, research organisations
and Governments alike when assessing the long-term value of Victoria’s world-class lignite resources.

Through its headline “Net Zero Emission Hydrogen Refinery” project, ECT is pursuing a whole of resource
approach that targets a carbon-negative footprint with zero waste discharge. The report most notably
identifies “four promising candidates for commercial production from Yallourn lignite: metallurgical
reductants, hydrogen, humic substances and fertilisers” (p33) and aligns well with both ECT’s headline
project and its suite of technologies:

COLDry HydroMOR COHGen
Zero-emission lignite drvin Primary iron production. Next generation, low emission
9 rying Lignite-based, hydrogen-driven. lignite-to-hydrogen technology
Ref: pp1-3, 8,10,12-15, 25 & 27 Ref: pp2,13 & 26 Ref: pp2, 26 & 30

Additionally, “Advanced carbons such as carbon fibre, graphene, graphene oxide and quantum dots
grow could also be commercially valuable products if these markets grow.” (p33)

ECT has been reimagining the future use of lignite through the development of a suite of technologies and
complementary processes transforming the resource via the highest environmental standards of mining and
processing - ultimately delivering low-cost Viridian+* hydrogen, soil carbon and critical minerals in advanced
carbon products, like graphite.

Realising this vision will accelerate Victoria’s support of the burgeoning renewable, clean fuel and soil health
economy. Zero Emission Fuel, Renewables and Food — the three most critical components of a sustainable
future.

The stakes are high, and the region's wealth, jobs, and environment depend on preserving these lignite
seams for future use. If done right, we could see the next Sir John Monash moment about to unfold in
Victoria.

| sincerely hope that this report helps to inspire and inform the reader of the vast potential we have in our
Victorian lignite reserves and that the application of modern technologies can deliver the best of both worlds
— economic prosperity and environmental sustainability.

fanaging Director
Environmental Clean Technologies Limited

Commercial-in-confidence: unauthorised distribution of this document is prohibited. Permission to distribute may be sought by emailing
info@ectltd.com.au.
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Executive Summary

This report commissioned by ECT identifies metallurgical reductants, hydrogen, humic substances and
fertilizers as promising candidates for manufacturing in Victoria from Yallourn mine lignite. Depending on
market conditions and research progress, carbon fibre, graphene, graphene oxide and quantum dots could
become commercially attractive products in the medium-term.

Yallourn lignite has been used commercially in a number of industries including agglomeration,
carbonisation, gasification, steel recarburisation etc. These commercial precedents highlight the relative
ease of access to Yallourn mine lignite as well as its favourable properties. The ability to selectively reject
hard, high-density, cracked material (typical of dark lithotypes and gelified macerals) has been important for
some applications. Victorian lignite properties are highly variable and selective mining and/or lignite
processing would offer improved process stability as well as product quality and consistency in many
applications.

Technical investigation into at-line sensor and lignite sorting or selective mining technologies are
recommended. Selective processing of Yallourn mine lignites could significantly reduce commercial risks
related to woody lignites and dark lithotypes. Woody material in the rejected lignite could be sold for potting
mixes or converted to activated carbons. There could be an opportunity to convert lignin-rich dark lithotypes
to advanced carbon products like carbon fibre.

1 Background

This review into the benefits of Yallourn lignite compared to other Victorian lignites was commissioned by
ECT. The identification of commercially attractive alternative uses is based on an overview of Yallourn, Loy
Yang, Bacchus Marsh and Morwell lignite properties. Although lignite is no longer available from the Morwell
mine, extensive research and commercial experience with this lignite are relevant to the review.

The review of lignite properties makes use of extensive historical datasets which are complemented by
valuable data on the recent and future properties of Yallourn and Loy Yang mine lignites. Where relevant,
recent research directions and findings are briefly discussed. This report excludes mining and mine
rehabilitation considerations. The commercial prospects evaluation is based on a 1996 report (Verheyen,
1996). Tentative commercial prospects scores assigned to new lignite uses are based on similar products in
the 1996 report or published data.

The key properties of Yallourn lignite generally relate to the low rank (i.e., high moisture content) and dark
lithotype content (i.e., high gelified and woody lignite maceral content that tends to be hard and dense or
fibrous). Dark lithotype and woody lignite macerals have been successfully rejected from Yallourn run-of-
mine lignites prior to agglomeration and carbonisation for many decades. Yallourn lignite lithotypes are also
generally well stratified, suggesting that contemporary at-line sensor technologies could be valuable for
assisting selective mining or separating mined lignite for further processing. Options for at-line identification
of desirable lignite properties include image processing based on colour, reflectance and fluorescence.
Further technical investigation and research is recommended into adapting existing sensor and sorting
technologies to Yallourn and other Victorian lignite.

The most promising technologies identified in this report are similar to those recommended by similar recent
reviews(GHD, 2019; McManus, 2019; DJPR, 2021). These technologies include metallurgical reductants,
hydrogen, humic substances and fertilizers. These products all have well-established local or international
commercial precedents. Most products would benefit from rejecting hard, dense dark lithotypes and fibrous
woody lignite but some products like activated carbons and phenols could be produced from rejected woody
lignite (associated with high porosity carbons) or dark lithotypes (typically rich in phenolics). Opportunities to
utilise CO2 to extract or up-grade chemicals are also identified.

1.1 ECT Background

Environmental Clean Technologies Limited (ECT) own and are developing a portfolio of lignite upgrading
and non-fuel lignite technologies which upgrade low-rank and waste feedstocks, refining them into higher
value products with a low or net zero emissions footprint. The patented Coldry process has been
demonstrated at pilot scale and a 25 000 tpa commercial demonstration plant is expected to be completed in
2022 (ECT, 2021). Coldry uses mechanical work to produce a densified lignite product (ECT, n.d.). The
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drying process is more energy-efficient than conventional thermal drying and produces pellets which can be
transported (ECT, n.d.). The use of low grade waste heat, is central to its efficiency allowing for no direct
combustion of the feedstock and preserving the original chemical form of all constituents inherent in the
feedstock whilst removing the water.

The Coldry product is central to the other iron processing (HydroMOR), hydrogen production (COHgen,
catalytic organic hydrogen generation) and liquid fuels (CDP-WTE, catalytic depolymerisation waste-to-
energy) patented technologies that ECT is developing (ECT, n.d.). Beneficial lignite properties for these
processes are identified where relevant.

2 Current Victorian Brown Lignite Mining and Use

The vast quantities of potentially economically feasible lignite (33 billion tonne) in Victoria are mostly located
in the Gippsland Basin and the Otway Basin (DELWP, 2020). The Loy Yang and Yallourn lignite mines are
active in the Gippsland Basin (DELWP, 2020) and the Maddingley No 2 mine is active in the Otway Basin at
Bacchus Marsh. The Gippsland Basin lignite is primary used for thermal electricity generation with smaller
quantities used to manufacture briquettes and agricultural products. The Maddingley No 2 mine site is used
as a landfill and the lignite is used in fertilisers (Calleja Group, n.d.). The ECT commercial demonstration
facility is located in Bacchus Marsh.

21 Gippsland Basin

Victorian lignite from the Gippsland basin is generally low in ash, sulfur, heavy metals and nitrogen (DELWP,
2020). Despite the high moisture content (48-70% w/w), (DELWP, 2020), lignite mining near Yallourn at the
Great Morwell Mine commenced in 1887 and the Great Morwell Coal Mining Company produced briquettes
from 1892 to 1898 or 1899 (DJPR, 2021; Vines, 2008). Electricity generation from Victorian lignite in
Gippsland was established by the State Electricity Commission of Victoria (SECV) in the 1920s (Vines, 2008;
DJPR, 2021) and lignite-fired power stations continue to supply the majority of Victoria’s electricity (DJPR,
2020).

Producing briquettes from Victorian lignites has been fraught with technical difficulties (Vines, 2008) —
highlighting the unique Victorian lignite properties and the wide variation in properties across the various
basins and seams. Briquetting was necessary to produce a transportable hard dry lump form of lignite.
Appropriate attention to research and development facilitated commercial briquetting of lignites from Yallourn
(Vines, 2008; DJPR, 2020) and later Loy Yang mines. Briquettes are currently produced from Loy Yang run-
of-mine lignite and wood waste by IronWood at Morwell.

Reliable briquette production enabled other products including char and town gas to be produced from
Victorian lignite in Gippsland. Raw and briquetted lignite was used to produce synthetic natural gas in
Victoria from 1956, although the Morwell Gasification Plant closed in 1969 due to competition from natural
gas ((Vines, 2008, p21).

In recent years, the Morwell lignite mine and Hazelwood power station have closed. The Loy Yang and
Yallourn power stations and mines are scheduled to close in the coming decades. Agricultural products,
particularly humic acids, continue to be produced and exported from Gippsland basin lignites (Omnia
Nutriology, 2021).

2.1.1 Yallourn open cut mine

The current Yallourn open cut mine developed from the Great Morwell Mine and the lignite was used
extensively for power generation and briquetting. Early attempts at briquetting were frustrated by technical
difficulties arising from a poor understanding of the wide variation in lignite properties within seams. In
particular, variable moisture content, maintenance issues caused by high sand areas (Higgins, Kiss, &
Allardice, n.d.; Vines, 2008). Many of these difficulties were overcome by avoiding areas rich in silica, sand,
woody lignite, dark lithotypes or moisture and around three million tonnes per year of Yallourn lignite was
transported to the Morwell Briquette Works between 1960 and 2003 (Higgins, Kiss, & Allardice, n.d.; Vines,
2008). Unlike the adjacent Morwell open cut mine lignites, low moisture, low silica, woody maceral-free and
light lithotype Yallourn lignites reliably produced strong, abrasion- and weathering resistant briquettes
suitable for carbonisation and industrial boilers were successfully (Higgins, Kiss, & Allardice, n.d.; Vines,
2008).
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Figure 1. Yallourn open cut mine east field (V Verheyen, n.d.)

2.1.2 Loy Yang open cut mine

The current Loy Yang open cut mine lignite production commenced in 1983 for commissioning the Loy Yang
power station (Vines, 2008). Managing lignite quality and avoiding pockets of high sodium, overburden
contamination, historical sediment contamination (typically associated with lignites naturally exposed to the
elements or severely weathered), high ash, interseam intrusions and moisture content variability has been a
challenge throughout the life of the Loy Yang mine. Nevertheless, lignite from the Loy Yang mine has been
successfully used for thermal power production, converted to dry pulverised lignite, briquettes and
agricultural products.

2.2 Maddingley Seam Lignite Mines

Bacchus Marsh lignite seams were identified in the 1890’s and mining commenced at the Maddingley Brown
Coal Mine Number One in 1944 (Vines, 2008). Four years later, the Maddingley Brown Coal Mine Number
Two (Maddingley No 2) was established. Lignite from these mines was used primarily by Australian Paper
Manufacturers but by 1992, Australian Paper Manufactures had replaced lignite-plant with natural gas
burners (Vines, 2008). The Maddingley No 2 mine was purchased by the Calleja Group in 1992 and is
currently used primarily as a landfill site (Calleja Group, n.d.; Vines, 2008). Some lignite is refined for used in
agricultural products (Vines, 2008) and is located close to the ECT Coldry commercial scale demonstration
plant under construction (ECT, 2021).

2.3 Recent and Future Gippsland Basin Mine Lignite Properties

Monthly or yearly composition and property data is available to assist with future planning in the two
operating Gippsland basin open cut mines. The data in Table 1 shows that most Yallourn lignite parameter
averages are expected to decrease moderately in the future. The average moisture and carbon contents are
expected to increase by 1% and 0.5% while no sufficient change is expected in the sulfur concentration.

Figure 3 and Table 1 confidence intervals (Cl) show that despite the relatively modest changes in average
lignite properties, any process would need to accommodate relatively large day-to-day variations. For
example, the average ash yield is expected to decrease from 2.3% (2008-2025) to 2.1% (2026-2032) but
monthly average ash yields can be expected to range between 1.8% and 2.7%. Much larger variations can
be expected on a daily and hourly basis. Selective lignite processing using at-line sensors and lignite sorting
technologies could assist in preventing any process or product quality issues caused by lignite with extreme
properties or composition.
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Table 1. Recent and future lignite properties. Courtesy of Salva Consulting, 2021.

Yallourn open cut mine L2 VET e E

mine
2008-2025 A 2026-2032 2030-2048

Parameter Unit X Cl X Cl X
Ash %, db 2.3 1.8-2.7 v 2.1 1.8-24 1.84
Moisture % 65.0 64.3-65.7 A 66.0 64.7-67.3 60.8
Net wet
specific 6.9 6.8-7.1 v 6.8 6.5-7.0 8.36
energy MJ/kg
Carbon %, db 65.0 64.2-65.7 A 65.5 64.7-66.2 NR
Hydrogen %, db 4.6 4.5-4.6 v 4.5 4.5-4.6 NR
Nitrogen %, db 0.59 0.57-0.61 v 0.58 0.57-0.59 NR
Sulfur %, db 0.29 0.24-0.34 o) 0.29 0.26-0.32 0.37
Chlorine %, db 0.10 0.072-0.12 v 0.086 0.072-0.1 0.16
Aluminium %, db 0.16 0.027-0.29 v 0.13 0.015-0.24 0.35*
Calcium %, db 0.12 0.1-0.14 v 0.11 0.1-0.12 0.04
Iron %, db 0.59 0.42-0.76 v 0.49 0.43-0.56 0.18
Magnesium | %, db 0.21 0.16-0.26 v 0.19 0.16-0.21 0.10
Sodium %,db | 0.082 | 0.067-0.097 v 0.072 0.059-0.085 0.13
K20 %,db | 0.011 0.007-0.014 v 0.010 0.009-0.011 NR
TiO2 %,db | 0.016 | 0.007-0.026 v 0.013 0.007-0.018 NR
Silica %, db NR NR NR NR NR 0.47
Fouling Index 4.9 2.8-7 v 3.5 2.9-4.1 NR

X, average; Cl, 95% confidence interval (X £ 2 standard deviation), A statistically significant (p<0.05, student’s

t-test) increase (A) or decrease (V). O, no statistically significant change. NR, not reported; db, dry basis.
Yallourn lignite properties based on weighted averages of monthly data. Loy Yang data based on yearly
average predictions.* aluminium oxide.

Figure 2. Loy Yang open cut mine (V Verheyen, n.d.).
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Figure 3. Ash yield and sulfur content of recent and future lignite from the Yallourn (Y) and Loy Yang
(LY) lignite mines. Yallourn data are monthly averages and Loy Yang data are yearly averages.

2.4 Current and Potential Commercial Uses

Thermal power generation is the most well-known use of Victorian lignites but a range of other uses have
been commercially successful since the 1890s (Vines, 2008). Briquettes produced at Yallourn and Morwell
were valued for industrial and domestic heat production (CCV, 1989; Vines, 2008). Briquettes also facilitated
the production of town gas and char. A well-established agricultural products business (Omnia Specialities)
has also developed from the extraction and sale of lignite humic acids.

Potential future uses for Victorian lignite have been documented by extensive research and development
programs established with the SECV (CCV, 1989; Vines, 2008). Some of the earliest reports recommended
focuses on briquettes, carbons, chars and agricultural products (CCV, 1989). Similar themes continue in
recent reviews and research (Kinaev & Bongers, 2016; ACI, 2019; McManus, 2019).

Natural gas has out-completed lignite-derived briquettes in both Australian domestic and industrial heat
markets (Vines, 2008; CCV, 1989). However, there is a potential for these markets to shift from natural gas
towards hydrogen in future decades. If this occurs, hydrogen production from Victorian lignite with CO2
sequestration could become commercially viable in the short- to medium term (McManus, 2019). The cost of
the lignite and CCS being key economic drivers in any business case. Research continues in the properties
of densified Victorian lignite (Parsa, Tsukasaki, Perkins, & Chaffee, 2017).

Other gasification products including gaseous or liquid fuels, ammonia, urea and other chemicals continue to
be promising candidates for commercial Victorian lignite operations (GHD, 2019; McManus, 2019). A recent
commercial feasibility assessment indicated that Hz and urea could be competitive with minimal government
support (Kinaev & Bongers, 2016). Gasification technologies favour lignites with low ash yield, low-melting
point ash, high fixed carbon content and low moisture. Local Victorian lignite gasification research topics
include biomass co-firing (Shahabuddin & Bhattacharya, 2021) and carbon fuel cells (Rady, Giddey,
Kulkarni, Badwal, & Bhattacharya, 2016).
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High value carbon products including carbon fibres, fullerenes, carbon nanotubes, activated carbon
monoliths, graphene and graphene oxides have been identified recently as potential markets for Victorian
lignite (GHD, 2019; McManus, 2019). A key issue is quantifying any inherent advantages of producing these
carbons from Victorian lignite over natural gas and bituminous coal feedstocks. Metallurgical carbons
including blast furnace coke (McManus, 2019), PCI and direct reduction also continue to be potential
Victorian lignite markets (CCV, 1989). These applications benefit from the low ash yield Victorian lignite and
active research areas include hydrogen storage (Alfadlil, et al., 2019) and blast-furnace coke (Mamun
Mollah, et al., 2016).

The low ash content of many Victorian lignites is beneficial for metallurgical applications, including direct
reduced iron (DRI) identified as a potential use in 1989 (CCV, 1989). Direct reduction metallurgical
technologies have the benefit of being viable at smaller scales than blast furnaces (CCV, 1989). This benefit
could become considerable for processing diffuse ores such as magnesium, lithium and other rare-earth
elements. The large volume of research demonstrating the ability of Victorian lignite-derived carbons to
selectively adsorb high-value metals is another potential commercial application (CCV, 1989). Many of these
applications benefit from Victorian lignite with relatively high cation exchange capacity and/or cations present
as co-ordination complexes rather than discrete minerals.

Agriculture, soil productivity and soil carbon are also valuable target markets for Victorian lignite products.
The bio stimulatory properties of Victorian lignite allow a point of difference against established inorganic
fertilisers. Existing humic acid and fertiliser industries are located in both Gippsland and Bacchus Marsh
(Calleja Group, n.d.; ACI, 2019; Omnia Nutriology, 2021) Recently, microbial conversion and incorporation of
Victorian lignite into biorefinery concepts have been considered (GHD, 2019).

Many potential uses for Victorian lignite involve logistics to distant customers and would rely on efficient
drying, densification and charring. Other uses rely on common processes such as gasification. As far as
possible, potential uses of Victorian lignite are grouped by technology to minimise repetition.

2.5 Considerations for Current and Future Access

The ease and cost of access to sufficient lignite reserves is a key consideration for commercial Victorian
lignite industry developments. The Victorian government has a clear preference for any new Victorian lignite
project to use existing mines (DJPR, 2021). This has the benefit of reducing capital costs associated with
mine infrastructure and services but may limit the quantities of lignite available until existing power station
closures. Following power station closures, the scale of existing infrastructure may not be suitable or
financially sustainable for winning small lignite quantities. The development of new mines will be problematic
in terms of gaining required permits and social license. The need for upfront planning for rehabilitation and
obligatory bonds are also impediments in the development of new mines.

3 Suitability of Yallourn Lignite for Commercial Production

Table 2 provides a high-level summary of the advantages and disadvantages of Victorian lignite for potential
commercial uses. By necessity, the lignite properties listed in Table 2 relate to common, well-established
commercial processes. A wide range of technologies are possible for many products and each technology
benefits from specific lignite properties. This section briefly comments on the status of relevant technologies
and preferred lignite properties. Section 4 provides further details on individual lignite properties and
implications for commercial processes. Additional details are available in the references and extensive
bibliography.

Drying, grinding and agglomeration are common to many manufacturing processes. Yallourn lignite has
been the preferred feedstock for agglomeration and carbonisation even though the high moisture, gelified
maceral, plant tissue maceral (including woody lignite) and dark lithotype content are technically
disadvantages for these processes. Historically, dark lithotypes have been selectively rejected from Yallourn
lignites destined for agglomeration.

