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Abstract:  Only 19% of CCPs in Australia are beneficially used, out of which 89% are used as 
Supplementary Cementitious Materials (SCM). Beneficial use considered here is where CCPs are used 
to supplement or replace natural materials. The majority (9.6 Mt) of the approximately 12 Mt of CCPs 
produced annually in Australia are sent to ash repositories. The leaching of toxic heavy metals from 
these repositories into the groundwater can cause significant environmental damage and impact 
community health. Therefore, it is important to promote the beneficial use of these CCPs found in 
repositories to safely dispose of them. The Australian harvested ash reported here satisfies a few key 
criteria for SCM as per AS 3582.4. This review shows that using harvested ash as an SCM can help 
upcycle about 2 Mt of harvested ash per year without affecting the properties of the concrete. On the 
other hand, using harvested ash as a fine aggregate replacement in concrete will create a way to dispose 
of about 22 Mt a year without compromising the strength. However, there are not enough studies to 
arrive at the exact figures considering the effects on all major properties.
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1. Introduction 

Australia produced 265,232 GWh of electricity in calendar year 2020 [1] of which 54% was produced by 
the combustion of approximately 87Mt of coal (Table 1). The combustion of coal produces flue gas and 
non-combustible solids (ash) – this process is shown schematically in Fig. 1. Coarse (bottom) ash falls 
to the bottom of the boiler where it is extracted wet or dry. The fine/light (fly) ash is separated from the 
flue gas using electrostatic precipitators or in a baghouse. The physical, chemical and mechanical 
properties are dependent upon the coal source and the conditions under which it is combusted.

Bottom ash has a particle size distribution similar to that of sand and is formed by the fusion of small 
molten ash particles which are too large to be carried away in the flue gas. Fly ash particles are irregular 
in shape and have a typical particle size between 1 µm and 300 µm. Most Australian Coal Combustion 
Products  (CCPs) originate from the combustion of bituminous (black) coal and are thus classified as a 
Class F ash to ASTM C618 [2]. The characteristics of fly ash to AS/NZS 3582.1 [3] and 
ASTM C311/C311M [4] are compared and summarised in Table 2. 1~2% of the fly ash produced is in 
the form of cenospheres.  Cenospheres are formed during the molten stage of the ash as a result of the 
evolution of gas.  They are lightweight, hollow spheres filled with air or an inert gas (nitrogen or carbon 
dioxide) with a particle size of between 35μ m and 350μ m in diameter with a density of 600~700 kg/m3. 
The formation of cenospheres has been discussed in detail by Zanjad et al. [5] . 

Table 1.  Coal consumed [6] in the generation of electricity [1] in 2020.

Source
Coal (t) Electricity generated 

(GWh)

Black coal 50,399,433 108,753

Brown coal 36,910,634 34,182

Total 87,310,067 142,935



Fig. 1 Schematic of a typical coal-fired power station [7].

Table 2.  Classification of fly ash to AS/NZS 3582.1 [3] and ASTM C618 [2].

AS/NZS 3582.1 Grade ASTM C618 Class
Characteristics

S 1 2 N F C

SiO2 + Al2O3 + Fe2O3, % >70 1 >70 1 >70 1 >70.0 >50.0 >50.0

Calcium oxide (CaO), % Not specified 2 Report <18.0 >18.0

Moisture content, % <0.5 <0.5 <0.5 <3.0 <3.0 <3.0

Loss on ignition (LOI), % <3.0 <4.0 <6.0 <10.0 <6.0 <6.0

Fineness (% passing when 
wet-sieved on 45 µm sieve) <85 <75 <55 <66 <66 <66 

Notes:
1. The chemical composition in New Zealand is 60% minimum to enable domestically sourced fly 

ash to be used 
2. AS/NZS 3582.1 [3]  notes that the total calcium content (expressed as CaO) of Australian fly 

ash is typically less than 10% and less than 25% in New Zealand

2. Current uses of Coal Combustion Products in Australia

The use of CCPs in Australia is regulated at a state level, for example in Queensland by the Waste 
Reduction and Recycling Act 2011 and associated code: “End of Waste Code: Coal Combustion 
Products (ENEW07359717)”. It is estimated that in 2020 approximately 12 Mt of CCPs was produced 
as a by-product of the combustion of approximately 87 Mt of coal [6]. Only 2.4 Mt (19%) of CCPs are 
beneficially used (Table 3), out of which approximately 89% are in the form of Supplementary 
Cementitious Material (SCM).

