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Executive Summary 

Background and aim 

Mining has been and continues to be an important driver for Australia’s economic prosperity and 
sustainable development, but it has also created risks to people and the environment that may persist long 
after mining operations cease. Environmental challenges at mine sites include physical disturbance of land 
and air emissions, the generation of mining and metallurgical wastes, and mine water. Moreover, the loss 
of valuable land and water assets can impact the long-term sustainability of local communities.  

This collaborative study between the Commonwealth Scientific and Industrial Research Organisation 
(CSIRO), The University of Queensland (UQ), and Murdoch University (MU) explored the potential of algal 
technologies for improved environmental outcomes and sustainable post-mining futures. It was supported 
by the Cooperative Research Centre for Transformations in Mining Economies (CRC TiME) via the Australian 
Government Department of Industry, Science and Resources through the Cooperative Research Centres 
Program. Additional support was provided by South 32, Fortescue, Rio Tinto, Heidelberg Materials, Mineral 
Research Institute of Western Australia, CSIRO, the University of Queensland, Murdoch University, 
Queensland Mine Rehabilitation Commissioner, and Energy Australia. This report is based on a literature 
review and stakeholder engagement through surveys, interviews and a workshop conducted as part of 
Stage 1 of the project with CSIRO ethics approval (Ethics Clearance 230/23).  

Mine water pH can vary from acidic to alkaline, with differences in the concentrations of sulfate, metals, 
and metalloids across different types of mines. Various micro- and macroalgae have been detected and 
identified in mine waters, indicating that their cultivation at mine sites should be possible if suitable growth 
conditions are provided. Algal growth requires sunlight, carbon dioxide, and essential macro- and 
micronutrients. In certain scenarios, pre-treatment of mine water may be required to adjust pH, remove 
some toxic elements, sulfate or other salts, suspended solids, and/or to add nutrients to support algal 
growth. 

Potential benefits of algal technologies 

Integrating algae into mining scenarios offers significant benefits by combining ecological restoration with 
economic value generation. Algae cultivation can treat mine water and sequester carbon dioxide, and algal 
biomass supports mine waste stabilisation and dust suppression and improves plant growth when used as a 
fertiliser and biostimulant. Moreover, algal biomass can be used as a raw material for the production of 
bioplastics, biofuels, pigments and animal feeds (Figure 1). Algal cultivation may also be complementary to 
other water uses such as aquaculture which may use algae as a feedstock and in turn provide nutrients for 
algal cultivation. The application of algae at mine sites accelerates ecological recovery while reducing 
environmental impacts, such as pollutant levels and greenhouse gas emissions. Additionally, algae-based 
technologies create sustainable business opportunities, turning post-mining land into economically 
productive ecosystems (Figure 2). This dual approach not only enhances rehabilitation outcomes but also 
ensures long-term sustainability for mining sites through the development of business opportunities for 
ongoing value generation beyond mine closure. Moreover, algal cultivation at mine sites may create jobs 
and offer opportunities to engage Traditional Owners and other local communities.  
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Figure 1: Examples of algal technologies for improved environmental outcomes and sustainable post-mining 
futures.  

Selection of algal species and cultivation, harvesting and processing technologies 

The selection of suitable algal species and cultivation systems for implementation in mine sites can 
include 1) reviewing mine site characteristics and aim for algal processes, 2) the selection of algal species 
based on their growth rate and suitability to the mine site conditions and application, 3) identifying 
possible mine water treatment or amendment needs, 4) the selection of algal cultivation systems, 5) the 
selection of algal harvesting and processing systems, 6) the verification of algal end products in terms of 
yield, quality and suitability of biomass residue for other applications, and 7) the optimisation of the 
process. The growth rate of algae is a key factor influencing the time required for scaling up algal 
cultivation. Large-scale microalgal cultivation can be carried out in open raceway ponds, closed 
photobioreactors, floating photobioreactors or biofilm-based algal turf scrubbers. Macro-algal cultivation 
systems can utilise free-floating algae, or biomass adhered to the bottom of the water body or solid 
substratum, e.g., using rope or raft systems. Most commonly used microalgal harvesting methods include 
centrifugation, filtration and flocculation. Macroalgal harvesting can be conducted either manually with 
cutting tools or through mechanical harvesting using amphibious vehicles, boats, land-based long-armed 
vehicles equipped with suction apparatus, rotating mowers, cutters, rotating blades and dredgers. Whole 
algae biomass can be used as is for several applications (e.g., feeds, supplements, fertilisers), however in 
some scenarios cell disruption is required for the extraction of valuable components (e.g., oils, proteins, 
pigments). This can be carried out through mechanical, chemical, enzymatic, thermal, electrical or other 
emerging technologies. 