Selective lignite processing using contemporary sensing and lignite sorting technologies could offer
improved lignite and product quality control. Potential Victorian lignite products that could benefit from
selective processing are indicated in Table 2. Most products would benefit from rejecting dark lithotypes and
woody lignite but some products like activated carbons and phenols could be produced from rejected woody
lignite or dark lithotypes. Woody lignites could also be useful in potting mixes.
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3.1 Options for At-Line Identification of Desirable Lignite Properties

Early reports discussed benefits of sorting lignites by lithotype between mining and further processing to take
advantage of the properties of individual lithotypes (Higgins, Kiss, & Allardice, n.d.). Process analytical
techniques including sensor and data processing technologies have improved significantly in recent
decades. This technology could reduce process risk associated with problematic lithotypes as well as
providing benefits in product consistency, yield and quality. Opportunities exist to produce useful products
from rejected lignite.

Lignite properties with important implications for chemical reactivity, grindability and product quality are
associated with lithotype (Higgins, Kiss, & Allardice, n.d.). In general, lighter lithotypes are associated with
higher hydrogenation yields and desirable briquetting behaviour while darker lithotypes are associated with
the presence of woody material and poor ignition properties (Higgins, Kiss, & Allardice, n.d.; Durie, 1991).

Colour, specific gravity, needle hardness and porosity of air-dried lignites are associated with lithotype
(Higgins, Kiss, & Allardice, n.d.). Shrinkage of raw lignite to air- or oven-dry is also associated with lithotype
and particularly sensitive to woody content (Higgins, Kiss, & Allardice, n.d.). Although these tests are
relatively simple, testing would be required to develop a suitable air-drying process, analyser requirements,
maintenance needs and suitable correlations.

Figure 3. Lithotype banding in the Loy Yang open cut mine (V Verheyen, n.d.).

Liptinite is identified by fluorescence under blue light and associated with high chemical reactivity, resin and
wax content (Higgins, Kiss, & Allardice, n.d.). Liptinite is also associated with light lithotypes (Higgins, Kiss, &
Allardice, n.d.) suggesting that fluorescence intensity could also be used to identify lighter lithotypes.

Ash yield, mineral and inorganic content are generally independent of lithotype, although high ash yield and
mineral content are often associated with interseam material. A range of sensors including optical, near-
infra-red and x-ray could assist in segregating interseam and mineral-rich material. In theory, ignition index
(time taken for a defined size lignite particle to ignite under controlled conditions), ash yield and ash fusion
analysers could also be used at-line. While the technology to implement these high temperature tests could
be challenging in a lignite mining and handling environment, many of these properties are sensitive to
important minerals and cations including silica, calcium, aluminium and iron.

Contemporary sensing technologies can be incorporated into material handling systems in a variety of ways.
The most promising options for sensing lithotypes and macerals in Victorian lignite require drying or other
thermal treatments and would be best implemented at-line. This approach incorporates subsampling,
sampling handling and preparation as well as measurement. Subsampling could be guided by an on-line (at
the lignite-face or over a conveyer). The lignite mining and transport technology (bulldozers, dredgers,
excavators, trucks and conveyers) in use also have important implications for preferred for at-line sensing
and lignite sorting technologies. Further technical assessment to identify the most promising and practicable
sensing and sorting technologies is recommended.
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Table 2. High-level summary of potential commercial uses of Victorian lignites and commonly preferred lignite properties

Bacchus | Comment
WETH,

Application

Evaluation | Selective

Commonly preferred properties

Yallourn

Loy Yang

Common lignite processes

Drying NA Low moisture v v v v v v The energy penalty associated with
evaporative drying processes is
related to moisture content.
Moisture content may be less
important for non-evaporative
processes including Coldry.

Grinding NA Low ash yield v v v v v Reject woody lignite macerals

Low plant tissue macerals v vv v v v Ash minerals associated with
abrasion

Agglomeration and 61 Low ash v v v v Dark lithotypes are generally

briquetting Low dark lithotype content v v v v v  enriched in gelified material and

Low gelified (hard, dense) maceral v v v v problematic for briquetting.
content Historical German-based criteria
High pH v v v v v v required <15% gelified material.
Low plant tissue macerals v vv v v v High pH expected to benefit
densified or solar dried lignites.

Processes and products

Carbons Low gelified maceral content v v v v Dark lithotypes can be problematic

Low ash v v v v v for traditional agglomeration and

Low iron v v Vv v v carbonisation processes.

Active carbons 39-55 High micro and meso porosity vvv v v All Victorian lignite surface areas

High surface area vVvyv v well below the desired 600 m?/g

High cation content v v v v v High cation content is only a

High plant tissue content vvv v v v moderate advantage because it
would require water washing prior
to sale for water treatment

Premium carbons 39 Low ash vV v v v Preferred lignite properties depend

High humic acid content v v v v v v on manufacture approach and
High fixed carbon Vv vv v product (eg, high-hardness or ion
High oxygen content v v v vV exchange capability).

Char and Coke

Metallurgical 63 High calcium v v v v Dark lithotypes can be problematic

reductant Low silica v v v v v for agglomeration and

Very low S for recarburising steel vvv v v v carbonisation required for
Very low Ti for recarburising steel vV vV v v v metallurgical reductants.
Active carbon 54 Low gelified maceral content v v v v v Reject dark lithotypes to avoid
precursor Low ash vv v gelified macerals
Low iron vvv v Woody lignite can be beneficial for
active carbons.

High purity carbons 37 Very low sulfur vvyv v v Other properties including porosity,

Very low iron vv vvv v ash yield and tar yield etc depend
on production process.

Anode carbon NA Low sulfur vvv v v v Typically produced from aromatic

Low ash v v v tar rather than carbonised
Low minerals and inorganics v v v agglomerates.
High tar yield v v v v
Carbon fibre 43 Low sulfur vvv v v v
Low ash v v v v v
Low volatile matter v vvy v v

Graphene and 37 High humic acid yield v vv v ¥ v Select pale lithotypes.

graphene oxide

Upgraded fuels

Smokeless fuels 57 Low dark lithotype content v v v v v Dark lithotypes can be problematic

High fixed carbon content v v v v for carbonisation of agglomerates

Low moisture v v v v v toproduce smokeless fuels.

Low woody lignite (milling) v VvV v v Lithotype and woody lignite

Low sulfur vvv v v v content may be less important if
char is agglomerated after
carbonisation.

Powdered dry lignite 47 Low moisture v v v v v Low moisture, low woody lignite

Low ash vv v v and low ash preferred for milling
Low plant tissue macerals and v vvyv v v and drying.
woody lignite
Low dark lithotype content v v v vvv
Low gelified maceral content v v v
High pH v VvV
Low woody macerals v VvV v v
Lignite-water slurry 57 Low ash yield Vv v Low ash yield is crucial
(e.g., DICE) Low native moisture v vvv
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Application

Gasification

Hydrogenation and
Liquefaction

Agriculture

Extraction
Humic acids

Woody lignite and
lignin

Fine chemicals
Resins, wax esters

Phenols
Magnesium

Aromatic carboxylic
acids

Bulk chemical
products

lon exchanger

Evaluation | Selective

51-60

41-58

15-67

60-65

NA

51-53

42
49

48

56

processing
beneficial

v

Commonly preferred properties

High carbon content

Low ash fusion temperatures
(reducing)

High ash fusion temperatures
(reducing)

High calcium

High potassium

High sodium

Low ash yield

Low moisture

Low ash yield

Low minerals and inorganics
Low calcium

High magnesium

High iron

High hydrogen content

High H/C atomic ratio

High volatile matter

High batch autoclave conversion
High tetralin extraction test
High sulfur

High light lithotype content
High liptinite (ground mass
including pollen, spores, resin and
cuticle)

Low densinite (gelified ground
mass)

Low porigelinite

Low gelified (dense and hard)
maceral content

High light lithotype content
High total humic acid content
High calcium

High magnesium

Low sodium

High total organic acid content
High pH

High porosity

High humic acid content

High light lithotype content
High total humic acid content
High plant tissue macerals
High dark lithotype content

Light lithotypes - rich in resins and
waxes

High cutinite (leaf cuticle derived
macerals)

High resinite (plant resin derived
macerals)

Dark lithotypes

High magnesium concentration
Availability of ash

Dark lithotypes

High oxygen content
High total acid content
High porosity

High surface area

Yallourn

v vV

€ £ < < <

< <

<
€ < < <

v
v Vv
v
vvyv

Loy Yang

€ < < <
€ < < <

€ < < <
€ < < <

v vV
v Vv

Bacchus
Marsh

v Vv

<
€ € £ K € € £ £ < < < <«
<

€ < < <
€ < < <

v vV
v vV

v Vv
v

Comment

Under reducing conditions,
Yallourn, Loy Yang and Bacchus
Marsh ash deformation starts
above 1320°C.

Ca catalysis reduces gasification
temperatures.

High ash fusion temperatures
preferred for non-slagging gasifier
designs. Low ash fusion
temperatures preferred for
slagging designs.

Selecting for light lithotypes could
be beneficial but lignite location
has a stronger effect on yield.
1.3% Ca in Bacchus Marsh lignites
could be a concern for liquid
product fouling and filtration.

Ca, Mg and Fe catalyse
hydrogenation

Sulfur can be beneficial for
maintaining catalyst activity

Preferred properties are dependent
product type.

Light lithotypes preferred

Dark lithotypes preferred

Select pale lithotypes and possibly
fluorescent liptinite macerals.

Select dark lithotypes

Select dark lithotypes

v indicates the lignite has the desired property; NA, not assessed. Section 3.2 provides additional detail for each application, section 4 provides information about
the commonly preferred properties and the full scoring matrix is provided in Appendix A (Table A1).
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3.2 Technology and Commercial Prospects Evaluation

The technology and commercial prospects evaluation column in Table 2 is based on the criteria and method
described in B and additional details are provided in the appendix (Table 10). The majority of the technical
feasibility of production, commercialisation and applicability to Victorian lignite scores remain unchanged.
The Yallourn lignites preferred column has been updated to reflect the dark lithotype and ash constituents of
Yallourn lignites. Where possible, commercial prospects evaluation from the 1996 report (Verheyen, 1996)
have been reproduced. Tentative commercial prospects assessments have been assigned to new
technologies and products.

Products with technology evaluation scores 35 (Table 10) or above included chars, carbons, resins, wax
esters, solid fuels and agricultural products. The only products with combined scores of 60 and above
include metallurgical reductants, hydrogen, humic substances and fertilizers. These products all have well-
established local or international commercial precedents.

Other recent reports considering non-fuel uses of Victorian lignite also recommend conversion to high value
carbons, products from gasification and agricultural applications(GHD, 2019; McManus, 2019; DJPR, 2021).
The absence of local commercial experience resulted in lower scores (9-19, Table 10) for advanced carbons
(including carbon fibre, graphene, graphene oxide and quantum dots), premium carbons and high purity
carbons. Potential growth in markets for advanced carbons could make these products commercially
attractive if on-going research is successful.

CO:z2 is a by-product of some lignite processing technologies and a number of opportunities to utilise CO2
have been identified. COz2 is a well-established solvent in the food industry and offers a number of benefits
compared to traditional solvent extraction including avoiding toxicity and disposal issues associated with
traditional solvents and reducing the reliance on energy-intensive thermal evaporation for product recovery.
Uses for CO:z include carbon activation reagent, gasification reagent and carrier gas, extraction of waxes and
other low-polarity products as well as refining low-polarity by-products like tars.

3.2.1 Carbons

The low ash content and high porosity of Victorian lignite are advantageous for producing powdered chars
and active carbons (Verheyen, 1996). However, particulate carbons are typically softer than commercial
competitor carbons and require agglomeration or chemical digestion to increase hardness (Verheyen, 1996).
Carbon properties (density, particle size, abrasion resistance and ability to regenerate) are generally more
important than yield (indicated by fixed carbon).

Gelified macerals and dark lithotypes can be detrimental to carbonising briquettes (Higgins, Kiss, & Allardice,
n.d.). However, these materials have been readily separated from run-of-mine Yallourn lignites prior to
agglomeration and carbonisation (Vines, 2008; Verheyen, 1996). The slightly higher iron content of Yallourn
mine lignites could be a disadvantage for some applications and the higher pH Bacchus Marsh lignites is
suited to densified carbon production using shear-based agglomeration processes like Coldry (Tomita &
Ohtsuka, 2004).

3.2.1.1 Active carbon

Competitive active carbons have high surface areas (>600 m?/g), tailored pore-size distributions and
potential for surface modification (Verheyen, 1996). Chars can be activated by either gases like steam and
CO:z2 (Verheyen, 1996) or chemicals including phosphoric acid and potassium hydroxide. Use of flue gas or
CO: for activation, creates a possible use for CO2-rich flue or process gases. The tendency of Victorian
lignite to form highly porous chars (Verheyen, 1996) can be beneficial for active carbon production. A wide
range of surface modifications have been demonstrated at laboratory scale with applications in metal refining
industries including gold (Cullen, Siviour, Pearson, & MacDonald, 1972); Cullen, Siviour, & Pearson, 1974;
CCV, 1989)

3.2.1.1.1 WATER TREATMENT

Active carbons are used widely for the removal of small organic molecules, colour, taste and odour
(Verheyen, 1996). The low ash and trace metal content of Victorian lignite are beneficial for reducing the
potential for toxic or undesirable metal leaching (Verheyen, 1996). Most applications will require some lignite
pre-treatment (e.g., briquetting, extrusion) to achieve commercially competitive shapes (e.g., pellets or
spheres) hardness and abrasion resistance (Verheyen, 1996).
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Steam activation of Victorian lignite briquette fines or grus into active carbons for water treatment has been
demonstrated at pilot scale (Verheyen, 1996).

3.2.1.1.2 VAPOUR AND GAS TREATMENT

The scoring conducted in 1996 (Verheyen, 1996) assumed that active carbons would be widely used to
capture vehicle refuelling emissions. Catalytic removal of SOx and NOx from industrial flue gases by Victorian
lignite derived active carbons had been investigated at laboratory scale in 1996 (Verheyen, 1996) and similar
technology was in use in Germany (Verheyen, 1996).

Active carbons for vapour and gas treatment require finer pores (microporosity), which is not suited to natural
Victorian lignite properties (Verheyen, 1996) Commercial competitiveness would also rely on improving the
hardness and abrasion resistance of Victorian lignite-derived carbons (Verheyen, 1996).

fiid Praked g
Figure 4: Lumps of pale lithotype coal (top left), gelified dark lithotype coal (top right) and
identifiable plant tissue (bottom) from Gippsland basin mines. Two-dollar coin included for size
reference (V Verheyen, n.d.).

3.2.1.1.3 LOW VALUE SINGLE USE

Low value, single use powdered activated carbons were identified as a potential market for fines from a high-
value carbon production process in 1996 (Verheyen, 1996) The wide availability of low-cost single use
activated carbons from overseas (Verheyen, 1996) suggests this is unlikely to be a commercially viable core
product for Australian-based manufacture.

3.2.1.1.4 PREMIUM CARBONS

Premium prices can be achieved for activated carbons with particular selectivity, attrition resistance or
storage capacity (Verheyen, 1996). Key applications identified in 1996 include gold recovery (e.g., carbon in
pulp) and military personnel protection from chemical weapons.

Hard carbon products have been produced at laboratory scale following KOH (alkali) digestion and the high
fixed carbon and oxygen content of Victorian lignite are beneficial for this process (Verheyen, 1996). In
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1996, research in this area was at the early stages (Verheyen, 1996) and the technology was commercial
unproven.

3.2.1.1.5 MOLECULAR SIEVE

In 1996, producing molecular sieves from Victorian lignite was in the early development stage and relied on
new manufacturing technologies. No assessment has been included in the current or past evaluation matrix.

3.2.1.1.6 HONEYCOMB MONOLITHS

Honeycomb monoliths have been produced from Victorian lignite successfully at the laboratory scale
(Alfadlil, et al., 2019; ACI, 2019; McManus, 2019). This technology offers significantly lower pressure drops
compared to conventional packed beds and Monash University are seeking commercial opportunities
(Moreno-Castilla & Pérez-Cadenas, 2010; ACI2019; McManus, 2019). Conductive versions of honeycomb
monoliths have also been produced at laboratory scale and these have potential applications in electrical
swing adsorption for gas purification including CO2 capture) (ACI, 2019; McManus, 2019). Hydrogen storage
is another potential application for Victorian lignite-derived honeycomb monoliths (Alfadlil, et al., 2019). This
technology is not included in the evaluation matrix because further research and development into scaling up
their manufacture and reducing their cost is required.

- 2
Figure 5. Woody coal lumps from Gippsland basin mines (V Verheyen, n.d.).

3.21.2 Char

3.2.1.21 METALLURGICAL REDUCTANT (INCLUDE COLDRY +FEO, RETORT)

Victorian lignite chars are not suitable replacements for hard lump coke manufactured from coking coal, in
part because they do not soften on heating (Verheyen, 1996; McManus, 2019). The high oxygen content in
Victorian lignite does not enable a liquid mesophase production during heating which is required to produce
low porosity dense coke. However, Monash University holds a provisional patent for a synthetic blast furnace
coke prepared from lignite using tars and temperature and pressure. 50 mm briquettes that are suitable for
industry standard evaluation tests have been produced at the laboratory scale (McManus, 2019). However,
given the costs involved and competition from high quality as mined coking coals this route is unlikely to be
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commercial. Alternative uses for Victorian lignite chars in blast furnaces include pulverised coal injection
(PCI) and coking coal extenders (Verheyen, 1996).

Direct ore reduction (e.g., direct iron reduction or DRI) technologies are also at various stages of
development including historical plans for a commercial DRI plant by Smorgons (now BlueScope) in the
Latrobe Valley (CCV, 1989). Briquetted Yallourn lignites have been sold for recarburising steel (Verheyen,
1996), providing a commercial precedent for direct ore reduction. The ECT patented HydroMOR process (the
successor to the Matmor process) incorporates direct ore reduction with the Coldry lignite densification
technology (ACI, 2019).

Concentrations of impurities such as boron, phosphorus, sulfur, iron, vanadium and titanium are crucial for
chars used in metal and metalloid reduction (Verheyen, 1996). Calcium promotes the carbothermic reduction
reactions employed in blast furnaces and these reactions are moderated by silica.

3.2.1.2.2 ACTIVE CARBON PRECURSOR

Optimum chars for activation are produced with relatively low temperatures and short residence times
(Verheyen, 1996). Despite the former Auschar process employing high temperatures and long residence
times, these chars were successfully used to manufacture active carbons (Verheyen, 1996,) providing a
commercial precedent. Potential benefits of combining charring and activation processes in a single thermal
treatment were identified in 1996 (Verheyen, 1996). However, Victorian lignite derived char products would
need to compete with chars created from wastes including wood waste and scrap tires (Verheyen, 1996).

3.2.1.2.3 CARBON CAPACITOR

Carbon capacitors were a relatively new application in 1996 (Verheyen, 1996). Recent interest in graphite
and graphene are discussed under Advanced carbon products. No assessment is provided in the current or
past evaluation matrix.

3.2.1.2.4 HIGH PURITY CARBONS AND SILICA REDUCTANT

Silicon material reduction to electronic grade silicon requires high purity carbons with ash yields below 0.2%.
In 1996, further developments were required to bring Victorian lignite ash yields below 0.8% (Verheyen,
1996). Float/sink, oxidation and acid digestion were recommended for reducing ash yield (Verheyen, 1996).
However, any Victorian lignite-derived high purity carbon would need to compete commercially with high
purity carbons from naturally low ash content materials such as natural gas and wood waste (Verheyen,
1996).

3.2.1.25 FILTERAID

Filter aids were a potential application for off-specification chars (Verheyen, 1996). No special char
properties other than particle size (>212 pm) are required, indicating that piloting would not be required
(Verheyen, 1996).