A figure of around 50% has been reported elsewhere as the percentage of CCPs that are beneficially 
used in Australia. For example, Azadi et al. [8] quoted a report prepared for the Australian Department 
of the Environment and Energy that states that 43% is “recycled”, and Gollakota et al. [9] provide a 
global comparison and show Australia as having a CCP utilisation of 45% which is consistent with the 
44.34% quoted in the Commonwealth Government of Australia’s Senate hearing into mine rehabilitation 
for 2016 [10]. Nonetheless, the figure of 19% calculated in Table 3 is considered to be the correct 
proportion of CCPs beneficially used in Australia.



Table 3.  CCP production and beneficial use [6].

Fly ash(t) Bottom ash 
(t)

Cenospheres 
(t)

Total (t)

Production 10,732,878 1,289,713 75,347 12,097,938

Beneficial use:

Cement/concrete/grout (SCM) 1,590,357 58,837 13,512 1,939,571

Cement/raw feed for clinker 5,902

Mineral fillers 36,341 34,834 71,175

Other 1 57,928 554,490 612,418

Total 1,648,285 655,570 48,346 2,352,201

Proportion of total ash 
produced that is beneficially 
used 

14% 5% 0% 19%

Notes:
1. Includes flowable fill, structural fills/embankments, road-base/sub-base, soil 

modification/stabilisation, and mineral filler in asphalt, agriculture, and aggregate.

3. CCPs stored in ash repositories and associated environmental threats

CCPs not beneficially used (approximately 9.7 Mt per annum) are transported (either dry or wet) to ash 
repositories for long-term storage. In dry-ash placement (for example at Millmerran) the ash is 
conditioned to ~20% moisture and transported by truck to the ash repository for placement. Wet-ash 
placement is more common in Australia and involves creating an ash slurry (fly ash + bottom ash + 
water) and pumping it to the ash repository. In both methods the water may be sourced from the ash 
repository, boiler water treatment plant, local waterways (fresh and salt), and (in the case of Millmerran) 
town wastewater treatment plants. 
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Fig. 2.  Schematic showing the key environmental aspects associated with ash ponds based on [11].

Ash repositories have the potential to have a significant impact on the environment and community 
health such as air-borne dust, groundwater contamination, community safety, and degradation of flora 
and fauna. It is estimated that there is over 400 Mt of CCPs stored in active and inactive ash repositories 
across Australia [12]. These ash repositories are mostly unlined. The pending closure of many of these 



power stations will place significant political and financial pressure on the governments to manage 
rehabilitation.

Fig. 3.  Timeline showing power station closures.

The current “reserves” of harvested ash in Australia exceed 400 Mt and are growing at a rate of over 
10 Mt every year and will take many decades to consume whatever the beneficial use. Ash repositories 
will therefore continue to be a characteristic of the Australian (and global) landscape for many years and 
will need to be managed effectively if the environmental aspects and impacts are to be minimised. 91% 
of the 292 ash repositories in the USA with a groundwater monitoring program reported [13] 
contaminating groundwater with toxic substances. Mitigating this risk is the most difficult environmental 
aspect. The predominance of unlined ash repositories and their impact on the environment is not limited 
to just Australia: 94% of ash repositories in the USA are reported [13] to be unlined.