Regulatory and other constraints for the application of algal technologies 

Regulatory requirements that need to be considered if planning algal cultivation and use at mine sites 
include 1) land use agreements (e.g., Indigenous land use agreements and mining lease commercial 
conditions), 2) environmental permits and compliance (e.g., water use license, waste management and 
rehabilitation requirements, 3) health and safety standards for occupational, algal process and product 
safety, and 4) biodiversity and ecosystem protection (e.g., non-invasive species and ecosystem monitoring). 
Mine rehabilitation guidelines provide a framework for the systematic recovery of ecosystems, including 
the stabilisation of mine waste, restoration of vegetation, and improvement of water quality. The assembly 
of a regulation database, consisting of government, industry and societal regulations that impact algae 
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biomass production, processing and products specifically at mine sites could support industry to identify 
regulatory barriers and opportunities. 

 

 

Figure 2: Embedding algal biotechnology in mining operations for improved environmental outcomes and 
sustainable post-mining futures.  

Business case for the application of algal technologies at mine sites 

The application of algal technologies at mine sites offers significant economic, social, and environmental 
benefits, all of which can be quantified through various metrics. Estimates of algal production cost vary 
with various growth systems and geographic locations, typically being in the order of 10-100 AU$ kg-1 of dry 
algal biomass. The global algae markets are rapidly increasing with a value of US$1.9-5.3 billion in 2023 and 
estimated annual growth of approximately 5-6%. The market size and value of algal products vary widely 
depending on the application. For bulk algae products to become cost competitive, multi-product 
biorefineries will allow compensation of current production costs to achieve profitability. Additionally, 
algae production costs can be reduced through technical refinement, policy optimisation and scale. Algal 
cultivation can enable industrial ecology and symbiotic relationships with nearby industries, where CO2 
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emissions and nutrient rich wastewater streams from these industries can support algal growth while the 
algae purify the exhaust gases and wastewater. 

A business case for the establishment of algae production within the context of Australian mining sites will 
consist of many economic, environmental and social aspects, which are heavily dependent on location, site, 
algae strain, cultivation technology and end-product(s). The implementation of the algae within a mining 
context will involve various phases, starting with site selection and definition of the site-specific objective, 
which will inform the selection of the most feasible technologies that could be implemented, followed by 
due diligence to determine economic, social and environmental opportunities as well as risks. To ensure 
the successful commercialisation of algae-based products from mining contexts, a comprehensive path to 
market is required, incorporating market research and analysis, product development and testing, 
commercial partnerships, regulatory compliance, and marketing efforts. Key considerations for a solid 
business case for algal technologies include: 1) defining project scope and objectives, 2) site and resource 
availability, 3) technologies, 4) market analysis, 5) financial projections, 6) regulatory and compliance 
considerations, 7) risks and mitigation strategies, 8) social and community impacts, 9) sustainability and 
environmental impacts, 10) strategic partnerships and collaboration, 11) pathways to market, and 12) long-
term vision and scalability. 

Knowledge gaps and opportunities for potential Stage 2 project scope 

Several knowledge gaps for further research on mine site algal technologies were identified: 1) strain 
selection and cultivation optimisation for mine water conditions, 2) product development for various 
applications, 3) process development, 4) environmental impact assessment, 5) cost, revenue and economic 
viability assessment, and 6) increasing the understanding on regulatory frameworks. Based on the research 
gaps, opportunities for the potential Stage 2 project scope include the characterisation of mine water 
samples, metagenomic analysis of algae at mine sites, the isolation of algal strains from mine water, and 
the high throughput growth optimisation of algal strains. Moreover, the use of algal biomass for direct or 
indirect mine water treatment, mine waste stabilisation, dust suppression and mine site rehabilitation can 
be explored. Further study could also include a bioeconomic survey and product option analysis, process 
design and techno-economic analysis, nutrient waste stream inventory, life cycle assessment of selected 
algal technologies, development of a database on regulatory constraints, engagement with First Nations 
communities and identification of opportunities for possible pilot-scale test work. Further stakeholder 
engagement is required to identify the most promising targets for a possible Stage 2 project scope. 
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1. Introduction 