3.21.3 Advanced carbon products

3.2.1.3.1 ANODE CARBON

Carbon anodes for aluminium smelting are generally manufactured from refinery cokes (Verheyen, 1996) but
have been manufactured from similar Rhenish and Texas lignites (ACI, 2019). Carbon anodes must meet
stringent density, electrical conductivity and purity (particularly sulfur and minerals) requirements (Verheyen,
1996). In 1996, the complexity of processes required to manufacture satisfactory anode carbons from
Victorian lignite indicated that it would be difficult to compete commercially with petroleum refinery cokes
(Verheyen, 1996) however, recent reports suggest a cost analysis is justified (ACI, 2019). No assessment is
provided in the current or past evaluation matrix.

3.2.1.3.2 GRAPHITE

The natural mineral graphite is not mined in Australia and is subject to natural purity variations (ACI, 2019).
High purity synthetic graphite is manufactured from natural gas. Victorian lignite derived synthesis gas could
provide an alternative carbon source however, research into this application is required. Low quality graphitic
materials can be produced by high temperature annealing of Victorian lignite-derived chars and graphite
beads with graphene layers have been observed in gasifier chars (Tomita & Ohtsuka, 2004), However, these
products would need to compete commercial with mined graphite (Verheyen, 1996). No assessment is
provided in the current or past evaluation matrix.
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3.2.1.3.3 CARBON FIBRE

Since 1996, the applications and demand for carbon fibre have grown significantly. The poor quality carbon
fibres prepared from lignite-derived tars (Verheyen, 1996) have been improved on and successful production
of carbon fibre from Victorian lignite blends has been reported at laboratory scale (Li et al., 2017; ACI, 2019).
Further research and development is required but the carbon fibre market could grow significantly in coming
years.

Victorian lignites offered no advantages to carbon fibre production in 1996. However, lignin-derived carbon
fibre research has progressed significantly (Qu et al., 2021). Victorian lignites share many properties with
lignin and creating a suitable low ash, low sulfur, low volatile matter precursor with these properties is worth
investigating (ACI, 2019).

3.2.1.3.4 GRAPHENE

Graphene and its precursor, graphene oxide, have potential applications in a wide range of high-demand
electronics including batteries, supercapacitors, electricity transmission, solar cells, next-generation lithium-
ion batters, flexible touchscreens, photodetectors and ultrafast lasers (ACI, 2019). Humic acids, including
those derived from Victorian lignite, have been identified as a potential source of graphene and graphene
oxide (ACI, 2019; Huang et al., 2016). Any Victorian lignite-derived product will need to compete
commercially with graphene and graphene oxide derived from graphite (ACI, 2019). However, the need to
process, extract and purify humic acids from Victorian lignite may not be a barrier to graphene production
because existing processing costs are high (ACI, 2019).

3.2.1.3.5 QUANTUM DOTS

Quantum dots (nm-scale semiconductors) have good chemical-inertness, biocompatibility and low toxicity
with potential uses in electronics, sensors, drug delivery and surface modification (Ghaffarkhah, 2022). A
patent has been awarded for extracting quantum dots from bituminous and anthracite coals, suggesting that
Victorian lignites could also be a source of quantum dots (ACI, 2019).

3.2.1.4 Carbon black

Opportunities to produce carbon black from waste tars was identified in 1996 (Verheyen, 1996). Carbon
blacks used in plastics, rubber and printing toners are typically supplied by oils and natural gas (Verheyen,
1996). No assessment is provided in the current or past evaluation matrix.

3.2.2 Upgraded fuels
3.2.21 Solid fuels

3.2.21.1 SMOKELESS FUEL

Chars with low volatile matter are suitable for use as smokeless fuels. AusChar produced smokeless fuels
from Victorian lignite briquettes (Verheyen, 1996) in Gippsland, providing a commercial precedent.
Opportunities to improve the ignition properties were identified in 1996 (Verheyen, 1996). Smokeless fuel
production involves agglomeration and charring so similar lignite properties are preferred (Verheyen, 1996).
There is an opportunity to agglomerate smokeless fuels made from lignite with sawdusts made from
premium BBQ smoker woods (e.g. mesquite, hickory) to extend their efficacy and reduce cost and
environmental damage.

3.2.2.1.2 POWDERED DRY LIGNITE

Powdered dry lignite has been produced from Loy Yang lignite in the Latrobe Valley at the Lurgi plant
(Verheyen, 1996). No potential market was identified in 1996 and no new markets have been identified for
this report. However, powdered dry lignite could be produced as part of a gasifier or other process. Milling
and drying are required to produce dry lignite so low moisture and ash are preferred (Verheyen, 1996). Dark
lithotypes and woody lignite can be problematic (Verheyen, 1996).

3.2.2.1.3 AGGLOMERATED LIGNITE INCLUDING BRIQUETTES

A range of processes have been demonstrated at laboratory, pilot or commercial scale for agglomerating
Victorian lignite into regular shaped, dust-free agglomerates. Binderless briquettes require surface chemistry
and moisture associated with low rank materials. They have been produced successfully from both Yallourn
and Loy Yang lignite, although the energy cost of the traditional briquetting process is a significant
disadvantage (CCV, 1989; Verheyen, 1996). Disc and drum pelletisation technologies have been
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investigated at lab and pilot scale as alternative low energy technologies suited to producing spherical lignite
pellets.

Concepts for producing spherical pellets and solar drying have been investigated at laboratory scale (CCV,
1989; Verheyen, 1996). A patent for densification by high-shear kneading and extrusion is now known as
Coldry and owned by ECT. The Coldry process has been proven at pilot scale and a commercial
demonstration plant is under construction (ECT, 2021).

Although the commercial market for briquettes and agglomerated Victorian lignite has been outcompeted by
natural gas, these products are required for a range of Victorian lignite products including chars,
metallurgical reductants, and active carbons (ACI, 2019). The briquetting or agglomeration process provides
opportunities to incorporate metal ores for direct ore reduction or alkali metals to facilitate carbon activation
(CCV, 1989; Verheyen, 1996).

In general, the softness of Victorian lignite is a disadvantage for forming ultra-hard briquettes and chars
using binders (ACI, 2019). Both Yallourn and Loy Yang lignites have been briquetted successfully, although
dark lithotypes from Yallourn lignites were avoided by selective mining. Low ash yield, particularly calcium
and magnesium, are also beneficial for forming briquettes that do not deteriorate when exposed to significant
fluctuations in ambient humidity (CCV, 1989). Low woody content is important for facilitating milling (Higgins,
Kiss, & Allardice, n.d.).

3.2.2.2 Liquid fuels

3.2.2.2.1 TRANSPORT FUEL

Production of liquid transport fuels for internal combustion engines from Victorian lignite has been
researched extensively and demonstrated at pilot scale by the BCLV (Brown Coal Liquefaction Victoria)
project (Verheyen, 1996). However, fossil-fuel internal combustion engines for transport are being replaced
with battery-electric and hydrogen fuel-cell motors. Biomass derived fuels are commonly blended with
petroleum and are socially preferred for transport fuels.

The higher reactivity and low ash content of Victorian lignite are advantages over bituminous coals for
hydrogenation to transport fuels (Higgins, Kiss, & Allardice, n.d.; Verheyen, 1996). Victorian lignite generally
have high hydrogenation yields without the need for catalysts (Higgins, Kiss, & Allardice, n.d.). Transport
fuels can also be produced by hydrogenation of syn gas (discussed in later sections) (Higgins, Kiss, &
Allardice, n.d.).

3.2.2.2.2 FUELOIL

Tar-derived fuel oils are generally by-products from char production (Verheyen, 1996). Auschar produced a
tar and surfactant-based fuel oil substitute from Victorian lignite as a by-product from char production
(Verheyen, 1996), providing a commercial precedent. Tar-derived products can also be used on-site for heat
recovery (Verheyen, 1996).

Tar yields from Victorian lignite tend to be lower than equivalent German coals and are generally not
considered commercially viable in traditional processes (Higgins, Kiss, & Allardice, n.d.). Higher tar yields
can be achieved with flash pyrolysis and inorganic-carboxylate complexes could be indicative of potential
yield (Higgins, Kiss, & Allardice, n.d.). The stability of these lignite tar derived products is an issue as the
chemistry involved is not at thermodynamic equilibrium (as in fossil oils). Further chemical treatment to
remove acids and stabilise free radicals is required

3.2.22.3 WATER/OIL MIXTURES

There has been renewed interest in coal-water or lignite-water slurries as an alternative to diesel fuel for
large stationary reciprocating engines (DICE, direct injection coal engine) since 1996 (Jeffrey, 2014; Aurecon
Australasia Pty Ltd, 2020). Research has been driven by the need for fast start-up dispatchable synchronous
electricity generation to stabilise the electricity grid as the supply of asynchronous renewable electricity
increases (Aurecon Australasia Pty Ltd, 2020).

The key challenge for DICE remains the ash yield and resulting limitations on run time between maintenance
(Verheyen, 1996; Jeffrey, 2014). So far, DICE operation for 100 h between maintenance cycles have been
demonstrated (Jeffrey, 2014). A review for ANLEC R&D indicated that DICE could be competitive for remote
area diesel power generators (500 h between maintenance cycle times required) and natural gas-combined
cycle gas turbines (1000-2000 h run time required, both remote and grid-input) (Jeffrey, 2014). DICE offers
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lower cost fuel compared to traditional diesels, higher thermal efficiencies and lower capital costs than
existing lignite-fired power stations, potential for stabilising intermittent generation, and potential for heat-
integration with CCS (Jeffrey, 2014).

The use of lignite-oil mixtures in reciprocating engines would also be limited by the impact of ash yield on
intervals between maintenance cycles. Benefits including increased hydrogen content and enriching the
residue in metals during liquefaction of lignite-oil mixtures were identified in 1996 (Verheyen, 1996).

The low ash content of Victorian lignite is a significant advantage for DICE. Interestingly, recent references
specify a 0.2% ash yield limit for DICE fuels (Jeffrey, 2014), which is significantly higher than the <0.05% ash
yield limit specified in the 1996 report (Verheyen, 1996).

3.2.2.3 Gaseous fuels and other gasification products

Gasification is generally considered as a cleaner route to lignite-based products over more traditional
thermal technologies. The reactivity of Victorian lignite enables fluidised-bed gasification to occur at lower
temperatures than higher rank coals (Verheyen, 1996). The lower ash yield of Victorian lignite is also a
benefit over many alternative coals (Verheyen, 1996) and the ion-exchanged metal cations are efficient
catalysts under some gasification conditions (Tomita & Ohtsuka, 2004). The naturally low nitrogen and sulfur
content is also beneficial for reducing cost of syngas clean-up (Tomita & Ohtsuka, 2004). A commercial
precedent for producing syn-gas by fluidized bed gasification of Victorian lignite lump char exists (Verheyen,
1996). Fluidized bed and entrained flow Victorian lignite gasification have also been demonstrated at pilot
scale including IDGC (integrated-drying combined cycle gasification) and hydrogen production (Verheyen,
1996; Tomita & Ohtsuka, 2004; Hydrogen Energy Australia, 2020).

Drying or other dewatering processes are required as part of gasification systems to accommodate the high
water content of Victorian lignite (Tomita & Ohtsuka, 2004). However, reusing this water for producing
hydrogen using the water-gas shift reaction could avoid social and environmental costs associated with
industrial uses of surface water in Australia.

Unlike some bituminous coals, low rank coals and lignites are well suited to fluidized bed gasifiers. These
gasifiers typically require particles between 5-6 mm. High ash fusion temperatures (to avoid undesired
agglomeration) and catalytic cations (to promote gasification at relatively low temperatures) are also
beneficial for fluidized bed gasification. Macerals that readily soften at high temperatures like eu-ulminite
(highly gelified, recognisable plant tissue) can be problematic for fluidised bed gasification (Tomita &
Ohtsuka, 2004). Phlobaphinite (plant tissue) attrinite (ungelified groundmass) and sclerotinite (dense, brittle
groundmass) macerals are less susceptible to softening and are preferred (Tomita & Ohtsuka, 2004). The
fluidised bed gasification of Victorian lignite was demonstrated in the IDGCC (integrated drying gasification
combined cycle) pilot plant (Tomita & Ohtsuka, 2004).

Entrained flow gasifiers require fine particles (<75um) and operate at high temperatures (Tomita & Ohtsuka,
2004). Slag formation and viscosity are crucial for stable entrained flow gasification (Durie, 1991; Tomita &
Ohtsuka, 2004). Entrained flow gasification of Victorian lignite has been demonstrated at pilot scale in
Victoria recently (Hydrogen Energy Australia, 2020).

Lump or agglomerated coal (typically 5-80 mm) are preferred for moving bed gasifier systems (Tomita &
Ohtsuka, 2004). These gasifiers tend to have longer residence times, resulting in higher hydrocarbon and tar
yield compared to fluidized bed and entrained flow gasifiers (Tomita & Ohtsuka, 2004). A commercial
precent exists for gasification of Yallourn lump char at the Gas and Fuel Corporation (Verheyen, 1996).

The high sodium and low ash yield of Yallourn lignites are beneficial for gasification. The high ash fusion
temperature could be beneficial for non-slagging gasifier designs (Tomita & Ohtsuka, 2004). The high water
content is likely to result in a disadvantageous energy penalty associated with drying, although the water
could be reused within the syn-gas refining process. The lower moisture content and ash fusion
temperatures typical of Bacchus Marsh lignites could be beneficial, particularly for slagging gasifiers.
However, additional syn-gas clean-up and ash handling considerations would be required for Bacchus Marsh
lignites compared to Yallourn and Loy Yang. The yield, quality and properties of gasification products are
largely determined by the gasification technology.

3.2.2.3.1 SYNTHETIC NATURAL GAS (TOWN GAS)

Synthetic natural gas was produced commercially from Victorian lignite lump char at the Gas and Fuel
Corporation (Verheyen, 1996) using the Lurgi process in the 1960’s. The yield and types of gasification by-
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products depend on the gasification technology (1) fixed or moving bed, (2) fluidized bed, and (3) entrained
flow. The need to monetise significant water, phenols, tars and ammonia by-products are likely to be
additional barriers to production of synthetic natural gas. Interest in the production of syngas for electricity
generation has moved towards interest in products including hydrogen, liquid fuels, urea and ammonia
(Verheyen, 1996; McManus, 2019).

3.2.2.3.2 SYNTHESIS GAS FUELS AND PRODUCTS

An economic assessment of potential Victorian lignite-derived synthesis gas products in Victoria identified
hydrogen and urea as the most economically feasible (V). The estimated levelized cost of hydrogen
production was sensitive to carbon pricing, making hydrogen production a relatively high commercial risk
(Kinaev & Bongers, 2016). However, Japanese commercial organisations are currently operating a Victorian
lignite-to-hydrogen pilot plant in the Latrobe Valley (Hydrogen Energy Australia, 2020).

Synthetic petroleum products including jet fuel are unlikely to be commercially feasible until crude oil is
above $130 for the life of the project (McManus, 2019). Methanol and ammonia are likely to require
government significant subsidies (McManus, 2019), although demand for ammonia could grow significantly if
it becomes a common fuel or hydrogen carrier (Hasan MH, et al, 2021). Dimethylether production requires
further research (McManus, 2019) but could be competitive in countries that rely on imported natural gas
(Kinaev & Bongers, 2016).

3.2.3 Pyrolysis by-products

3.2.3.1.1 PHENOLS

The opportunity to extract saleable phenols from a crude tar by-product from a carbonisation production
process was identified in 1996 (Verheyen, 1996). Extracting phenols from the crude tar would reduce the
oxygen content and improve the prospect of the tar being saleable as a fuel oil (Verheyen, 1996). Refining
crude tars could be a potential use for supercritical CO2 (Magomedov et al., 2019).

3.2.4 Agriculture

Use of ROM Victorian lignite and Victorian lignite-derived products in agricultural applications is well
established (Verheyen, 1996; Omnia Nutriology, 2021). In many cases, the challenge is to add sufficient
value to the lignite to cover transport and packaging costs (Verheyen, 1996). There is renewed interest in
biological lignite solubilisation and transformation around the world with a range of possible products (Ghani
et al., 2015). This research could have important implications for biotransformation of lignites in soils and is
worth further investigation.

3.2.4.1 Run-of-mine lignite

There are some commercial precedents for refined lignite soil amendments (Calleja Group, n.d.; Heng, 1995;
McManus, 2016). Mixed results from glasshouse and field research indicate that the impact of lignite on soil
organic carbon, soil health and productivity depends on many factors including the native soil properties
(McManus, 2016). The effects of Victorian lignite on soil are generally accepted to include improved water
holding capacity, improved phosphorus and nitrogen fertiliser efficiencies and pH moderation (McManus,
2016) (Heng, 1995). Particular benefits have been shown in pot-trials for sodic soils (McManus, 2016). Other
uses include additives for potting mixtures, organic fertiliser bases (eg, pelletised chicken manure) and
rehabilitation of overburden (Heng, 1995). A key barrier to the use of moisture-rich Victorian lignite as a soll
amendments is transport costs from mines to soils that would benefit from Victorian lignite (McManus, 2016).

High calcium, high magnesium and low sodium contents would be beneficial for agricultural use. High cation
exchange capacity is indicated by high total organic acid content. In general, Bacchus Marsh lignite
properties are more beneficial for agriculture than Gippsland basin lignites. However, both Yallourn and Loy
Yang lignites are rich in cation exchange capacity and exchangeable ions.

3.2.4.2 Chars

Biochars are used widely in potting mixes and there is an established commercial biochar industry in
Australia. Although there is no known precedent for blending Victorian lignite-derived chars with soil, the high
porosity and ion-exchanger properties of Victorian lignite chars could be beneficial for soils. Further research
is warranted on the effects of Victorian lignite-derived chars on soil structure and productivity.
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3.243 Ash

Benefits of the high alkalinity (pH 8-9) as well as high calcium and magnesium content of waste ash has
been demonstrated in field trials for overburden rehabilitation (Heng, 1995). The availability of ash stockpiles
from Yallourn and Loy Yang lignites is advantageous for this application.

3.2.4.4 Humic substances

Humic substances, particularly humic acids, are well established in agriculture (Verheyen, 1996) and have
found uses as drilling mud additives, binding mineral ores or black lignite fines, wood stain and paper
colourant (Verheyen, 1996). Insoluble residues from humate extraction are typically classified as woody
lignite. The small-scale commercial extraction facility described in 1996 has grown significantly in the
intervening years (Verheyen, 1996; Omnia Nutriology, 2021). The high purity, solubility, density and low
porosity of humic acid extracts could make them suitable for advanced carbon feedstocks discussed
previously.

The high humic acid and light lithotype content in Bacchus Marsh lignites are beneficial for this application.
However, humic acid is readily produced at commercial scale from Loy Yang lignites. Selective processing of
light lithotypes could also improve humic acid yields from all three lignite sources. The presence of an
existing, well-established humic acid production facility in the Latrobe Valley (Omnia Nutriology, 2021) could
be a significant barrier to production of commercial humic acids.

3.2.44.1 HUMIC ACIDS — PLANT CROPS

Humic acids are a potential source of soil organic carbon (SOC) and the significant cation exchange capacity
is believed to retain and moderate the release of fertilisers and trace elements (McManus, 2016).
Commercial humic acid products for agriculture are well established internationally (Calleja Group, n.d;
McManus, 2016; Omnia Nutriology, 2021). Establishing and improving beneficial bioactive properties of
humic acids is an active research area (Canellas et al., 2015).

3.2.4.4.2 HUMIC ACIDS — SEED COATING

The high cation exchange capacity and limited water-solubility of humic acids could be beneficial for seed
coating applications (Omnia Nutriology, 2021). No assessment is provided in the current or past evaluation
matrix.