4. Properties of Australian CCPs that are of interest when used in construction 
materials 

4.1 Chemical composition

CCPs have a chemical composition of mainly silica (SiO2) and alumina (Al2O3) and some CaO. The 
variability in these oxides in two Australian fly ash is shown in Fig. 4. The oxide composition of the bulk 
ash obtained at the Run-of-Station (ROS) and harvested ash are given in Table 4. It can be seen they 
possess similar silica and alumina content to the fly ash. However, the silica in harvested ash is 
considered less reactive compared to fly ash which reduces with the storage duration in the repositories 
[14]. Also, their Loss-On-Ignition (LOI) is less than 6%, meeting the AS3582.4 specification for SCMs. 
Similarly, they satisfy the limits for MgO and SO3 to be used as an SCM. 

4.2 Particle size distribution

The typical particle size distribution for harvested ash sourced from two power stations is shown in Fig. 
5. They satisfy the fineness requirement for Grade 2 SCM as per AS 3582.4. However, the size 
distribution of the CCPs in the ash pond is affected by the method of placement (wet or dry).  In wet 
placement, a homogenous slurry of water and CCPs are pumped to the ash pond.  A consideration of 
the hydrodynamics of this placement method shows that light particles will carry further from the inlet to 
the Ash Pond, with heavier (larger) particles settling out closer to the inlet.  In comparison, dry ash 
placement methods will result in a more homogenous distribution of particles as there is little 
hydrodynamic movement of particles with the repository.



Fig. 4.  Variation in chemical composition a) Millmerran and b) Gladstone (Millmerran fly ash is more 
typical of Australian fly ashes: the CaO is less than 2%.  Gladstone fly ash is recognised by the 
construction materials industry as the best fly ash in Australia: note the higher CaO)

Table 4 Chemical composition of waste ash from two Australian power stations
SiO2 Al2O3 CaO Fe2O3 K2O Na2O MgO SO3 LOI

Vales Point ROS 61.58 21.43 2.88 5.52 2.02 0.98 0.70 0.11 4.64

Kogan Creek ash 
slurry

57.57 31.06 4.16 2.51 0.64 0.74 1.39 0.02 1.09

Fig. 5.  Particle size distribution of three types of harvested ash found in Australia (A.Rex 
unpublished).

5. Harvested Ash as a cementitious binder 

Harvested ash contains both fly ash and bottom ash. The mineralogy between bottom ash and fly ash 
differs as a result of the differences in the mechanisms of formation. Bottom ash has a higher proportion 
of crystalline phases and has coarser particles. This makes it less reactive, exhibiting little pozzolanic 
activity. Therefore, the effects of harvested ash when used as an SCM depend on the ratio of the fly ash 
and bottom ash. Harvested ash, like fly ash, reduces the cement hydration, prolongs setting, and 
degrades strength when used as an SCM [15]. In comparison, cement substitution with harvested ash 
reduces the strength and prolongs setting more than fly ash. This could be attributed to the inert nature 
of bottom ash as described above. However, up to 20% replacement has been found to preserve the 
strength of the concrete or mortar [14-16]. Unlike fly ash which increases the workability, harvested ash 
reduces the workability of the mortar or concrete; This can be due to the coarser porous structure of 
bottom ash which absorbs the water [17].



As described above, the Australian harvested ash meets the AS 3584.2 specifications for fineness 
(Grade 2), LOI, and MgO and SO3 contents. Also, it has similar silica and alumina content to fly ash. 
This indicates the potential to use the Australian harvested ash as an SCM without further treatment. 
However, the natural water content varies a lot which requires drying when it is above 0.5%. For 
instance, the harvested ash obtained from Port Augusta had only 0.22% moisture, meeting the 
AS 3584.2 limits. But the harvested ash from Mt. Piper had between 13.8% to 19.3% natural water 
content depending on the curing condition. Assuming the 20% replacement of cement with harvested 
ash that has been proved to result in better properties in the past as the ideal dosage, then this use will 
utilise around 70~90 kg of harvested ash for every cubic metre of concrete [18,19]. This will help discard 
over 2 Mt of harvested ash every year considering the 29 million cubic metres of concrete produced 
annually in Australia [20].