Mining has been and continues to be an important driver for Australia’s economic development, and metal 
ores, minerals and coal products contribute over half of the country’s export revenue (Werner et al., 2020). 
However, with the increasing demand for mineral resources, the negative impacts of mining are also 
growing (Zhang et al., 2023a). Mining creates risks to people and the environment with the potential to 
persist long after mine sites are closed. Mining can also result in the destruction of Australia’s natural and 
First Nations heritage, cause decline in biodiversity and adversely impact ecosystem services that provide 
social, ecological and economic benefits to people at landscape to regional scales and beyond (Cresswell et 
al., 2021). With net-zero emissions goals on the horizon, the production of energy transition elements is 
increasing at unprecedented rates, as is the mass of mine waste and polluted water. At the same time, 
nearly 240 Australian mines are predicted to close by 2040, with expenditure on mine closure and 
rehabilitation activities expected to exceed $4-8 billion annually (Banfield et al., 2023). 

Physical disturbance 

Mining activities disturb vast land areas with above and underground mining, roads and other 
infrastructure. Depending on the size of mine, the areas can span over thousands of hectares (Personal 
communication, 2024). Above ground mining requires the removal of vegetation and topsoil for mine 
workings such as open pits and the associated waste rock disposal areas, as well as ore processing facilities 
(Hudson et al., 1999). Although topsoil is often collected separately for use during mine site rehabilitation, 
topsoil deficit remains a challenge at many mine sites. Habitat loss and degradation cause changes in 
species distributions, loss of biodiversity, and disruption of food chains (Cresswell et al., 2021; Zhang et al., 
2023a). Ecosystem services, such as erosion control, water and air purification, carbon sequestration, and 
oxygen release are also impacted (Zhang et al., 2023a). 

Energy consumption and air emissions 

Approximately 5-7% of all energy generated globally from fossil and nuclear fuels as well as renewable 
sources has been estimated to be used for mining practices, such as drilling, blasting, excavating, hauling 
rock to surface, crushing and grinding (Johnson, 2015). As a result of the high energy consumption, mining 
operations also cause notable greenhouse gas emissions and thus contribute to climate change. Land-based 
mining is also among the major Australian heavy industries with the largest air emissions (Australian 
Government Department of Agriculture, Water and the Environment, 2020) of carbon monoxide, sulfur 
dioxide, coarse particulate matter (PM10), volatile organic compounds (VOCs) (Cresswell et al., 2021), and 
NOx emissions (Personal communication, 2024). Dust sources in mining operations are drilling, blasting, 
mineral handling and transportation by vehicles, crushing, screening, grinding, conveying, construction 
activities and wind erosion. Dust can be a notable health hazard for miners (Liu and Liu, 2020). 

Mining and metallurgical wastes 

In open pit mining the amount of waste rock is commonly 2-3 times the amount of ore produced. 
Therefore, large volumes of waste rock are removed from pits and deposited in nearby areas. Waste rock 
may contain various metals, but the grades are considered to be subeconomic for utilisation. If not properly 
managed, waste rock may be eroded resulting in the generation of metal-containing water and sediments 
(Hudson et al., 1999). In addition to waste rock piles, ore residues in heap leach piles also contain residual 
metals and other contaminants that can become a source of contamination (Hudson et al., 1999). 

The concentration of metals through beneficiation processes such as milling and flotation create tailings 
waste, that contains undesired minerals. The tailings slurries are pumped into large impoundments for 
disposal (Hudson et al., 1999). The cumulative mine tailings generated globally was estimated to be 282.5 
billion tons or 217.3 km3 in 2021, and the annual growth rate of tailings was estimated to be 12.3 km3 
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based on the Global Tailings Review by the International Council on Mining & Metals (ICMM), United 
Nations Environment Programme (UNEP) and Principles for Responsible Investment (PRI) (LePan 2021).  