3.24.43 HUMIC ACIDS — ANIMAL FEED ADDITIVE

The cation exchange and water holding capacity of humic acids are also beneficial as animal feed additives
(McManus, 2016). There is significant interest in feed additives for methane-suppression, although the role
of humic acids in this area is poorly defined. Humic acid-based animal feed additives are available
commercially (McManus, 2016; ACI, 2019).

3.24.44 FULVIC ACIDS

Unlike humic acids, fulvic acids are water-soluble at all pH. This is beneficial for hydroponics and other
applications where water-solubility is crucial. Fulvic acids are established commercial products and readily
available from Asian markets. Research is required to develop novel fulvic acids and demonstrate
agricultural efficacy.

The fulvic acid yield of Victorian lignite is generally low due to extraction by groundwater on geological time-
scales. Humic acid oxidation is effective at generating fulvic acids (McManus, 2016).

3.2.5 Bulk chemicals
3.2.5.1 Extraction

3.2.5.1.1 HUMIC ACIDS

Earlier sections have outline potential high-value end products for humic acids including advanced carbons
and agriculture. The presence of an existing, well-established humic acid production facility in the Latrobe
Valley (Omnia Nutriology, 2021) could be a significant barrier to production of commercial humic acids.

3.2.5.1.2 TARS AND PITCHES

Tars and pitches are by-products of char production, pyrolysis and liquefaction (Verheyen, 1996). The
physical properties of tars and pitches are highly dependent on feedstock and production process
(Verheyen, 1996). The toxicity of many tars and pitches is beneficial for uses such as timber preservatives,
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caulking compounds and road pavement bitumen, although these markets are traditionally supplied by oil
refining and coking industry by-products (Verheyen, 1996). There could be an opportunity to upgrade tars or
pitches using supercritical CO2 (Magomedov et al. 2019).

3.2.5.1.3 WOODY LIGNITE/LIGNIN

Wood and wood waste was identified as a formidable competitor to Victorian lignite-derived woody lignite
and lignin in 1996 (Verheyen, 1996). If these woody lignite and lignin-rich dark lithotypes are selectively
rejected from process feedstocks, an alternate use could be worth further investigation. These lignite
macerals are beneficial for manufacturing active carbons and could be useful in potting mixes (Verheyen,
1996). No assessment is provided in the current or past evaluation matrix.

3.2.5.1.4 SUPERCRITICAL FLUID EXTRACTION

If CO2 utilisation becomes attractive in the Latrobe Valley, supercritical CO2 extraction of low polarity
Victorian lignite fractions could warrant further investigation. Waxes or resin extraction and tar or pitch
upgrading (Magomedov, R.,et al, 2019) are the most likely applications to be technically feasible. This
prospective process is not well enough developed to justify inclusion in the evaluation matrix.

3.2.6 Fine chemicals

Single-molecule or mixtures for structurally similar molecules can be considered fine chemicals. Despite the
range of chemicals present in Victorian lignite, commercial fine chemical production from Victorian lignite has
not been conducted in Victoria.

3.2.6.1 Solvent extraction

CO2 by-products from combustion, gasification and industrial processes could potentially be utilised to
extract fine chemicals from Victorian lignite. This would have numerous benefits including providing a
beneficial use for COz, avoiding toxicity and disposal issues associated with traditional solvents and reduce
the reliance on energy-intensive thermal evaporation for product recovery. Humic acids are extracted from
Victorian lignite commercially and are discussed in section 3.2.3.4.

3.2.6.1.1 RESINS

Monocyclic isoprenoid-derived resin acid polymers are used widely in paints, polymeric coatings and gums
(Verheyen, 1996). Pale and light coloured resins have more commercial value than more coloured resins
(Verheyen, 1996). The Kaurex Peat Extraction Project described in 1996 (Verheyen, 1996) has been
revisited and the RESWAX venture has operated a pilot plant including floatation technology (ResWax,
2021). RESWAX plans to commence commercial production in 2023 (ResWax, 2021).

Although occasional large resin deposits are found in Victorian lignite, most resin material is present in small
particles dispersed through light lithotypes. Selective mining of thin, pale lithotype bands could potentially
yield resin concentrations above the 20% limit for commercial viability (Verheyen, 1996).

3.2.6.1.2 WAXESTERS

Wax esters (covalently bonded long chain fatty acids and alcohols) are used widely in protective coating on
leather, greases and water proofing (Verheyen, 1996). Commercial wax values are determined by colour and
melting point (Verheyen, 1996). In general, waxes extracted from Victorian lignite require bleaching to meet
colour specifications (B). Montan wax is traditionally extracted from German lignites containing 10-18% wax
(Verheyen, 1996). Victorian lignite wax yield is often near 1% (Verheyen, 1996). Yallourn lignites are rich in
cutinite (leaf cuticle-derived macerals), indicating that they could be better sources of wax esters than either
Loy Yang or Bacchus Marsh lignites.

3.2.6.1.3 PARAFFIN WAX

Long chain hydrocarbons with more than 20 carbons are readily obtained from existing petroleum products
(Verheyen, 1996). Unlike resins and wax esters, selective mining is unlikely to increase the paraffin wax yield
above the typical 1% from Victorian lignite (Verheyen, 1996). No assessment is provided in the current or
past evaluation matrix.

3.2.6.1.4 PHENOLS

Phenols with short-chain (up to three carbons) substituents in Victorian lignite are derived from lignin. These
compounds are not readily extracted from Victorian lignite without pyrolysis or other thermal treatment
(Verheyen, 1996). An opportunity to wash tars with alkali to recover lignin-like phenols was identified in 1996.
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Lignin-derived phenols are used in commercial dyes, preservatives and polymers (Verheyen, 1996) and
alternate uses are being explored locally (Roy et al., 2021). Phenols are typically rich in dark lithotypes and
this could be a potential use for these lignite fractions as part of a selective lignite processing system.

3.2.6.1.5 MAGNESIUM

Although the magnesium content of Victorian lignite is relatively low, magnesium is enriched in the plentiful
ash from lignite-fired power stations. Latrobe Magnesium are constructing at 3000 tpa demonstration plant
for producing magnesium, supplementary cementitious material, amorphous silica, char and iron oxide from
the Yallourn fly ash stockpile (Latrobe Magnesium Ltd, 2021). The availability of Yallourn and Loy Yang ash
stockpiles are beneficial for this application.

3.2.6.1.6 INORGANIC TRACE ELEMENTS

Lignites are known to contain many trace elements. A recent survey of Gippsland basin lignite ash rare earth
elements failed to identify any significant element concentrations above background levels. Magnesium
(discussed above), potassium and titanium could potentially be extracted from ashes (Verheyen, 1996). The
availability of large ash stockpiles of Yallourn and Loy Yang lignites are beneficial for this application. No
assessment is provided in the current or past evaluation matrix.

3.2.6.2 Oxidation

Oxidation can be used to increase yields of oxygen-rich chemicals including humic and fulvic acids.
Commercial humic and fulvic acids are predominately sold into the agricultural industry and discussed further
in section 3.2.3.4.

3.2.6.2.1 BENZENE POLYCARBOXYLIC ACIDS

The value of benzene polycarboxylic acids for polymerisation is dependent on the position of carboxylic
groups on the benzene rings (Verheyen, 1996). The low rank of Victorian lignite means benzene
polycarboxylic acids can be produced with relatively mild oxidation conditions in the laboratory (Verheyen,
1996). Beneze polycarboxylic acid yields are typically highest from dark lithotypes and this could be a
potential use for these lignite fractions as part of a selective lignite processing system.

3.2.6.2.2 ALIPHATIC ACIDS

Short (up to four carbon atoms) and long (up to 36 carbon atoms) aliphatic acids are by-products from the
production of benzene polycarboxylic acids (Verheyen, 1996). The value of these products was uncertain in
1996 but recent interest in biodegradable polymers manufactured from short-chain acids could be explored.
In general, Victorian lignite offer higher aliphatic acids yields than higher rank coals (Verheyen, 1996). No
assessment is provided in the current or past evaluation matrix.

3.2.7 Manufactured lon-exchanger

The high oxygen content and porosity of wet Victorian lignite are beneficial for ion-exchange applications.
High removal efficiencies of copper, lead mercury, uranium and cobalt have been demonstrated at laboratory
scale (Verheyen, 1996). An option to concentrate heavy-metals in vitrified, non-leachable glassy pellets by
combusting heavy-metal loaded lignite in a fluid-bed cyclonic agglomerating system was identified in 1996
(Verheyen, 1996). Transport and disposal costs associated with single-use Victorian lignite for this
application are unlikely to compete effectively against well established, regeneratable ion-exchange resins
(Verheyen, 1996).

4 Comparison of Victorian Lignite Properties and Implications for
Potential Future Uses

Differences in lignite rank (geochemical maturity based on its carbon-oxygen ratio) within the Gippsland
basin is generally small but the Loy Yang mine lignites are a higher rank than Yallourn (Higgins, Kiss, &
Allardice, n.d.). Rank effects are seen in the moisture, porosity and chemical reactivity of lignite. In general,
lithotype (colour and texture) and petrology (maceral composition where macerals are microscopically
distinguishable component groups) have stronger relationships to lignite properties than rank (Higgins, Kiss,
& Allardice, n.d.).
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Where available, values from multiple references are supplied to illustrate variability in Victorian lignite
properties across basins, seams, areas and mines. Morwell lignite properties are included in this section
even though the open cut mine is no longer operating because these lignites have been used and
researched extensively. Further discussion of current and future lignite properties in the Yallourn and Loy
Yang mines is provided in section 2.3, alongside a discussion of day-to-day lignite variability.

Selective mining was considered necessary for many non-fuel applications in 1996 (Verheyen, 1996). Since
then, sensor, measurement and computing technology has progressed significantly and further investigation
into options for selective mining or lignite sorting after mining is warranted. Lignite components are
differentiated by form, texture, structure, colour, reflection and hardness. Colour, reflectance, hardness and
fluorescence (associated with liptinite) could be readily measured and used to guide mining or post-mining
separation. Liptinite as an example is a lipid rich maceral and is mainly comprised of solvent soluble
hydrocarbon material. Some success separating liptinite-rich fractions by float-sink and centrifugation has
been shown at laboratory scale recently (Yan, Qi, Marshall, Jackson, & Chaffee, 2019). Other options have
been discussed in section 3.1.

4.1 Lithotype and Maceral Classes

Light, medium-light and medium-dark lithotypes account for >80% of lignite from the Yallourn, Morwell and
Bacchus Marsh lignite seams (Table 3). Yallourn seam lignites have been the preferred lignite for briquetting
and carbonisation even though they tend to be rich in dark (72% dark and medium-dark) lithotypes which
can be difficult to briquette (Higgins,Kiss, & Allardice, n.d.; Durie, 1991), In practice, dark lithotypes and
gelified (dense, hard macerals) materials have been readily rejected from Yallourn run-of-mine lignites prior
to processing (Higgins, Kiss, & Allardice, n.d.; Vines, 2008). The Bacchus Marsh field lignite is at the
opposite extreme with just 18% dark lithotypes. The Morwell seams, including Loy Yang, also tend to contain
more light lithotypes (59-79%) than Yallourn lignites.

The lighter lithotypes in the Bacchus Marsh field may indicate the lignite is richer in fatty acids, triterpeniods
and humic acids (Durie, 1991, pp. 278-322). These properties, particularly humic acids, may be beneficial for
agricultural applications.

The darker lithotypes in Yallourn seams are associated with higher aromatic carbon and lignin-related
phenols and methoxy groups (Durie, 1991, pp. 278-322) as well as fibrous and gelified wood fragments
(often >1mm) and thin layers of fusinised wood (Higgins, Kiss, & Allardice, n.d.). These structures can be
problematic for grinding, sieving and other physical processing.

Like many other Victorian lignite properties, lithotype distribution can vary widely (more so vertically than
horizontally) within seams (Higgins, Kiss, & Allardice, n.d.). Yallourn mine lignites contain a wider variety of
lithotypes than lignites from the Morwell mine (Higgins, Kiss, & Allardice, n.d.). Compared to Morwell mine
lignites, lithotype bands tend to be more distinct in the Yallourn lignite (Higgins, Kiss, & Allardice, n.d.).
Darker lithotypes are more frequent in the middle and upper-levels of the Yallourn mine but these darker
lithotypes are more common in the lower levels of the Morwell mine (Higgins, Kiss, & Allardice, n.d.)

As implied by the lithotype descriptions, the colour index of air-dried lignite correlates strongly with lithotype
(Higgins, Kiss, & Allardice, n.d.). This implies that optical at-line colour sensors combined with an at-line
drying process could be useful for sorting lignites prior to combustion, briquetting and other processes where
particular lithotypes are preferable.

Groundmass macerals (smallest material visible under the optical microscope) make up 55-73% of the
Yallourn, Morwell and Bacchus Marsh lignite volume. The amount of plant tissue is relatively similar (19-
24%) in the Yallourn, Morwell and Bacchus Marsh seams. The Bacchus Marsh and Loy Yang field have a
similar concentration of gelified material, which tends to be hard and friable. The Yallourn lignite contains
approximately double the amount of gelified material compared to the Bacchus Marsh and Loy Yang fields.
This is consistent with the enrichment of gelified material in darker lithotypes, which are characteristic of
Yallourn lignites.

Gelified material is well known to be detrimental to forming briquettes with good weathering characteristics
and low gelification is also associated with improved high temperature (800°C, semi-continuous vertical
retort) char strength and abrasion resistance (Higgins, Kiss, & Allardice, n.d.). Although Yallourn lignites
have been the preferred Gippsland Basin lignite for briquetting, the dark lithotypes were avoided because
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they were not suitable for briquetting and particularly briquette carbonisation (Higgins, Kiss, & Allardice, n.d.;
Vines, 2008). However, low-gelification is not a guarantee of successful briquetting with serious issues
(including processing issues and briquette disintegration when exposed to humitidy and other weather
fluctuations) experienced during numerous briquetting trials with the less gelified Morwell lignite (Higgins,
Kiss, & Allardice, n.d.). The poor weathering of Morwell lignite briquettes resulted from the high cation
content.

Table 3. Summary of lithotype and maceral classes

. Yallourn- Yallourn Morwell Loy Loy Bacchus
Units Maryvale ) . Yang Yang .
' . mine mine . R Marsh field

Area, field or mine area field mine
Lithotype A,B A A A A B C
Dark:Light Ratio 72:18 21:79 40:60 42:59 18:82
Dark %, Vv 17.9 1.6 6.2 12.1 nd
Medium dark %, Vv 54.3 19.4 33.3 29.4 17.7
Medium light %, Vv 21.2 43.2 37.1 41.1 57.1
Light %, Vv 5.7 31.8 20.9 15.4 24.2
Pale %, Vv 1.0 4.0 2.5 2.1 1.0
Microscopy - maceral classes
Groundmass (Class 1) %, v 66 58.1 66.2 73.4 70
Plant Tissue (Class II) %, v 19.5 23.6 19.3 18.5 21.7
Gelified Material %, v 14.4 18.2 14 8.1 8.1
(Class 111)

v, volume. A, (Higgins, Kiss, & Allardice, n.d.); B, (Durie, 1991); C, (Higgins, Kiss, George, King, & Stacy,
1981).

4.2 Proximate and Ultimate Analyses

The moisture contents of Yallourn, Morwell, Loy Yang and Bacchus Marsh lignites range from 51.7-65.5%
(ar) and there is considerable variation between moisture contents reported for the same location (Table 4).
Yallourn lignites in Table 4 consistently had the highest moisture content (63.5-65.5%). Recent Yallourn
mine lignite moisture contents have been around 65% and will increase to around 66% in the near future
(Table 2). The high moisture content of Yallourn lignites is a disadvantage for any technology requiring
evaporative drying or combustion. Bacchus Marsh lignites may be slightly dryer than Loy Yang lignites.

Bacchus Marsh lignite ash yields (>5%, db) and minerals-and-inorganics (3.5%, db) are considerably higher
than Yallourn lignites (1-2.1% ash yield and 0.8-1.5% minerals-and-inorganics). The ash content of Yallourn
mine lignites are expected to remain at the top end of this range through to 2032 (Table 2). Loy Yang and
Morwell mine lignites have similar ash yield values in Table 4, although Loy Yang mineral-and-inorganic
content is considerably lower than Morwell lignite. The implications of ash yield and mineral-and-inorganic
content on combustion, slag viscosity and catalysis are dependent on the mineral and inorganic properties.
These are discussed in more detail in the next section.

Bacchus Marsh lignites contain the lowest total carbon contents (64.4-65.3%) in Table 4, with carbon
contents increasing from Yallourn (65.9-66.7%) to Morwell seams (68.3-69.2% for Morwell and Loy Yang
mines and fields). Recent Yallourn mine lignite carbon content is below the historical range (65%, db) and no
significant change is expected through to 2032 (Table 2). Fixed carbon and gross dry specific energy
(GDSE) follow a similar trend, although the Loy Yang lignite GDSE tends to be lower than the Morwell lignite
GDSE.

Bacchus Marsh lignites have considerably lower fixed carbon and volatile matter content compared to
Yallourn lignites. Loy Yang lignites contain similar fixed carbon to Yallourn but volatile matter is generally
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lower than Yallourn lignites and similar to Bacchus Marsh. Fixed carbon is a good indicator of high
temperature (>8000c) char yield (Higgins, Kiss, & Allardice, n.d.).

Hydrogen content is similar across all lignites reported in Table 4, although the Morwell and Loy Yang
lignites tend to have higher hydrogen content than Yallourn or Bacchus Marsh lignites. Again, the hydrogen
content of recent Yallourn mine lignites is below the historical range and expected to decrease slightly
through to 2032 (Table 2).

The H/C ratios for Bacchus Marsh lignites are slightly higher than Yallourn or Loy Yang lignites, indicating
the Bacchus Marsh lignites may contain more saturated organic structure like waxes and fatty acids. This is
consistent with the dominance of light lithotypes (typically rich in waxes, resins and fatty acids) in Bacchus
March lignites. H/C ratios of recent Yallourn mine lignites are at the lower end of the historical range (0.846)
but expected to decrease significantly to 0.810 to 2032 (Table 2).

High hydrogen content, H/C atomic ratio and volatile matter in Victorian lignite correlate strongly with
hydrogenation reactivity (Durie, 1991) (Higgins, Kiss, & Allardice, n.d.) and tar yield (Higgins, Kiss, &
Allardice, n.d.). However, it is unclear if the high H/C ratio and lower volatile matter Bacchus Marsh lignites
would result in high or low hydrogenation conversion. The implications of H/C ratios and functional groups
are discussed further in later sections. The whole of field and mine data for H/C in Table 4 confirms that on
the whole supply basis the lignites have only slight but important differences. These would be amplified
during mining given only select areas would be dug at any one time. Any lignite-to-X process needs to take
into account the likely range of as mined lignite properties that will be encountered on an ad hoc basis.

Yallourn lignites typically have higher oxygen than either Loy Yang or Bacchus Marsh lignites. This is
consistent with the relatively low Yallourn lignite rank. The higher oxygen content is mostly present as
organic acids and phenols, resulting in relatively high cation exchange capacity and total acid content, which
are discussed further in section 4.4.

Nitrogen content is similar across all lignites reported in Table 4. Yallourn and Loy Yang lignites had similar
nitrogen contents although the nitrogen content of recent Yallourn mine lignites is more similar to Bacchus
Marsh content (Table 2). Early estimates indicated that 20-30% of the nitrogen in Victorian lignite is
converted to NOx during combustion in the Yallourn and Hazelwood power stations (Higgins, Kiss, &
Allardice, n.d.). The low temperature combustion resulting from the high moisture content and large volume
of recycled flue gas results in relatively low conversion of atmospheric nitrogen to NOx in these power
stations (Higgins, Kiss, & Allardice, n.d.). This indicates that the higher nitrogen contents of Bacchus Marsh
and contemporary Yallourn lignites may lead to higher NOx emissions from low-temperature oxidation
compared to Loy Yang lignites.