The presence of alumina and silica makes harvested ash a potential geopolymer precursor besides 
being an SCM. However, harvested ash has a lower reactivity compared to fly ash as described above. 
For instance, compared to the geopolymer mortar made from Class F fly ash (conforming to 
AS/NZS 3582.1), the raw untreated harvested ash sourced from Port Augusta resulted in only 10% of 
7-day compressive strength when comparing the ambient cured samples which increased to 23% when 
comparing the samples cured at 60°C for the first 24 h (Fig. 6). Therefore, to make harvested ash as a 
viable geopolymer precursor, two approaches have been studied in the past. First, it can be combined 
with a highly reactive precursor such as ground granulated blast furnace slag (slag) or alccofine [21,22]. 
Secondly, improving the reactivity of the harvested ash through milling and/ or sieving [23]. Considering 
a general geopolymer concrete mix design, this will help utilise around 400 kg of harvested ash per 
cubic metre of geopolymer concrete [24]. However, it should be acknowledged that geopolymer concrete 
is not widely used for real-world applications at the moment.

Fig. 6.  7-day compressive strength of geopolymer mortar made from Class F fly ash and unprocessed 
harvested ash from Port Augusta (D.Kitnasamy unpublished).

6. Harvested ash as a filler

The most viable option to use unprocessed harvested ash is as a fine aggregate replacement. Similar 
to when used as an SCM, due to the porous structure and the presence of bottom ash, harvested ash 
can reduce the workability and increase the water demand compared to natural sand. However, this can 
be controlled by using the harvested ash in saturated conditions [14]. Having said that, harvested ash 
has been incorporated in concrete as a filler up to 125 kg/m3 without compromising the workability 
[14,25]. Using harvested ash as a filler is the desired option considering the quantity of this ash that can 
be upcycled. For instance, considering the compressive strength, a replacement of up to 40% sand has 
been shown to preserve reasonable strength. This enables utilising up to 768 kg of harvested ash per 
cubic metre of concrete [17]. In Australia, this will help dispose of about 22 Mt of harvested ash per year.

Currently the major use for bottom ash in Australia is in road base on major road projects.  For example, 
in the Ballina Bypass (NSW) and the M1 Motorway at Minmi (NSW).  The use of bottom ash as a 
concrete aggregate in Australia is included in AS 2768.1 [26] as an indirect reference. In such an 
application, where the strength requirements are relatively low (as low as 1 MPa), using raw harvested 
ash is a feasible option to recycle it in large quantities [27]. 



7. Conclusions

Australia has over 400 Mt of CCPs stored in ash repositories (ash ponds) and this is increasing at a rate 
of approximately 10 Mt a year. The leaching of hazardous elements from these repositories and the dust 
particles becoming airborne are potential environmental threats. Harvesting this ash and utilizing them 
for construction applications is the most practical solution to take care of this growing waste. Considering 
that the majority of the beneficially used CCPs are used as SCMs, exploring the potential of harvested 
ash as an SCM is a prudent approach. This review showed that the raw unprocessed harvested ash 
can meet some of the key criteria for SCMs given in AS 3582.4 such as particle fineness, LOI, and MgO 
and SO3 content. Also, they possess similar alumina and silica content to Australian Class F fly ashes. 
However, their moisture content is sometimes high, which requires drying. Therefore, Australian 
harvested ash can potentially be used as an SCM. Existing studies show that up to 20% of cement can 
be replaced by harvested ash without compromising basic properties such as workability and strength. 
This can help upcycle up to 2 Mt of harvested ash considering the 29 million cubic metres of concrete 
annually produced in Australia. The presence of silica and alumina makes this harvested ash a suitable 
geopolymer precursor. However, their reactivity is very low and results in around only 10~20% strength 
compared to fly ash. The other pragmatic application is using this ash as a fine aggregate replacement, 
where 40% sand replacement without compromising the strength of concrete. This will enable us to 
utilise around 22 Mt of harvested ash a year. Also, if low-strength applications such as road bases are 
considered where the strength can go as low as 1 MPa, more than 40% of fine aggregates can be 
replaced by harvested ash. Therefore, using harvested ash to produce various types of concrete and 
mortar is a practical solution to this problem.  
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