Mine water 

Mining activities can have various impacts on water availability and quality. The quality of mine water 
depends on the types of minerals mined. Mine drainage can be acidic (pH <6), neutral ( pH 6-9) or alkaline 
(pH >9) (Plante et al., 2021), and in terms of salinity can be classified as freshwater (salinity <1,000 mg L-1), 
brackish water (salinity 1,000-10,000 mg L-1), saline (salinity 10,000-35,000 mg L-1) or brine (salinity >35,000 
mg L-1) (Nordstrom et al., 2015). Mine drainage and mineral processing effluents can also have elevated 
concentrations of various metals, metalloids, sulfate and other oxyanions, and in some cases radionuclides 
(Gräfe et al., 2010; Tan et al., 2016; Lakaniemi et al., 2019; Yan et al., 2022; Daraz et al., 2023). The 
environmental impacts of mine drainage are severe and widespread in many countries (Jarvis and Younger, 
2000). Chemical changes caused by mine water in receiving water bodies include changes in pH and salinity, 
destruction of bicarbonate buffering, deoxygenation and increase in soluble and particulate metal 
concentrations. Physical changes include increased turbidity, decreased light penetration, sedimentation 
and sorption of metals. Toxic elements can cause acute or chronic toxicity, or changes in the behaviour, 
respiration, osmoregulation, acid/base balance, reproduction or migration of organisms as well as death of 
sensitive species. Ecological impacts include habitat modification, niche loss, reduction in primary 
productivity, bioaccumulation in food chain, loss of food source or prey and food chain modification. 
Additionally, mine drainage can cause socioeconomic impacts such as flooding, subsidence, corrosion, 
decrease of drinking, agricultural, aquacultural, industrial or recreational water quality, aesthetic loss and 
human health impacts (Gray, 1997; Jarvis and Younger, 2000; Beck et al., 2020). 

Social and economic impacts 

Much of Australia’s mining occurs on land that is subject to land rights and Native Title. For example, in the 
Northern Territory, over 80% of the extracted mineral value comes from land owned by First Nations 
people (Northern Land Council, 2021). Nationwide, over 60% of active mines are near Indigenous 
communities (Minerals Council of Australia, 2021). Mining has an impact on First Nations People caring for 
Country and can damage Indigenous heritage (Australian Government, 2016; Cresswell et al., 2021). The 
loss of valuable land and water assets can notably impact the long-term sustainability of local communities.   

Legacy mines 

Australia has a legacy of over 50,000 orphaned and abandoned mines that cause ongoing risks to the 
environment as well as human health and safety (Unger et al., 2012; Campbell et al., 2017, Werner et al., 
2020). Inactive mine landscapes can be severely affected by waste disposal, air, soil and water pollution, 
and socioeconomic and cultural impacts. These impacts are not only limited to immediate mine sites but 
can also extend to the surrounding environments and communities (Werner et al., 2020). The cumulative 
impacts of past and present mining activities are substantial and poorly understood, with severe legacy 
issues remaining to be addressed (Roche and Judd, 2016). The rehabilitation costs of mine sites may vary 
from hundreds of thousands to many millions of dollars. For example, the total liabilities in Queensland 
alone were estimated to be approximately $13.7 Billion in 2023-2024 financial year (Office of the 
Queensland Mine Rehabilitation Commissioner, 2024).    

Algal technologies as a potential solution 

Various physical-chemical and biological approaches have been developed to reduce the environmental 
footprint of mining. Algae-based technologies offer various opportunities to mitigate the environmental 
impacts of mining during operations and after closure. Through photosynthesis, algae sequester CO2 into 
biomass, allowing possible offsetting of carbon emissions. Algae can also generate alkalinity and facilitate 
the removal of contaminants from mine water. Moreover, algal biomass can be used for dust suppression, 
the stabilisation of reactive mine wastes and mine site rehabilitation. The cultivation of algae at mine sites 

https://globaltailingsreview.org/
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may also provide opportunities for the manufacture of valuable products such as pigments, bioplastics, 
biofuels and animal feed. This presents the potential to establish a bio-based economy, creating job 
opportunities for local communities. This CRC TiME project explores the potential to reduce the 
environmental footprint of mine sites through algae-based CO2 sequestration, mine drainage prevention 
and treatment, dust suppression and mine site rehabilitation, and support sustainable post-mining futures 
and innovative bio-based supply chains for business solutions. The project has included a literature review, 
as well as engagement with stakeholders through surveys and interviews (see Appendix A for engaged 
stakeholders) conducted with CSIRO ethics approval (Ethics Clearance 230/23). The report covers a review 
of micro- and macroalgae that could be cultivated at mine sites, technologies for algal cultivation, 
harvesting and beneficial use at mine sites and algal products that could create bio-based supply chains to 
identify research gaps. Opportunities and constraints for cultivating and using algae at mine sites are also 
discussed and a strategy for engaging with First Nations communities developed. A business case is 
presented with estimates of the costs involved in setting up algal systems and market opportunities and 
economic potential for revenue generation. Finally, research gaps are identified and a number of areas for 
future research are outlined for possible Stage 2 of the project. 
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2. Knowledge and technology review 