All sulfur contents reported in Table 4 are low by world standards (Higgins, Kiss, & Allardice, n.d.) and is
predominantly organic sulfur (with some pyrite and marcasite) in Gippsland basin lignites (Durie, 1991, 1-44).
The relatively high sulfur content and estimated SOx emissions from Bacchus Marsh lignites may require
additional attention to emissions clean-up in combustion applications but could be beneficial for maintaining
catalysts in hydrogenation of gasification applications (Higgins, Kiss, & Allardice, n.d.). The lowest sulfur
content is consistently reported in historical and current Yallourn mine lignites, which is a significant benefit
for any oxidation processes. Loy Yang lignites have a slightly higher sulfur content than Yallourn lignites, but
Loy Yang lignite sulfur content remains well below the 1.5-2.7% in Bacchus Marsh lignites.
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4.3 Ash Composition

Although lignites contain minerals and inorganics rather than ash, ash yield and composition are useful
parameters for predicting combustion, slag viscosity, ignition, fouling and milling characteristics. Ash yield,
composition, properties and indices are summarised in Table 5. The composition and catalytic implications of
minerals and inorganics present in as-mined lignite are discussed in the next section.

The ash composition summary in Table 5 highlights the variation in ash composition within mines, seams
and formations. Silica is a hard and relatively inert mineral and the low silica concentration in the Bacchus
Marsh field lignite is beneficial for milling and grinding (Higgins, Kiss, & Allardice, n.d.). The Loy Yang mine is
notorious for pockets of high silica content (Vines, 2008) but the 16-27% silica in Yallourn ash should also be
considered when milling / shearing is required as in the Coldry process .

Iron minerals and inorganics are known to promote both spontaneous combustion and ignition in combustion
processes (Higgins, Kiss, & Allardice, n.d.; Durie, 1991, p 372). Aluminium and magnesium are known to
suppress both these processes and the impact of these elements are incorporated into the ignition index.
The Bacchus Marsh lignites have the lowest ignition indices in Table 5, suggesting that they may ignite
readily but also be susceptible to spontaneous combustion. This problematic behaviour is already familiar to
ETC operations at their Maddingly site. The low ignition index of Bacchus Marsh lignite is consistent with the
dominance of pale lithotypes but inconsistent with the moderate iron, aluminium and magnesium
concentrations in Table 5.

Within the Gippsland basin, Morwell lignites have been established as the most readily ignitable. Yallourn
and Loy Yang mine lignites are considered to have similar ignition characteristics, although high aluminium
and dark lithotype lignites found in the Yallourn mine are known to be difficult to ignite. However, high ignition
indices of Yallourn and Loy Yang lignites are associated with lower risk of spontaneous combustion during
storage and handling. This is particularly beneficial for non-combustion applications.

Bacchus Marsh and Morwell lignites have the highest fouling indices in Table 5 and serious fire-side fouling
issues were experienced when Morwell mine lignites were first used in industrial combustion (Durie, 1991,
579-650). These lignites also have the lowest initial deformation temperatures below 13000C under oxidising
conditions. Unlike Morwell lignites, the Bacchus Marsh lignite have a more moderate PACE index (a revised
version of the earlier fouling index). Early reports on fire-side fouling take care to note that fouling indices
were developed from multiple-linear regression of data from the Gippsland basin and the correlations do not
necessary apply equally across different seams. For this reason, the high fouling index of the Bacchus
Marsh lignite should not preclude these lignites from consideration in combustion systems. Yallourn and Loy
Yang lignites both have initial deformation temperatures above 13000C, significantly lower PACE and fouling
indices as well as extensive history of successful combustion. The decrease in the fouling index in Table 2
suggests fouling is unlikely to be a serious issue for future Yallourn mine lignite combustion.

Importantly, significant changes in Victorian lignite ash properties have been observed well below the ash
fusion temperatures and up to half the ash mass can be volatilised during each test (Higgins, Kiss, &
Allardice, n.d.). Metals that are typically present in Victorian lignite as cations (e.g., sodium, magnesium and
iron) are more strongly associated with fouling than discrete minerals (Durie, 1991, 579-650). The sulfite and
sulfate salts of these cations are regularly found in fire-side deposits alongside aluminosilcates and silica
minerals formed by oxidation or reduction of discrete minerals in the lignite (Durie, 1991, 579-650).

The preferred mineral and inorganic content of Victorian lignite is dependent on the gasifier design (Tomita &
Ohtsuka, 2004). Low viscosity slags (indicated by ash fusion temperatures under reducing conditions) are
preferred or required by entrained flow gasifiers and other slagging gasifiers (Tomita & Ohtsuka, 2004).
Other gasifier designs including moving bed and fluidized bed avoid liquid slag formation and benefit from
higher ash fusion temperatures (Tomita & Ohtsuka, 2004). Yallourn, Loy Yang and Bacchus Marsh ash
deformation commences above 1320°C under reducing conditions (Higgins, Kiss, & Allardice, n.d.). The
slightly lower ash fusion temperatures for Bacchus March lignite suggests this lignite might be preferred in a
slagging gasifier.

Early work showed that Victorian lignite ashes to do not conform adequately to traditional ash melting point
indices (particularly the acid-base mineral ratios) (Higgins, Kiss, & Allardice, n.d., p 87). The unique Victorian
lignite ash fusion behaviour has been attributed to the presence of sodium and calcium sulfates in Victorian
lignite ashes, which have significantly different behaviour to the quartz and clay minerals that dominate
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traditional black coal ashes (Higgins, Kiss, & Allardice, n.d.). Table 5 shows the very low clay, pyrite and
quartz content of Victorian lignite in both the Gippsland Basin and Bacchus Marsh lignites.

This same early study (Higgins, Kiss, & Allardice, n.d.) established that alumina yield is a significant factor in
ash fusion behaviour under both oxidising and reducing conditions. High calcium concentrations tend to
decrease ash fusion temperatures under oxidising conditions, while magnesium and silica have more
complex effects on ash fusion behaviour under reducing conditions. Morwell lignites have the lowest ash
fusion temperatures under reducing conditions in Table 4, with flow commencing just above 1300°C.
Bacchus Marsh reducing ash fusion temperatures are lower than both Loy Yang and Yallourn lignites. Loy
Yang ash fusion temperatures are slightly lower than Yallourn ashes under reducing conditions.

4.4 Mineral and Inorganic Composition

Although ash composition is widely used to indicate lignite behaviour during combustion and other high
temperature processing, ash precursors are present in Victorian lignite as discrete minerals and inorganics
(Higgins, Kiss, & Allardice, n.d.; Durie, 1991, p342). Lignite valorisation processes which do not relay on
combustion, require a thorough understanding of the potential impact of these guest materials. Table 6
shows the mineral and inorganic content of Victorian lignite ranges from 58% in the Morwell mine to 80% in
the Yallourn mine and Loy Yang field. Discrete minerals include quartz, silica, clays, and pyrite or marcasite.
lons or inorganics are typically exchanged with organic functional groups (especially carboxylates) or water-
soluble salts (including NaCl and presumably Fe2(OH) and Al(OH)2) (Higgins, Kiss, & Allardice, n.d.). Many
of the inorganic ions have important implications for catalysis and adsorption.

Chlorine is mostly present as an anion rather than covalently bonded with the organic lignite structure in
Victorian lignite (Higgins, Kiss, & Allardice, n.d.). Chlorides are associated with acid-gas corrosion in high
temperature processes and can promote corrosion of stainless steels and other materials. Although chloride
concentrations vary across the Gippsland Basin, Yallourn mine lignites contain similar concentrations of
chloride compared to Bacchus Marsh lignites. The chloride concentration of Yallourn ROM lignite is expected
to decrease slightly (Table 2), suggesting that chloride is unlikely to be a significant factor in lignite future
utilisation.

Calcium has been associated with fouling and difficulty filtering liquid products in hydrogenation and
liquefaction processes. The lowest calcium concentrations (up to 0.05 %, w/w db) are reported in the
Yallourn mine and Loy Yang field. Although calcium concentrations are variable in the Yallourn-Maryvale
area, concentrations are expected to decrease in future mining areas (Table 2). The calcium concentrations
in the Bacchus Marsh field(1.3% w/w, db) are significantly higher than those of Morwell lignites (up to 0.82
%) which have been associated with CaCO3 precipitation and reactor blockages during liquefaction and
hydrogenation (Durie, 1991, 579-650).

However, high concentrations of calcium are known to catalyse gasification reactions, enabling gasification
to proceed at lower temperatures (Tomita & Ohtsuka, 2004). These properties could be beneficial for a
variety of pyrolysis and gasification processes including ECT’s COHgen (ECT, n.d.). Exchanging other ions
such as nickel and potassium onto Victorian lignite can also be effective catalysts and gasification as low at
500°C in steam has been reported in the presence of nickel ions (Durie, 1991, p342). An additional benefit of
gasification in the presence of nickel ions was the recovery of nickel metal from char and ash.

lon-exchanged metal cations such as iron and tin also catalyse hydrogenation processes and efficiencies
comparable to commercial cobalt-molybdate catalysts have been achieved. lon-exchanged metal ions are
more efficient than blending with solid catalysts, indicating that the higher total organic acid content of the
Yallourn lignites is likely to be beneficial compared to Loy Yang and Bacchus Marsh lignites.

The high iron content of Morwell lignite has been associated with more efficient hydrogenation than Loy
Yang lignites (Durie, 1991, p342). Bacchus Marsh lignites contain similar levels of non-pyritic iron to Loy
Yang but the moderate non-pyritic iron concentration in Yallourn mine lignites could be beneficial for
hydrogenation. Interestingly, the total iron content of the Yallourn mines are currently higher than those
reported historically (Table 2). Small decreases in the total iron content are expected in future ROM,
although the portion of iron present in pyritic and complexed forms is not known.

Mineral and inorganic content is also important for metallurgical applications including chars (Higgins, Kiss, &
Allardice, n.d.). Direct ore reduction (e.g., direct iron reduction or DRI) technologies are also at various
stages of development including plans for a commercial DRI plant by Smorgons (now BlueScope) in the
Latrobe Valley (CCV, 1989) and ECT’s HydroMOR process (ECT, n.d.).
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Between 52 and 56% the oxygen in Victorian lignite is present as carboxylic and phenolic groups. The
carboxylic and phenolic oxygen in Loy Yang and Bacchus Marsh lignites are similar while Yallourn mine
lignites have higher total oxygen, carboxylic and phenolic oxygen. Yallourn lignites are slightly more acidic
than Loy Yang lignites. Lower Victorian lignite pHs are associated with higher exchangeable magnesium and
calcium content. Higher pH is also associated with stronger agglomerate properties from shear-based
technologies like Coldry (Tomita & Ohtsuka, 2004).

Table 5. Ash composition, fusion temperatures and combustion related indices

Yallourn- Morwell Loy Loy Bacchus

Units Maryvale Yallourn mine mine Yang Yang Marsh
Area, field or mine area field mine field
Ash composition A A B A A B B, C
Si02 % in ash 12 15.9 26.9 5.9 14.3 16.4 2.6
Al203 % in ash 4.1 5.1 8.6 1 15.3 3.4 4.5
Fe203 % in ash 29.5 21 20 10.4 6 9.3 53
TiO2 % in ash 0.18 0.24 0.5 0.06 0.21 0.3 0.02
CaO % in ash 8.5 6.5 6 35.6 6 24.7 24.9
MgO % in ash 17.8 21.1 14.3 16.2 12 14.2 17.4
Na20 % in ash 6.9 8.4 6.5 4.3 16.2 4.9 4.1
K20 % in ash 0.18 0.11 0.3 0.16 0.19 0.3 0.38
SO3 % in ash 20.8 20.2 17.1 25.8 29.3 26.6 40.9
S(E) %, db 0.1 0.12 0.11 0.18 0.55
Ash %, db 2.2 1.2 3.3 1.1
Common minerals
Clay % nd nd nd nd 0.1
Quartz % nd 0.1 0.3 nd 0.1
Pyrite % nd nd 0.1 nd 0.1
Ash fusion
temperatures
doggi:‘r;”agt i;;”itia' °C 1341 1365 1257 1336 1294
ﬁ;‘;“:i’z:fe;ical °C 1403 1420 1300 1417 1338
Oxidising — flow °C 1427 1439 1317 1444 1376
Szg‘r‘;;”agt;zi“a' °C 1300 1349 1236 1337 1322
ﬁ::q‘:g;”hge:ical °C 1362 1427 1284 1401 1354
Reducing — flow °C 1392 1451 1303 1443 1372
Combustion related
indices
Ignition Index 2.4 2.4 2 3.1 1.8
Fouling Index 0.125 0.038 0.199 0.017 0.507
PACE Index 1.99 2.03 3.81 2.68 2.79

“Averages of monthly (Yallourn) and yearly (Loy Yang) predictions provided by Salva Consulting. A, (Higgins,
Kiss, & Allardice, n.d.); B, (Durie, 1991); C, (Higgins, Kiss, George, King, & Stacy, 1981). nd, not detected.
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Table 6. Minerals, inorganics and acidic organic oxygen functional groups

Area, field or
mine

Minerals and
inorganics
Ash

Minerals and
inorganics
SiO,

A|203

K20

TiO,

FeSz

Fe (NP)

Fe (T)

S(T)

Ca

Mg

Na

Cl

NaCl

(Fe complex)+
(Al complex)+
Total cations
Organic
functional
groups
Hydrogen ion
concentration

Total acid
Phenolic OH
COOH

COO0-

COO- + COOH
Exchangeable
metals

Phenolic O
Carboxylic O
Acidic O
Total O
Acidic oxygen

Units

%, db

%, db
%, db
%, db
%, db
%, db
%, db
%, db
%, db
%, db
%, db
%, db
%, db
%, db
meq/g
meq/g
meq/g

pH
meaq/g,
db

mea/g,
db

meq/g,
db

meaq/g,
db

meq/g,
db

meaq/g,
db

%, db
%, db
%, db
%, dmif
%, dmif

Yallourn-
Maryvale
area

AB

2.1
1.5

0.3
0.14
0.011
0.011
0.01
0.53
0.53
0.26
0.12
0.2
0.09
0.11

3.86
2.27
0.48
2.75

0.44

27.5
15.2

Yallourn
field

B*

0.21
0.19
0.05

0.08
0.70
0.32
0.31

3.72

2.21

0.49,
0.3

5.95
8.64
14.9
26.9
55

Yallourn mine

0.8

0.17
0.07
0.01
0.004
nd
0.17
0.17
0.22
0.05
0.15
0.07
0.09

28.1
15.1

2025-
2038*

0.01
0.013

0.49
0.29
0.11
0.19
0.07
0.09

Morwell
field

0.52
0.44
0.19

0.43
0.42
nd
0.7

3.7

1.9

0.59,
0.63

5.92
7.97
14.1
25.3
56

Morwell mine

3.1

1.8

0.19
0.04
0.01
0.002
0.03
0.22
0.23
0.45
0.82
0.32
0.1
0.05

5.25

6.14

3.7

1.54

0.77

2.37

0.83

25
13.9

0.14

<0.005

0.3

0.07

Loy Yang field
A,B B
1
0.8
0.16
0.2
0.002
0.002
<0.01
0.04
0.04
0.31
0.04 0.02
0.07 0.03
0.14 0.01
0.18
0.05
0.05
0.05
0.07
B A
3.98
5.55
3.04 3.04
2.39 2.41
0.1,
0.11 01
2.51
0.1
4.86
7.97
13
24.7 24.8
53 13

Loy
Yang
mine

2030-
2048*

0.47
0.35

0.18
0.37
0.04
0.10
0.13
0.16

3.03

13

4.85
7.74
13.1
25.1
52

Bacchus marsh
field

7.4

0.23
0.4
0.034
0.002
0.42
0.06
0.26
1.74
13
0.77
0.22
0.13

6.39

5.52

3.06

13

2.45

1.37

25.2
13.2

* Mode and occurrence of inorganics for the Yallourn-Maryvale area are presented as averages of the three samples reported in Durie (1996, pp. 579-650); NP, non-

pyritic; T, total. A, (Higgins, Kiss, & Allardice, n.d.); B, (Durie, 1991); C, (Higgins, Kiss, George, King, & Stacy, 1981).
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Table 7. Porosity, density hardness and shrinkage of Victorian lignites.
Units  Marpuale | Yaloun  Morwell | LoyYang [EEE
Area, field or mine area mine mine field field
Physico:chemical A A A A B
properties
Surface area m?/g 262 274 274 263 210
Hg density g/cm3 0.873 0.937 0.829 0.8 0.859
He density g/cm3 1.432 1.42 1.428 1.428 1.499
Porosity % 39 34 41.9 43.9 42.7
Total pore volume cmi/g 0.459 0.379 0.512 0.531 0.501
Micropore volume cmi/g 0.07 0.073 0.073 0.07 0.056
Shrinkage % 543 55.7 42.7 45.5 46.8
Raw lignite density g/cm3 1.119 1.12 1.142 1.129 1.151
Petrology - Physical tests
Specific gravity, moist g/cm? 1.117 1.079 1.121 1.131 1.144
Needle hardness, moist kg/mm? 1.72 1.61 2.55 1.99 2.32
Specific gravity, dry g/cm? 0.815 0.822 0.801 0.738 0.855
Needle hardness, dry kg/mm? 7.7 9.2 11 4.9 8.9
Shrinkage, dry % 53.5 54.9 44.4 45.3 50.5
Shrinkage, air dried % 42.3 44.2 33.6 29.2 32.6
Colour Index 85.9 88.8 100.6 111.9 117.9

A, (Higgins, Kiss, & Allardice, n.d.); B, (Higgins, Kiss, George, King, & Stacy, 1981).
4.5 Porosity, Density, Hardness and Shrinkage Properties

Moist needle hardness and specific gravity correlate with rank (Higgins, Kiss, & Allardice, n.d.) and the
lowest rank lignite (Yallourn mine) has the lowest moist needle hardness and specific gravity in Table 7.
Moist needle hardness and specific gravities are consistent with Loy Yang fields containing moderate rank
lignites and Bacchus Marsh lignites being higher than either Yallourn or Loy Yang. Both techniques could be
implemented as at-line sensor for sorting lignite by rank if it was beneficial for downstream technologies.

The specific gravity of air-dried lignite and shrinkage during oven- or air-drying correlate strongly with
lithotype (Higgins, Kiss, & Allardice, n.d.), providing potential at-line monitoring techniques for sorting lignites
based on lithotype. Air-dried lignite needle hardness is also sensitive to lithotype, although this test can be
sensitive to shear applied during sampling (Higgins, Kiss, & Allardice, n.d.).

High porosity is beneficial for combustion and processes (including direct hydrogenation) limited by mass-
transfer kinetics (Higgins, Kiss, & Allardice, n.d.). The Loy Yang field lignites have the highest porosity in
Table 7 and Bacchus Marsh lignites porosity is slightly lower. Yallourn mine lignite porosity is significantly
lower than that of Loy Yang and Bacchus Marsh.

4.6 Solubility and Aromaticity

Humic acid extracted from Victorian lignite is a well-established biostimulant-soil conditioner industry in the
Latrobe Valley (McManus, 2016) and animal feed additive in Australia (McManus, 2016). Refined lignite from
the Maddingley No.2 mine is also commercially available as a soil conditioner (Calleja Group, n.d.). Table 8
shows that Bacchus Marsh has a significant advantage over Yallourn and Loy Yang lignites in both total and
free humic acid content. Loy Yang field lignites are richer in total and free humic acids than Yallourn lignites.
Humic acids are associated with light lithotypes and these trends are consistent with the lithotype
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distribution. The higher magnesium and calcium concentrations in Bacchus Marsh lignites could also be
beneficial for agricultural applications.

All the lignites in Table 8 were significantly more soluble in acetone than toluene. The high toluene solubility
of Yallourn mine lignites is consistent with the presence of lignin-related aromaticity in dark lithotypes.
Bacchus Marsh lignites were significantly more soluble in acetone than the Gippsland basin lignite, which is
consistent with the light lithotypes and liptinite content of Bacchus Marsh lignites. Toluene and acetone
solubility data could be used to guide research and development of supercritical CO2 extraction or refining
technologies, which could become a beneficial, local use for CO..

4.7 Tar, Liquefaction and Hydrogenation Related Properties

Victorian lignite are readily converted to liquid fuels and products by direct hydrogenation and the batch
autoclave and tetralin extraction yield results in Table 8 are generally higher than those of higher rank coals
(Higgins, Kiss, & Allardice, n.d.). Nevertheless, Yallourn lignites in consistently outperformed the Loy Yang
lignites in the batch autoclave and tetralin extraction tests in Table 8. Gippsland Basin lignites consistently
report higher autoclave batch conversions than tetralin extraction results and the discrepancy has been
attributed to hydrogenation catalysis by native minerals and inorganics (Higgins, Kiss, & Allardice, n.d.). The
close agreement between autoclave batch conversion and tetralin extraction may indicate that Bacchus
Marsh minerals and inorganics are unable to catalyse hydrogenation. This could have implications for other
processes that rely on catalysis by native mineral and inorganics.

Fischer assay is a widely used standardised test for predicting product yields and the tar and oil parameter in
Table 8 can be a good indicator of tar yield from Victorian lignite (Higgins, Kiss, & Allardice, n.d.). The
highest tar and oil yield in Table 8 (13% for Loy Yang lignites) is at the lower limit for commercial tar
production (Higgins, Kiss, & Allardice, n.d.). Tar yield is associated with light lithotypes and >15% liptinite is
generally preferred. However, selectively processing light lithotypes is unlikely to be sufficient to achieve
commercially viable tar yields from Victorian lignite unless flash pyrolysis is employed (Higgins, Kiss, &
Allardice, n.d.). This suggests that pyrolysis of dark lithotype-rich Yallourn lignites would produce less tar by-
products from pyrolysis processes than the liptinite-rich Bacchus Marsh lignites.

The char yields from the Fischer assay ranged from 61.2-63.6% for Gippsland Basin lignites and the lighter-
lithotype Bacchus Marsh lignites produced slightly less char (58.7%). This is consistent with the lower
Bacchus Marsh fixed carbon (Table 4) and indicates that higher pyrolysis or carbonisation char yields could
be achieved from Yallourn or Loy Yang lignites.

The Bacchus Marsh and Yallourn-Maryvale area lignites produced slightly more (18-19.8%) than the
Yallourn mine, Morwell and Loy Yang lignites. The Yallourn mine has moved further east into the Yallourn-
Maryvale area since the 1980 historical data presented in Table 8, suggesting that lignites from the
contemporary Yallourn mine and Bacchus Marsh fields could produce higher gas yields from pyrolysis
processes like COHgen compared to Loy Yang. Yallourn and Loy Yang lignites produced superior gas yields
from hydrogenation, suggesting that gas yields could be increased by incorporating hydrogenation. This
could be particularly relevant if a hydrogen industry becomes established in the Latrobe Valley.

4.8 Maceral Classifications

Some macerals (lignite components visible under the optical microscope which are grouped together due to
their equivalent optical properties e.g. colour, shape, texture, reflectance) such as liptinite (groundmass
including plant-derived spores, pollen, cuticle and resin) have significant implication for lignite properties and
utilisation. Small plant fragments (<10 ym) and amorphous ground mass (humodentrinite) is the most
common maceral in all lignites in Table 9. The very low but sporadic inertinite content (dense materials that
are often chemically inert) is consistent with the low ash yields and minerals-and-inorganic content of
Victorian lignite (Higgins, Kiss, & Allardice, n.d.).

The high concentrations of densinite (tightly packed groundmass particles) and gelified (dense, hard
material) dark lithotype lignites result in high true density, air-dried specific gravity, total pore volume and low
porosity. These properties correlate with gelified material maceral classifications and could be useful for at-
line monitoring to facilitate rejecting dark lithotype lignites.

Yallourn lignites contain the lowest concentrations of humodetrinite (groundmass containing small plant
fragments) and lower ungelified ground mass (attrinite) than either Loy Yang or Bacchus Marsh lignites.
Yallourn lignite also contain significantly more recognisable plant tissues (humotelinite) compared to Loy
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Yang and Bacchus Marsh lignites. The presence of better-preserved plant material can be problematic for
milling and drying lignite, indicating that Loy Yang and Bacchus March lignites could be preferred for milling,
grinding, shearing and other physical processing.

Table 8. Solubility, liquefaction and hydrogenation related properties

. Yallourn- Yallourn | Morwell Loy Bacchus
Units Maryvale mine mine Yang Marsh field

Area, field or mine area field
Solubility A A A A B
Total humic acids %, db 63.3 56 58.8 63.1 81.4
Free Humic acids %, db 45.7 41.6 33.9 46.9 58
Soxhlet extraction
Toluene %, db 2.4 49 3.9 1.4 2.1
Acetone %, db 18.2 16.7 27.1 34.7 61.4
Batch autoclave hydrogenation
Batch conversion %, db 90 88 93 84 80
Qils %, db 20 20 21 18 13
Distillation residue %, db 39 36 45 35 46
Gas %, db 25 25 18 22 17
Water soluble %, db 6 8 10 8 5
Fisher assay
Char %, db 61.2 62.4 63.6 63.1 58.7
Tar and oil %, db 10.4 11.3 10.1 13 11.6
Water soluble %, db 10.5 10.4 10.9 9 9.9
Gas %, db 18 15.9 15.5 15.1 19.8
Other
Air drying H,0 loss %, ar 58.6 nr Nr 54.7 52.9
Tetralin extraction test %, db 78.5 78.2 77.7 77.4 80.7
Volatile carbon % 19.3 17.5 17.7 20.7 21.4

Atomic | 549 0849 0832 0846 0.871
H/C ratio

A, (Higgins, Kiss, & Allardice, n.d.); B, (Higgins, Kiss, George, King, & Stacy, 1981).

Both Bacchus Marsh and Loy Yang lignites contain significantly more liptinite macerals than Yallourn lignites.
Finely fragmented liptinite ground mass (liptodentrinite) is the most common liptinite maceral in all lignites
included in Table 9 and represents more than 6% of both Loy Yang and Bacchus Marsh lignites. Liptinite
macerals typically have very high volatile matter content (more than 75%) and liptinite content correlates
strongly with volatile matter. These macerals are also associated with high hydrogenation reactivity and
concentrations correlate with hydrogen content and Fischer Assay yields. Despite the presence plant tissue
in some liptinite macerals, all liptinite macerals have been included in the ground mass classification of
Victorian lignite to simplify lignite utilisation assessments (Higgins, Kiss, & Allardice, n.d.). Liptinite macerals
fluoresce under blue light and this could be another tool for at-line classification and separation of Victorian
lignite (Durie, 1991, pp. 45-102).
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4.9 Beneficial Properties of Yallourn Lignites

The distinctive properties of Yallourn lignites include high moisture content, predominately dark lithotypes,
significant plant tissue macerals (including woody macerals), high gelified maceral content, high volatile
matter, high total organic acid content, low pH, high surface area and low porosity. Fortunately, highly
gelified materials are have been readily separated for Yallourn run-of-mine lignites. As a result, Yallourn
mine lignites have been the preferred agglomeration and carbonisation feedstock (Durie, 1991; Verheyen,
1996; Vines, 2008). Implementing contemporary sensing and sorting technologies could result in significant
improvements in process stability as well as improved product quality and consistency.

Woody lignite is likely to be rejected from most primary production processes but is beneficial for
manufacturing activated carbons and some agricultural applications (Verheyen, 1996). The high total organic
acid content, low pH and high surface area would be advantageous for applications benefitting from ion
exchange including agriculture and direct metallurgical reduction. Fortunately, the lithotype banding in the
Yallourn mine is more distinct than other mines, which could facilitate selective mining using dozers or post-
mining separation of lignite (Higgins, Kiss, & Allardice, n.d.).

The extensive experience with converting Yallourn lignites to products including briquettes, chars, steel
recarburisation and smokeless fuels provide commercial precents for many potential products. The
availability of future mine lignite properties is also beneficial.

5 Recommendations for End Uses of Yallourn Lignite

The lignite properties and commercial prospects evaluation identifies four promising candidates for
commercial production from Yallourn lignite: metallurgical reductants, hydrogen, humic substances and
fertilisers. Advanced carbons such as carbon fibre, graphene, graphene oxide and quantum dots grow could
also be commercially valuable products if these markets grow. These products could benefit from further
technical, commercial and economic investigation and targeted research.

The dark lithotypes, gelified macerals and woody lignite can be problematic for drying, milling, agglomeration
and carbonisation have been readily separated from Yallourn run-of-mine lignites for many decades. The
use of rapidly advancing at-line sensor and sorting technology could be significantly reduce the commercial
risk in processing Yallourn lignites. Selective processing of Yallourn lignites is also likely improve consistency
in saleable products by reducing variability in the feedstock. Further technical investigations into adapting
existing technology to sensing and sorting Yallourn lignites are recommended.

If Yallourn lignites are selectively processed, rejected lignite is likely to be rich in dark lithotypes and woody
lignite. Woody lignite is beneficial for activated carbons and some agricultural applications such as potting
mixes. Dark lithotypes are typically rich in aromatic lignin-related structures that could be incorporated into
local biorefinery concepts or possibly used as a carbon fibre feedstock.

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 33 of 44




» M Federation
Bl University

6 References

Alfadlil, B. R., Knowles, G. P., Parsa, M. R., Subagyono, R. R. D. J. N., Daniel, & Chaffee, A. L.. (2019).
Carbon monolith from Victorian brown coal for hydrogen storage. Conference Series: 2nd
International Conference on Mathematics, Science and Computer Science. Indonesia: Journal of
Physics. Retrieved from https://iopscience-iop-org.ezproxy.federation.edu.au/article/10.1088/1742-
6596/1277/1/012024

Allardice DJ, George AM, King TNW, Kiss LT (1978) The properties of brown coals from the Latrobe Valley:
results of analyses and tests. Research and Development Report No. 357. State Electricity
Commission of Victoria, Melbourne

Allardice, D., Guy, P., Heng, S., Perry, G., Thomas, S., & Verheyen, T. (1994). Forms of Chlorine and
Sodium in Victorian Brown Coals prepared for Nippon Brown Coal Liquefaction Co. Ltd (NBCL)
Japan. Melbourne: Coal Corporation of Victoria

Aurecon Australasia Pty Ltd. (2020). Costs and Technical Parameter Review. Consolation Report for
Australian Energy Market Operator (AEMO). Aurecon Australasia Pty Ltd

Australian Carbon Innovation (ACI). (2019). Next Generation Carbon Products in Victoria. Churchill:
Australian Carbon Innovation

Calleja Group. (n.d.). JBD Industrial Park. Retrieved November 4, 2021, from Calleja Group:
https://callejagroup.com.au/jbd-industrial-park

Calleja Group. (n.d.). Maddingley Brown Coal Land fill & Resource Recovery Operations. Retrieved
November 4, 2021, from Calleja Group: https://callejagroup.com.au/maddingley-brown-coal

Canellas, L. P., Olivares, F. L., Aguiar, N. O., Jones, D. L., Nebbioso, A., Mazzei, P., & Piccolo, A. (2015).
Humic and fulvic acids as biostimulants in horticulture. Scientia Horticulturae, 196, 15-27.
https://doi.org/10.1016/J.SCIENTA.2015.09.013

Chan, W., & Urie, R. (1995). Review of Gasification Studies on Victorian Brown Coal. Melbourne: ERM
Consultants Pty Ltd

Coal Corporation of Victoria (CCV). (1983). Information on the Brown Coal Industry for Ethiopian Delegation
to Coal Corporation of Victoria

Coal Corporation of Victoria (CCV). (1989). Victorian Brown Coal Long Term Prospects 20 Year Horizon.
Morwell: Coal Corporation of Victoria

CSIRO. (1988). Proceedings Science, Technology and Utilization of Humic Acids Held at CSIRO Division of
Coal Technology. North Ryde: CSIRO

Cullen, G., Siviour, N., & Pearson, G. (1974). Use of Brown Coal, its Char and Other Carbon for Extraction of
Gold and Other Precious Metals From Solution. Melbourne: University of Melbourne

Cullen, G., Siviour, N., Pearson, G., & MacDonald, D. (1972). Use of Brown Char for Removing Pollutant
Organisms from Water 2. Exploratory Studies on the Application of the Sorption Properties of Brown
Coal and Char. Final Report to Victorian Brown Coal Research Committee. Melbourne: University of
Melbourne

Durie, R. (Ed.). (1991). The Science of Victorian Brown Coal: Structure, Properties and Consequences for
Utilization. Oxford: Butterworth Heinemann

Environmental Clean Technologies Limited (ECT). (2021, October 18). Strategic Review & Corporate
Update. Retrieved from Environmental Clean Technologies Limited: https://ectltd.com.au/strategic-
review-corporate-update/

Environmental Clean Technologies Limited (ECT). (2021, October 27). Quarterly Activity Report & Appendix
4C. Retrieved November 4, 2021, from Environmental Clean Technologies Limited:
https://ectltd.com.au/quarterly-activity-report-appendix-4c-3/

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 34 of 44




» M Federation
Bl University

Environmental Clean Technologies Limited (ECT). (n.d.). Coldry. Retrieved from Environmental Clean
Technologies Limited: https://ectltd.com.au/coldry/

Environmental Clean Technologies Limited (ECT). (n.d.). Company Overview: Core Technology Solution.
Retrieved from Environmental Clean Technologies Limited: https://ectltd.com.au/about-
us/commercial-overview/

Ghaffarkhah, A., Hosseini, E., Kamkar, M., Sehat, A. A., Dordanihaghighi, S., Allahbakhsh, A. & Arjmand, M.
(2022). Synthesis, Applications, and Prospects of Graphene Quantum Dots: A Comprehensive
Review. Small, 18(2), pp. 1-48. https://doi.org/10.1002/SMLL.202102683

Ghani, M. J., Rajoka, M. |, & Akhtar, K. (2015). Investigations in fungal solubilization of coal: Mechanisms
and significance. Biotechnology and Bioprocess Engineering 2015 20:4, 20(4), 634—642.
https://doi.org/10.1007/S12257-015-0162-5

GHD. (2019). A Regional Carbon Innovation Centre (RCIC) Feasibility Study. Churchill: Australian Carbon
Innovation

Giuliani, J., Verheyen, T., Lambert, J., & Perry, G. (1988). Chemical Characterisation of Brown Coal Derived
Products and Waters. Morwell

Gloe, C. (1980). The Economically Winnable Brown Coal Reserves in the Latrobe Valley. SEC Victoria:
Morwell

Hasan MH, Mahlia TMI, Mofijur M, Rizwanul Fattah IM, Handayani F, Ong HC, Silitonga AS. (2021), A
Comprehensive Review on the Recent Development of Ammonia as a Renewable Energy Carrier.
Energies. 2021; 14(13):3732. doi.org/10.3390/en14133732

Heng, S. (1995). Evaluation of Agricultural uses for Morwell coal. HRL Technology

Higgins, R., Kiss, L., & Allardice, D. G. (n.d.). SEC Research and Development Department. Properties of
Brown Coals from the Latrobe Valley - Basis for the Evaluation of Quality. Report no SC/80/17.
Morwell: SEC Victoria

Higgins, R., Kiss, L., George, A., King, T., & Stacy, W. (1981). Properties of Brown Coals from Gelliondale,
Stradbroke, Anglesea and Bacchus Marsh. Report no SC/81/28. Morwell: SEC Victoria Research
and Development Department

Huang, G, Liu, Q., Kang, W., Xing, B., Chen, L., & Zhang, C. (2016). Potassium humate based reduced
graphite oxide materials for supercapacitor applications. Electrochimica Acta, 7196, 450-456.
doi:10.1016/j.electacta.2016.02.158

Hydrogen Energy Australia. (2020). HESC Latrobe Valley: The process and technology. Retrieved
November 15, 2021, from Hydrogen Energy Australia:
https://hydrogenenergysupplychain.com/latrobe-valley/

Jeffrey, L. (2014). A techno-economic review of Micronized Refined Coal fuelled Direct Injection Carbon
Engines. Kinerja Pty Ltd

Kinaev, N., & Bongers, G. (2016). Victorian based Coal To Chemical: economics and technology status. A
brief prepared for BCIA, Strategic Energy Consulting Pty Ltd and Gamma Energy Technology Pty
Ltd

Latrobe Magnesium Ltd. (2021). 2021 Annual report. Retrieved November 15, 2021, from Latrobe
Magnesium Ltd: https://www.latrobemagnesium.com/investor-center/annual-reports

Latrobe Magnesium Ltd. (2021). Latrobe Valley Project. Retrieved November 15, 2021, from Latrobe
Magnesium Ltd: https://www.latrobemagnesium.com/latrobe-valley-project

Li, X., Zhu, X. Q., Okuda, K., Zhang, Z., Ashida, R., Yao, H., & Miura, K. (2017). Preparation of carbon fibers
from low-molecular-weight compounds obtained from low-rank coal and biomass by solvent extraction.
New Carbon Materials, 32(1), 41-47. https://doi.org/10.1016/S1872-5805(17)60106-9

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 35 of 44




» M Federation
Bl University

Magomedov, R., Pripakhaylo, AV,. Maryutina, T,. Shamsullin, A,. Ainullov, T. (2019). Role of Solvent
Deasphalting In the Modern Qil Refining Practice and Trends in the Process Development. Russian
Journal of Applied Chemistry. 92. 1634-1648. doi.org/10.1134/S1070427219120036

Mamun Mollah, M., Marshall, M., Qi, Y., Knowles, G., J, T., Roy Jackson, W., & Chaffee, A. (2016). Attempts
to produce blast furnace coke from Victorian brown coal. 4. Low surface area char from alkali treated
brown coal. Science Direct, 186, 320-327. doi.org/10.1016/j.fuel.2016.08.087

McManus, D. (2016). Applications for Victorian Brown Coal in Australian Agriculture. Australian Carbon
Innovation. Churchill: Australian Carbon Innovation

McManus, D. (2019). Transformational Technologies for Victoria's Low Emissions Future. Churchill:
Australian Carbon Innovation

Moreno-Castilla, C., & Pérez-Cadenas, A. (2010). Carbon-Based Honeycomb Monoliths for Environmental
Gas-Phase Applications. 3, pp. 1203-1227. doi.org/10.3390/ma3021203

Ng, T., Foster, S., Castel, A., Sanjayan, J., Berndt, M., Heidrich, C., . . . Sagoe-Crentsil, K. (2013). State of
Practice: High Volume Applications of Fly Ash and Barriers to Commercialisation Research Project
RP1004-11. Morwell: CRC Australia

Omnia Nutriology. (2021). What are humates? Retrieved from Omnia Nutriology:
https://www.omnia.com.au/about-humates#

Parsa, M., Tsukasaki, Y., Perkins, E., & Chaffee, A. (2017). The effect of densification on brown coal
physical properties and its spontaneous combustion propensity. Science Direct, 193, 54-64.
doi.org/10.1016/j.fuel.2016.12.016

Qu, W., Yang, J., Sun, X,, Bai, X., Jin, H., & Zhang, M. (2021). Towards producing high-quality lignin-based
carbon fibers: A review of crucial factors affecting lignin properties and conversion techniques.
International Journal of Biological Macromolecules, 189, 768—784.
https://doi.org/10.1016/J.IJBIOMAC.2021.08.187

Rady, A., Giddey, S., Kulkarni, A., Badwal, S., & Bhattacharya, S. (2016). Catalytic gasification of carbon in a
direct carbon fuel cell. Science Direct, 180, 270-277. doi.org/10.1016/j.fuel.2016.04.047

ResWax. (2021). Home. Retrieved November 15, 2021, from ResWax: https://reswax.com/

Roy, P. S., Garnier, G., Allais, F., & Saito, K. (2021). Effective Lignin Utilization Strategy: Major
Depolymerization Technologies, Purification Process and Production of Valuable Material.
Https://Doi.Org/10.1246/CI1.200873, 50(6), 1123-1130. https://doi.org/10.1246/CL.200873

Schobert, H. (Ed.). (1984). The Chemistry of Low Rank Coals (Vol. 264). North Dakota: American Chemical
Society

SEC Victoria Research and Development Department. (1984). Properties of Brown Coals from the Rosedale,
Stradbroke and Gormandale Fields Report no SC/84/85. Morwell: SEC Victoria

Shahabuddin, M., & Bhattacharya, S. (2021). Co-Gasification Characteristics of Coal and Biomass Using
CO2 Reactant under Thermodynamic Equilibrium Modelling. Energies, 21.
doi.org/10.3390/en14217384

State Government of Victoria, Department of Environment, Land, Water and Planning (DELWP). (2020).
About the electricity sector. Retrieved from State Government of Victoria, Department of
Environment, Land, Water and Planning: https://www.energy.vic.gov.au/electricity/about-the-
electricity-sector

State Government of Victoria, Department of Jobs, Precincts and Regions (DJPR). (2021, June 2). Coal.
Retrieved November 2, 2021, from Earth Resources: https://earthresources.vic.gov.au/geology-
exploration/coal

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 36 of 44




» M Federation
Bl University

State Government of Victoria, Department of Jobs, Precincts and Regions (DJPR). (2021, June 2). Earth
Resources - Alternate uses for brown coal. Retrieved from State Government of Victoria,
Department of Jobs, Precincts and Regions: https://earthresources.vic.gov.au/geology-
exploration/coal/alternate-uses-for-brown-coal

State Government of Victoria, Department of Jobs, Precincts and Regions (DJPR). (n.d.). Earth Resources,
Coal - Powering Victoria. Retrieved from State Government of Victoria, Department of Jobs,
Precincts and Regions: https://earthresources.vic.gov.au/geology-exploration/geological-survey-
victoria/150-years/coal-powering-victoria

State Government of Victoria, Department of Jobs, Precincts and Regions (DJPR). (2021, June 2). Earth
resources: Statement on future uses of brown coal. Retrieved November 2, 2021, from State
Government of Victoria, Department of Jobs, Precincts and Regions:
https://earthresources.vic.gov.au/geology-exploration/coal/statement-on-future-uses-of-brown-coal

Tomita, A., & Ohtsuka, Y. (2004). Gasification and Combustion of Brown Coal. In L. Chun-Zhu, Advances in
the Science of Victorian Brown Coal (pp. 223-285). Amsterdam; London: Elsevier.
doi.org/10.1016/B978-008044269-3/50006-6

Verheyen, T. (1996). Review into Alternative uses for Morwell Coals Report No HLC96249 Prepared for
Hazelwood Power Corporation. Morwell: HRL Technology Pty Ltd

Verheyen, T. (2013). Volatile Organic Compounds Released During Brown Coal Drying: An Inter-Mine
Comparison. Morwell

Vines, J. (2008). Coal Mining Heritage Study in Victoria. Melbourne: Heritage Council of Victoria

Yan, Y., Qi, Y., Marshall, M., Roy Jackson, W., & Chaffee, A. (2019). Separation and analysis of maceral
concentrates from Victorian brown coal. Retrieved from Science Direct:
https://www.sciencedirect.com/science/article/pii/S0016236119300262

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 37 of 44




» M Federation
Bl University

7/ Bibliography

The following list of documents is a small subset of the historical hard-copy reports available at Federation
University of Australia.

Bone, K., & Schaap, H. (1981). Trace Elements in Latrobe Valley Brown Coal: Environmental and
Geochemical Implications, Report SO/80/15. Melbourne: State Electricity Commission of Victoria
Research and Development Department.

Bradhurst, D., Heuer, P., & Page, D. (1986). Restricted Investigation Report EC/IR026R Gasifiction Studies
of Victorian Brown Coals Final Report to the Brown Coal Council for the Project Year 1986. Lucas
Heights: CSIRO Division of Energy Chemistry Lucas Heights Research Laboratories.

Dunstan, B., & Harris, J. (1980). Characterisation of the Crude Pyrolysis Products from Selected Lithotypes
of Brown Coal, Interim Report of the Victorian Brown Coal Council. Churchill: Gippsland Institute of
Advanced Education.

Dunstan, B., Harris, J., & Hodges, R. (1979). Characterisation of the Crude Pyrolysis Products from Selected
Lithotypes of Brown Coal, Interim Report of the Victorian Brown Coal Council. Chuchill: Gippsland
Institute of Advanced Education.

Dunstan, B., Gilbert, T., Booth, D., & Hodges, R. (1978). Evaluation of By-Product Tar from Brown Coal.
Churchill: Gippsland Institute of Advanced Education.

Gardner, H., Precious, T., Roger, L., & Wright, S. (1984). The Possible Commercial Manufacture of Carbon
Anodes from Victorian Brown Coal. Port Melbourne: CSIRO.

Heng, S. (1994). Production of Carbon Anodes from Victorian Brown Coal and its Derived Products A
Review of Technical and Economic Feasibility Report RR/94/001. Mulgrave: HRL Technology Pty
Ltd.

Hodges, R. (1977). Evaluation of By-Product Tar from Brown Coal. Churchill: Gippsland Institute of
Advanced Education.

HRL Technology Pty Ltd. (n.d.). Preliminary Evaluation of a Chinese Brown Coal. Melbourne: HRL
Technology Pty Ltd.

Ottrey, A. (1995). Coal Properties. . Mechanical Residential School in Power Generation. University of
Melbourne January 30 - February 17 1995. Melbourne: University of Melbourne.

State Electricity Commission of Victoria Research and Development Department. (1981a). Elemental Mass
Balance at a Brown Coal Fired Power Station Report SO/81/37. Melbourne: State Electricity
Commission of Victoria Research and Development Department.

State Electricity Commission of Victoria Research and Development Department. (1980). Determination of
Trace Elements in Brown Coal. Melbourne: State Electricity Commission of Victoria Research and
Development Department.

State Electricity Commission of Victoria Research and Development Department. (1981b). Methods for
Trace Element Analysis. Report GO/81/37. Melbourne: State Electricity Commission of Victoria
Research and Development Department.

State Electricity Commission of Victoria Research and Development Department. (1982a). Victorian Brown
Coal Ash: Past, Present and Future Problems. Report No GO/82/54. Melbourne: State Electricity
Commission of Victoria Research and Development Department.

State Electricity Commission of Victoria Research and Development Department. (1982b). Devolatisation of
Victorian Brown Coal Report SO/82/53. Melbourne: State Electricity Commission of Victoria
Research and Development Department.

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 38 of 44




» M Federation
Bl University

State Electricity Commission of Victoria Research and Development Department. (1983a). Selenium in Coal
Combustion Product and Derived Effluents, Report SO/83/56. Melbourne: State Electricity
Commission of Victoria Research and Development Department.

State Electricity Commission of Victoria Research and Development Department. (1983b). Toxic Potential of
Brown Coal: Prelimeinary Study of Trace Elements. Report LO/83/394. Melbourne: State Electricity
Commission of Victoria Research and Development Department.

State Electricity Commission of Victoria Research and Development Department. (1983c). Selenium in Coal
Combustion Products and Derived Effluents. Report No SO/83/56. Melbourne: State Electricity
Commission of Victoria Research and Development Department.

State Electricity Commission of Victoria Research and Development Department. (1983d). Methods for the
Determination of Devolisation Products from Brown Coal Using Mass Spectroscopy. Report
S0/82/52. Melbourne: State Electricity Commission of Victoria Research and Development
Department.

State Electricity Commission of Victoria Research and Development Department. (1984). Properties of
Australian and Polish Brown Coals. Report LO/84/414. Melbourne: State Electricity Commission of
Victoria Research and Development Department.

Sanders, G., & Jones, C. (1984). Restricted Investigation Report EC/IR011R Gasification Studies of Victorian
Brown Coals Final Report to the Brown Coal Council for the Project Year 1984. Lucas Heights:
CSIRO Division of Energy Chemistry Lucas Heights Research Laboratories.

State Electricity Commission of Victoria Research and Development Department. (1986). Physico-Chemical
Characterisation of Yallourn Char/Ash Slurries. Report LO/86/744. Melbourne: State Electricity
Commission of Victoria Research and Development Department.

State Electricity Commission of Victoria Herman Research Laboratory. (n.d.). Properties and Characteristics
of Victorian Brown Coals Statistical Analysis. Melbourne: State Electricity Commission of Victoria
Herman Research Laboratory.

Research and Development Committee Project 1 Evaluation of By-Product Tar from Brown Coal Project 2
Sorption Characteristics of Brown Coal, Char. Chuchill: Gippsland Institute of Advanced Education.

Verheyen, T. (1987). Production of High Purity Carbons from Loy Yang Char Report RD 87/3. Traralgon:
Coal Corporation of Victoria.

Verheyen, T. (1988). Analysis of Process Dried Brown Coal and Tar Samples Provided by SGI Australia Pty
Ltd Report RD 88/4. Traralgon: Coal Corporation of Victoria.

Woskoboenko, W., Ottrey, A., & Hibbert, W. (1992). Brown Coal Resource Evaluation: A Case Study of the
Loy Yang Deposit. Joint AusIMM Melbourne Branch and PESA Vic-Tas Branch Gippsland Basin
Symposium 22-23 June 1992, Hilton Hotel, Melbourne, Victoria. Melbourne: AusIMM.

ECT | Assessment and Comparison of the Quality of Yallourn and Loy Yang Coals in Relation to Their Suitability for Alternate Uses
Carbon Technology Research Group | Vince.Verheyen@federation.edu.au

Confidential

CRICOS Provider No. 00103D | RTO Code 4909 Page 39 of 44




Pew | g
aninadwod
Bunsixe
U1 S151X3 YdIN
£0's
w8
aAnnadwod
Bunsixa
ul S1S1Xa 3YdIN
€0's

Pew ¢
annnadwod

1BWMIN | §

Pew | g

FENTEIVIRER §
aniedwod

Pjew o
aAnnadwos

Pew | g
aniadwod
Bunsixs
Ul S151X3 3YdIN
€0's
EENTEIVIRENGY
aAnnadwos

Ppew | g
aniedwod

Pjew ¢
aAnnadwos
Sunsixa
ul SISIX3 SYdIN
10T

aWWo) 21035
(g=194ew aAnnadwod
paysi|qeiss ‘oT=1a3.ew
M3U ‘GT=SISIX3 YdIu)

Suippy
anjeA YSiH 14BN 3YIIN

Suipuedx3 | £ ADIT> T
Buipuedx3 | £ A T> T

Jjgers | ¢ ADIT> T
Suipuedx3y | 9 A>T
Suipuedx3y | £ A/1oot< | £

dlqels € A/ioot< £

0 A/1M00t< o1

Suipuedx3 | g A/1oot> T
Suiseanag 0 A/root> T

dlqels € A/ioot< €
Suipuedxy | § A/root> v
JuaWwwWo) 31005 uBWWo) 34035

(0=8uisea.nap (oT=4e3A J2d ¥ 00T<

‘G=3|qe1s ‘0T=8ulpuedxa)
Buiseasnag/Suipuedxy
19)JeA 398

syadsoud |ex

D

‘G=Jeah yad 1 00T>
‘z=1e3h Jad ) T>)
adAL
pue aSeuuo] a3us]

¥ 40 O obed

NS$< | L

NS$< | £

ayudioads 0

-}0 jo asn
NS$> L
NSS< L
NS$< | L
NS$< | £
NS$< | S

leuazew | o
2158\
NS$< | L
NS$< | L

uswwo) 2100S
(2= §$< ‘ST=IN
S$> ‘v=IN 5'0$>)
$150)
dn-13s uoonpoid

passyaud | g
aJe sadAjoyy|
148 pue Juaju0d
prediwny ysiy
0's‘

yauaq unyns | £
pue yse moq
[4lo]

el

paiinbas o
sanuadoud
211udi| oy1oads oN
000
leyauaq uoll | ¢
pue Jnyns mo1
(4l
|lepyausq £
yse mo| pue
a3usi Apoo
T's'o
|epyauaq yse ¢
moj pue ajugdy|
Apoom ysiH
(44
|epyauaq yse ¢
mo| pue ausgy|
Apoom ysiH
[4t4l0]

pawuayaud | 0
sadAroyy| ysn
000

|epyauaq yse ¢
Mo| pue a3udy|
Apoom ysiH
[4t4l0]

|epyauaq yse ¢
Mo| pue a3usy|
Apoom ysiH
(44

[eDyauaq yse ¢
mo| pue ajusy|
Apoom ysiH
[4t4lo]

usWwWo) 31005

(g=sanuadoud
J3Y30 ‘G=53UaN}ISsuod
pue p|alA yse ‘G=pasiajaid
sadAjoyy| ieq)
patiajaid sayusdi| uinojjep

0Tt T

snoagejueApesip ¢
J311BW 3|13e|0A YSIH

0‘z'o
«LTT S
«LTT S
0T €
SITT ¥
07T €
STTT €
CTT S
STTT €
Jsuleq  p

A3y sI ssaupieHq
CT'T

uaWwWo) 31005
(z=ssauusi| uones ysiy
juel moj)

uen0pIA 03 Ayjiqedyjddy

6067 P00 OLY | AE0L00 "ON J8pIA0id SODIYO
|enuspyUo)

NeNpa UoNeIspaj@UaAaIS A\ BoUIA | dnolg yoleasay ABojouyoss) uoqsed

sas) ajeula)ly Joj AJjIqeying Jisy | 0} uoijejoy ul s|eo) BueA Ao pue winojjeA jo Ajijenp ey Jo uosuedwo) pue juswssassy | |03

juapadaud
|elJaWwWod oON
000

juapadaud
|erJIaWIWOd ON
00’0

Jeyd dads-jjo
10} 3sn 3|qIssOd
*0'7'9

+0'00

«C'7'9

*C-V'9

«'7'9

«-'0'0

«'7'9

*0'79

«07'9

uaWwWo)

(z-=s21Ww0U023 |e1dads

‘p=paonpoud Ajpua.iind

‘9=pa3on.isuod jue(d)
SN1e)S Uones||eIaWWo)

vASojouysay jo uonenjeny

0 slely AJojesoqe| | 9
Areuiwaud
[ELERENTN
0'T's
0 ssasSoud QT
Ul yoseasal
a|eas-Alojeloqe|
uens|ay
0's's
ot «S'0T'S | 0¢
0 «09v | 0T
8 xS6'S | 6T
8 «S'0T'S | 0¢
8 *S0T's | 0T
[ ‘966T UIs ST
paulelqo uaaq sey
jooud Asojeioqe|
|euonippy
0'01's
8 *S0T's | 0T
ot +S'6'S 6T
ot «v'6's | 8T
21025 FUCTITIIT)
(g=3uerdrop1
‘0T=400.d ge| ‘G=1daou02)

uonanposd
10 Aujiqiseay jedjuyday

31005

mau
Moy Aian
114
LE
85
SS
8y
LE
S€
0s
€S
©966T u!
pausisse
a10ds
llesan0

LE

134

194

LE

€9

S

49

6€

6€

(4

SS

TEELY)

144

174

0C

9C

8T

LT

€C

9T

6T

€T apixo auaydeud
pue auaydesn

6T a1q)} uogue)

SU0QJEd PAJUBAPY

SE pre s34
LT Aund ysiH
LE juepnpal

9¢ Josinoaud
uogJed BANIY

S€ 0015paay
|ea1way)

Jeyd

9T SUOQUed WNIWald
LE asn

9|8uls anjea mo

9€ juawiealy
sed/inodep
9€ JuaWIea) J9IBM

uoq.ed IANDY

suogued
uonenjeny uonenjeny 1nposd
1et D jouydaL 40 uones)

$31035 TZ0Z

Xjew uonenjeas syoadsoud [erasawwod pue ABojouysa] *Ly ajqeL

‘sapiadoud a)1ubi| JueAS|al Y} INOGE UoeW.IOUI
Jayuny epiroad X 8|qe] pue { uoijoss ajiym jonpoud Jo uoneoldde yoes Jnoge uonewIoul [euonippe sapiaoid Jodal Ulew sy} Ul Z'¢ Uonoas "Ly 8|qel ul papiroid ale uoneoldde yoes Joj uojenjeas sjadsold [efosawwod pue ABojouyos |

v Xipuaddy

AYISIoNIUN e
uoneIoPd ge-



19yiDW MAN | OT

1a0W MaN | OT

Pew | €
aniadwod

1)iew maN 9

Ppew | ¢
aniadwod
paysi|qels3

1eWMaN | 9

FENTEIVIRENGY
aniadwod
paysliqels3

@ew | 0
annnadwod
paysijqeis3

1BWMIN | §

uBWwWo) alods
(5=323ieW 3A1RRdWOd
paysijqesss ‘T=19xew
M3U ‘GT=51SIXd dYdIu)
Suippy
anje YSiH 1IN YIIN

aIqois | v
buipundx3y £
Sulpuedxy | 9

’|qeIs | v

Suipuedxy | 01

dIgeIs S

Suiseanag | 0

Buiseanag 0

Suipuedxy | ¢
Suipuedxy £
uBWwWo) 31035

(0=8uiseasdap
‘G=9|qe1s ‘0T=8ulpuedxa)
Buisealnag/Suipuedx3
19)4e|A 1981

Aop
J3d sauuo}
000 09

Aop
13d sauuo}
000 09

A/1% 001<

A/11 001<

A/11 001<

A/1% 001<

A/1% 001<

A/1% 001>

A/1% 001>

AiT>

jusawwo)y

or

or

0T

0T

0ot

S

S

4

21035

(oT=4e3A 43d 1| 0OT<
‘g=JeaA sad 1 00T>

‘z=Jeah sad ) T>)
adAyL
pue aSeuuo] ayusn

1 )

¥ 40 | obed

by | L
000 0Z¢€ 40f
uoljiiq zts
/oy L
000 0Z¢€ 40f
uoljiiq zts
NS$< | L
NG$< | £
NS$< | L
NS$< | L
NS$< | £
NS$< | L
NSS>  TT
NS$< | £
JuaWWo) 9402§
(£=N §$< ‘ST=IN
S$> ‘=IN §°0$>)
$150)

dn-33s uoidNpoId

606% @P00 OLY | E0LO0 ON J8pIA0Id SODIYD
|enuspyuoD
NeNpa UoNeIspaj@UaAaIS A\ BoUIA | dnolg yoleasay ABojouyoss) uoqsed

sas) ajeula)ly Joj AJjIqeying Jisy | 0} uoijejoy ul s|eo) BueA Ao pue winojjeA jo Ajijenp ey Jo uosuedwo) pue juswssassy | |03

pausgaud | € |e1d1jauUaq JUIU0D paiinbas | ¢
©J ysiy ‘yse moj uoned a1Ajered ysiy ainjonuisesyul
‘ainisiow mo T Hodxa pue |e20]
0'€’0 ‘00
paiussyaud ¢ «CTT paiinbas | z-
©J ysiy ‘yse moj aunjonuisesyul
‘a1nisiow Mo 1odxa pue [e207]
0'€’0 ‘00
paugyaud | € +TTT +C09 | ¥
) yaiy ‘yse moj
‘ainisiow mo
0'€’0
pausppud | € STTT £079 8
) Y81y ‘yse mo|
‘aJnisiow mo
0'€’0
paJinbai yse mo| | ¢ STT'T «000 0
‘aJnisiow Mo
0'z'o
ssaooud 0 «CTT uononpoudieydy g
sishjoJAd Jayro 40 10npoud-Aq se
10 uononpoud plos AjjeanioisiH
Jeyd jo npoud 79
-Aq e Ayl 1son
+0°0'0
[4 «TT Aojouydar | o1
uo juspuadap
104 2newajqoud 1BYMBWOS 91035
1U3U0 3un3siow 0'v'9
ysiy pue
211u8i| Apoom
‘sadAjoyy| yieq
0'z'o
Bukip | 0 CTT Asjlep aqone1 | o1
Joy pasayaid ul pajesado
1U9U0D auNISIoW aney syued
mo1 ‘Suipunsd |eI2J3WWO0d OM |
Joy onews|qoud +0'7'9
ayudy
Apoom pue
sadAloyy| yieq
000
pausgaud | ¢ «CTT 079 8
211usi| Apoom
MO pue aunjsiow
0] ‘uogJed
paxiy ydiy
‘sadAoy| s
0'z'0
passgaud | g 0'T'0 juspasaud 0
ate sadAloy)| |erIBWIWOd ON
1Y81| pue Jua3uod 0'0'0
poe diwny ysiy
0's‘0
JuaWwWo) 31035 uBWwWo) uaWwWo) 21035
(g=sanuadoud (z=ssa1us uones ysiy (z-=s21Wwou03 |edads

13410 ‘G=51U3N}1ISU0d
pue p|alA yse ‘G=patiajaid

‘Z=dNuB|| ‘T=231usl| yues moj)

ajusdy

‘p=padnpo.d Ajjuaiind
‘9=pajanJisuod jue|d)

sadAroyy| yieq)

uel0IA 03 Ayijigednddy Snjejs uopesijeJawwo)

vASojouydas jo uonenjeny

JINQ [eRIBWWO)
-9|eas jo)1d

1e pajesisuowap
uonealyises

911u81| UeLIOIDIA
S0T's

BLIOYIA Ul

jueid jopid Juain)
sot's

*S0T'S

xS6'S

+5'6'S

xS0T'S

«S0T'S

xS0T'S

«S0T'S

‘paiinbai
Yoeasal Jayung
*Ajuo 1daouo)
00

jusawwo)
(5=3ueid 10

0¢

0¢

0C

6T

6T

0¢

0¢

0¢

0¢

31035

‘0T=400.d qe| ‘5=1d3ou02)

uonanpoud

Jo Aailiqiseay jedjuyday

MaN LS T€ 9C Jna
M3aN 09 143 9T uagoupAH
s3onpoud - sed uAs - uoneayisen

LS SS €T [43 sed jenjeu
ansqns

S9 9s 114 S€ JSTRITGETE]

10} sed sisayuAs

s1onpoud uonedlyises pue s|any snoasen

€9 LS €€ 144 Saunxiw

0/1318\

85 85 ST €€ 1o |ang4

[3n4 pinbr

9 09 4 LE ayus|

pananbugq pue

paiesawo|38y

Ly Ly u SE ayudy

Aip passpmod

¥9 LS w S€ 13N ss3|f0Ws

S|any pijos

s|any papeJsdn

Mau | 0g TC 6 S10p winjuenp

2966T Ul TEELY) uonenjeny uonenjeny 1npoad

pausisse D ASojouyday 4o uonesyjddy
21038
[[CZEYY)

594035 TZ0Z

AVSIDAIUN ml»
uoneISPI gg-



1200W G buipundxy = §
ann13adwod
Paysijqois3
SIs1Xa 3YaIN | 0T buipuodx3 | g
SIsIXa YN 0T buipubdx3 | §

19yi0W MAN | 9 buispaiag 0

14w MaN 8 buipundxy = §

19)iDW MAN | 9 buispaiag 0

10w | €
aninadwod
Ppayslqois3

buipundxy £

JaypW | €
aninadwod
paysijgois3

a/qois | g

jayi0W | €
aninadwod
Ppayslqois3

buipundxy 9

uBWwWo) alods
(5=323ieW 3A1RRdWOd
paysijqesss ‘T=19xew
M3U ‘GT=51SIXd dYdIu)
Suippy
anje YSiH 1IN YIIN

uBWwWo)
(0=8uiseasdap
‘G=9|qe1s ‘0T=8ulpuedxa)
Buisealnag/Suipuedx3
19)4e|A 1981

31035

A/Ly00T> | €
A/1300T> | €
ALy 001> | €
A/ 001> | €
A/1yo0t> | €
A/1y00T> | €
Aop o1
Jad sauuoy
000 09
Aop o1
Jad sauuo}
000 09
Aop o1
Jad sauuoy
000 09
juawwo) 21025

(oT=4e3A 43d 1| 0OT<
‘g=JeaA sad 1 00T>
‘z=1e3A J13d P T>)
adAyL
pue aSeuuo] a3us]

1 )

¥ 40 zy obed

WSS>

WSS>

WSS>

Ws0>

WSS<

WS0>

“Y/sauuo}
(474

Jof uoljiiq
S9'ETS

*Yy/sauuol
08

J10f uoyjiq
S9ETS

‘y/sauuoy
005 40f
uolj|iq T°ETS

jJuswwo)y

T

ar

T

2402S
(£=N §$< ‘ST=IN
S$> ‘=IN §°0$>)
$150)
dn-33s uoidNpoId

‘sjuawalinbay
Ayadoud

yse oN ‘paJsajaid
sadAyoyy) 1ysn
00’0

patiayaid Hd
pue jua3u0d plde
12301 ‘BN ‘8D Y31y
‘sadAroyn) 3
7’0’0

patiaseld Hd
pue jua3juo0d ploe
€303 ‘BN ‘8D Y81y
‘sadAroyy| s
700

*sjuswalinbal
adAyoyy Jo
Auadoud yse oN
000

|ed1auaq yse
Mo| pue ajusi|
Apoom ysiH
(440
‘sjuawalinbal
Ayadoud

yse oN ‘passasaid
sadAioyy) ysn
000

pasiayaid

) Y81y ‘yse mo|
‘24n1slow Mo
0'€’0

pausayaud

) Y31y ‘yse moy
‘ainisiow Mo
0'€’0

pasiayaid
) Y81y ‘yse mo|
‘24n1slow Mo

0'c'0
FUCTITIIIT)
(g=sanuadoud

13410 ‘G=51U3N}1ISU0d
pue p|alA yse ‘G=patiajaid
sadAroyy| yieq)

0 LTT S
4 7T S
4 «LTT S
0 CTT S
14 21035 ¢

32015paay [e2IWaYD
Jeyd uo paseg
£07'T

0 TTT S

€ [IEITENELRUC I
uoned dnAjeled ysiH
[

€ [eIDJBUSG JUBIUOD | §
uoned onAjered ysiy
[441

€ |eIDlyaUSq JUBIUOD | §
uoned anAjered ysiH
[

31035 uBWwWo)

(z=ssa1us uones ysiy
‘Z=dNuB|| ‘T=231usl| yues moj)

ajusdy

vASojouydas jo uonenjeny

uel0IA 03 Ayijigednddy

606% @P00 OLY | E0LO0 ON J8pIA0Id SODIYD

|enuspyuoD

NeNpa UoNeIspaj@UaAaIS A\ BoUIA | dnolg yoleasay ABojouyoss) uoqsed
S9s) 9jeulal|y Jo} ANIgeyng iy 0} uonejay ul sjeod Bue A Ao pue uinojieA Jo Ajjend ey jo uosliedwo) pue Juswssassy | 103

ejlensny | 0T xS0T's | 0 MaN 09 ST SE sdouo jueid
ul mur_w_uwum._u - Spediwny
|elJ3WWO)
0'v'9
saouelsgns dlwnH
«07'9 0T #G0T's | 0T s9 L9 o€ LE
079 0T «S0T's | 0T oL 19 o€ LE aseq

J9s11u34 21uesio

J9z)|1Ja4
uonesado | 0 s)nsal pjay pue ST 8y-St €€ €1 4 sy
|eJaWWOod Alojesoqe| paxin
1uUa.14n2 ON 5SS
000
uonesado | 0 synsai pjdiy pue  qT 8y-Sv | Sv €T w sieyd
|erIaWwWod Aiojesoqe| paxin
jua.LInd ON 5s's
0'0'0
uonesado | 0 s)nsal pjay pue ST 8y-St €€ €T V4 anusy
|erJawwWod Aioresoqge| paxin aulw-jo-uny
1Ua.14n2 ON 5's's
00’0
51915000 A)|1143) [10S pue saxiw Suilod 4auonIpuod |10S
s39npoud |eanynousy
paJinbas | ¢- *Seassano seSuhs oz MaN €S Va4 9z eluowwy
aJnjanuasedyul woJy uonanpoud
1odxa pue [e207 ejuowiwe
Z-'00 219WWOo)
*g|ess jo)id
1€ pajesisuowsp
uonedlyised
a)usI| ueLIOIA
S0T'S
paiinbas  z- *seastano seduhs oz MaN 15 ST 9z eain
aJnjonuaseyul woJj uonanpoud
odxa pue [e207 €3N [ePIBWIWO)
z-'0'0 *a[eas jo|id
1€ pajesisuowap
uonedyised
911u81| UBLIOIDIA
S0T's
paJinbas | ¢- seassano seSuhs oz MaN s Y4 9z |oueyian
aJnjanuasedyul woJy uonanpoud
1odxa pue [e207 |oueLIaW
00 |erJawwo)
*g|ess jo)id
1€ pajesisuowsp
uonediyised
9)usi| ueLIOIA
S0T's
*seasJan0 seduhs
wouy uondnpoud
uaWwWo) 21035 uaWWo) 31035 2966T Ul TEELY) uonenjeny uonenjeny 1npoad
(z-=s91Wwou0da |e1dads (5=1ueid 101 pausisse o) ASojouyday 1o uonedyddy
‘p=padnpo.d Ajjuaiind ‘0T=400.d qe| ‘5=1d3ou02) 103s
‘9=pajonuisuod jue|d) uondnpoud [[CZEYY)

snjejs uoljesijensawwo) jo >u___n_mﬂw$ |eauyday

594035 TZ0Z

AVSIDAIUN ml»
uoneISPI gg-



1PeWw MaN | 8

Pew | g
aAniadwod
Bunsixa
Ul SISIX@ 3YIIN
€0's

19JeW MaN | £

19eW MAN | §

1eWMAN | §

S3Is1X3 3y

[49

Ppew | g
annnadwod
paysijqeis3

SISIX@ AYIIN | 0T

J0W | §
annadwod
paysiqois3

SISIX3 AYIIN | 0T

SISIXa 3YoIN | 0T

uBWwWo) alods
(5=323ieW 3A1RRdWOd
paysijqesss ‘T=19xew
M3U ‘GT=51SIXd dYdIu)
Suippy
anje YSiH 1IN YIIN

Suipuedxy | 01

Suipuedxy | 9
dqes | €
d|qers | g
dlges g

Buipuedxy g

Suiseanag 0

Sulpuedxy | ¢
buipundxy = §
buipundxy = §
buipundxy = §
uBWwWo) 31035

(0=8uiseasdap
‘G=9|qe1s ‘0T=8ulpuedxa)
Buisealnag/Suipuedx3
19)4e|A 1981

Aot e
AMpit> e
AMoit> e
At ¢
AMoit> e
A/1100T> S
At ¢
A/1o0T> €
A/1300T> | €
A/Ly00T> | €
A/Ly00T> | €
juawwo) 21025

(oT=4e3A 43d 1| 0OT<
‘g=JeaA sad 1 00T>
‘z=1e3A J13d P T>)
adAyL
pue aSeuuo] a3us]

1 )

¥ 4o £ obed

NS'0$> | ¢
NS$< | L
WNS0$> T
NS0$> | ¥
NS'0$> ¥
NS0$> | ¥
NSS> | 8
WS$> | Tt
WSS> | ST
WSS< | £
WSs> | ZT
JuaWWo) 9402§
(£=N §$< ‘ST=IN
S$> ‘=IN §°0$>)
$150)

dn-33s uoidNpoId

606% @P00 OLY | E0LO0 ON J8pIA0Id SODIYD

|enuspyuoD

NeNpa UoNeIspaj@UaAaIS A\ BoUIA | dnolg yoleasay ABojouyoss) uoqsed
S9s) 9jeulal|y Jo} ANIgeyng iy 0} uonejay ul sjeod Bue A Ao pue uinojieA Jo Ajjend ey jo uosliedwo) pue Juswssassy | 103

pauggeud | g £LTT S «000 0 «0'6'S | VT 137 14 174 144
sadAjoyy| yueq 211Axoqueahjod
0'0's onewoly
uonepxo
SNuYu g |eyauaq g 000 0 pauueid Asjlep 9T Mau | 6Y €T 9z wnisaude|n
I1Ing ua1u00 SN YSIH aqoue] uiueld
a|qejiene Ajipeas [44 uonesisuowaq
yse uinojjex «1°0T'S
s'0'0
pausppud | g «LTT S uonedyises | € «00T's ST LE w 121 8T sjouayd
sadAjoyy| yieq wouy 3onpoud
00's -Aq 3|qissod
+0'0'E
‘pauszgpud | 0 7T S «07'9 0T «S0T'Ss | 0T 85 15 9T se 519159 Xep
s|esadeWw
auunna ysiy pue
sadAoyy| 3
000
‘pausspud | 7 £LTT S 079 0T «S0T's | 0 85 39 9T LE suisay
s|esadew
ajuisal ysiy pue
sadAjoyy| 81
(44
UOI19B1IXS JUBA|OS
s|eajwayd aul4
‘sadAoyujoyse ¢ «LTT S 000 0 «S'0T'S | 0¢ 69 9s 6T Lz Ja8ueydxa-uo|
10} 9doualayeud
ON ‘[e1lyauaq
Jua3U0d
pioe |e3o} pue
eaJe adeyns ysi
700
s1onpoud painidejnuein
ssa204d | 0 07T € 079 0T £00T'S | ST 122 112 31 87 sayoud pue sie|
sisAjoJAd Jayro
10 uononpoud
Jeyd o npoud
-Aq e Ajayi| 3o
+00'0
‘s)uawaainbal | o «LTT S 079 0T «S'0T'S | 0¢ 99 S9 0€ SE Sploe dlwnH
Auasdoud
yse oN ‘passayaid
sadAroy| 81
000
uone.xy
s|eawayd ying
‘syjuswaanbal | £TTT S elensny | 0T #S0T'S o0z MmaN €9 87 33 p1oe JIAIn4
Ayadoud ul syuapadaud
yse oN ‘passasaid [IRIENTI}
sadAioyy| 3 0'v'9
000
‘syuswaanbal | £LTT S elensny | 0T «S0T's | 0 MIN 09 St S€ ased|al
Auadoud ul suapadaud pa||043u0d
yse oN ‘passasaid |e1DIaWWO) eluowwy
sadAroyy 3N 0'v'9
000
'syuawaanbal | o TS elensny | 0T *S0T's | 0T MIN S9 3 Se aAIppe
Aviadoud uj syuspadaud pa3y [ewiue
yse oN ‘passayaid |eIDIaWWO) - pe oWy
sadAroyy| 1ysn 0'v'9
000
JuaWwWo) 31035 uBWwWo) alods uaWwWo) 21035 uaWWo) 31035 2966T Ul TEELY) uonenjeny uonenjeny 1npoad
(g=sanuadoud (z=ssa1us uones ysiy (z-=s21Wwou03 |edads (5=1ueid 101 pausisse s} ASojouyda) Jo uonedyjddy
19430 ‘G=51UaNn3iIsuod ‘Z=91u8)| ‘T=21us| jues moj|) ‘p=paonpoud Apua.iind ‘0T=400.d qe| ‘G=3d3dU02) 103s
pue p|alA yse ‘G=patiajaid ayudy ‘9=pajanJisuod jue|d) uonanpoud [[ZELYe)
sadAroyy| yieq) uelopIA 03 Ayjiqediddy $N3e3s uoesijeIIWwWo) 40 Ajiqiseay [eatuydal
vASojouyday jo uonenjeny $3109s TZ0Z

AVSIDAIUN ml»
uoneISPI gg-



¥ 40 v obed

606% @P00 OLY | E0LO0 ON J8pIA0Id SODIYD
|enuspyuoD
NeNpa UoNeIspaj@UaAaIS A\ BoUIA | dnolg yoleasay ABojouyoss) uoqsed

sas) ajeula)ly Joj AJjIqeying Jisy | 0} uoijejoy ul s|eo) BueA Ao pue winojjeA jo Ajijenp ey Jo uosuedwo) pue juswssassy | |03

'(9402) stebuog 3 Aseuly| Jo}e S8100s Sjoadsold [eriewwod Jonpoid seb siSayjuAs uoleolyIses) "eousledxs

[B00] SIOUINE B} PUE 966 | WOLJ SBI0IS UOJOBIIXD PIOE DJLUNY UO POSEq aJe S2100S S}0adsold [ej0iauwLiod ainjinoLby “LZ0Z Woij SoJew)se ale SJusWLLIOD pue S809s adA] dlfe)] "9661 WOy PaquUOSUE) ale $ajou pue sa100s adA) [BWION , 966 @0uls pabueyd Jou sey a100s uolenjes ABojouyoa ],

s2.09s jue|d jojid pue g s8109s jooud ge| ‘G si 9109s }deouo9 8y} sayedlpul uononpoud Jo A

1peWMIN | §

JuBWWOo)  310d§
(5=323ieW 3A1RRdWOd
paysijqelsa ‘gT=19xeW

M3U ‘GT=51SIXd dYdIu)
Suippy
anjeA YSIH 1IN YIIN

alqes | v

JuBwWwWo)
(0=8uiseasdap

‘G=9|qe1s ‘0T=8ulpuedxa)

Buisealnag/Suipuedx3
19)4e 1981e)

21035

d

A/proot> s

JuaWwWo) al0ds
(oT=4e3A 43d 1| 0OT<
‘g=JeaA sad 1 00T>
‘z=leak 1ad P T>)
adAyL
pue aSeuuo] a3us]

1 )

NS$> 6

jusawwo) 2402S
(£=N §$< ‘ST=IN
S$> ‘=IN §°0$>)
$150)
dn-33s uoidNpoId

ssadoud | 0
sisAjosAd Jayro
J0 uononpoud
Jeyd jo 1onpoud
-Aq e Ajayjl| 30N
x00'0

07T € «000 0

jusawwo)
(g=sanuadoud
19430 ‘G=51UaNn3iIsuod
pue pjalA yse ‘G=paisayaid
sadAjoyy| leq)
pausayaad sayusi| uinojjep

31035 uBwWwWo) alods
(z=ssa1us uones ysiy

jues moj)

uaWwWo) 21035
(z-=s21Wwou03 |edads
‘p=padnpo.d Ajjuaiind
‘9=pajanJisuod jue|d)

snels

e )

vASojouydas jo uonenjeny

ISea) [e0IUYDS | JBPUN $'6'G ‘B|dwiexa Jo4 "Buipeay uwnjod 8y} Se JapIo dwes auy) ul pajussald aie S8100s NS "UWN|OD SJUSWUWOD BY} Ul Pa)si| S8I00S-gNS 884U} B} JO SWNS U} 8Je $8100s uoljenjeas ABojouyoa |

«€01°s | 8T

uaWWo)
(5=1ueid 1o)1d
‘0T=400.d qe| ‘5=1d3ou02)
uonanpoud
30 Ajiqiseay jeatuyda)

31035

4

(9661) ushayiong

El4 144 €C TC s|jouayd

sisAjoJAd

2966T Ul IZELYe} uonenjeny npouad

pausisse 0} Jouyday 1o uonedyddy
3103
[[IEYe}

594035 TZ0Z

AYISIoNIUN e
uoneiopd g+