2.1 Examples of mine water chemistries 
Typical metal and sulfate concentrations in acidic, neutral, alkaline and saline mine drainage as a function 
of pH are shown in Figure 3 (A and B, respectively) and examples of mine water chemistries are shown in 
Figure 4: Acid mine drainage (AMD) compositions from various parts of the world: A) Major anions, B) 
major cations, C) major metals, D) minor and trace metals and metalloids (Data from Naidu et al, 2019). 

Acid mine drainage (AMD) or acid rock drainage (ARD) is generated when reduced minerals are exposed to 
water and oxygen resulting in their oxidation (Banks et al., 1997; Christensen et al., 1996). The oxidation of 
the minerals can occur for example, in waste rock piles, tailings, pit walls and underground workings and 
seams (Kaksonen and Puhakka, 2007; Qureshi et al., 2016; Wright et al., 2018). The most common family of 
reduced minerals are the sulfides (Banks et al., 1997), which are stable under dry anoxic conditions, such as 
undisturbed ore deposits (Robb, 1994). The oxidation of pyrite (FeS2) and other minerals with the generic 
formula of MS2 leads to the production of protons (Banks et al., 1997), dissolution of metals and release of 
sulfate (Abinandan et al., 2018). Ferric iron acts as an oxidant for sulfide mineral oxidation, with iron-
oxidising microorganisms acting as a catalyst for the oxidation of ferrous iron to ferric iron (Edraki et al., 
2005). The oxidation of other metal sulfides also releases metals and sulfate. However, the oxidation of 
sulfides with the generic formula of MS do not release acid. The acidity generated by metal sulfide 
oxidation results in notable decrease in the pH of water only when it exceeds the alkalinity available as 
bicarbonate in water, or the alkalinity in mineral phases (Banks et al., 1997). Acidic conditions also result in 
further dissolution of metals from metal oxides and carbonates (van Houten and Lettinga, 1995). AMD is 
often characterised by pH of approximately 2-6 (Abinandan et al., 2018), although in extreme cases the pH 
can even be negative (Nordstrom et al., 2000; Plante et al., 2021), and sulfate is the dominant anion 
(Nordstrom et al., 2015). AMD can contain sulfate and various metals at concentrations up to hundreds or 
thousands of milligrams per litre (Daraz et al., 2023). Depending on the mineralogy, mine drainage may also 
contain selenate (Tan et al., 2016) or uranium (Lakaniemi et al., 2019). Moreover, nitrate may be present in 
mine waters as a result of the use of explosives (Yan et al., 2022).  

For mine waters with pH values of 6-9, most trace metals are insoluble and strongly sorbed (Nordstrom et 
al., 2015). On the other hand, anionic metals and metalloids, such as arsenate, arsenite, chromate and 
molybdate, are more soluble at circumneutral to basic pH because of their negative charge. At high pH, 
metals become more soluble because of their amphoteric nature (Nordstrom et al., 2015). Very few 
examples of alkaline mine drainage have been reported in the literature (Nordstrom et al., 2015), and the 
conditions and processes that lead to the formation of alkaline mine drainage are not well understood 
(Plante et al., 2021). However, an example of alkaline wastewater generating mineral processing is the 
Bayer process which converts bauxite to alumina. The Bayer process waste streams include various organic 
contaminants with oxalate as a major impurity (Cheng et al., 2023) and red mud. Red mud has a pH of 
approximately 11-13, contains silicon, iron, aluminium, and titanium along with sodium, calcium and traces 
of rare earth metals (Gräfe et al., 2010; Gräfe et al., 2011; Archambo and Kawatra, 2020). Potentially 
harmful elements may also be present including vanadium, chromium, gallium, arsenic, thorium and 
uranium some of which may emit ionising radiation above typical background rates (Gräfe et al., 2010). 
Under certain conditions, alkaline mine drainage can also occur unrelated to bauxite processing, for 
instance at abandoned placer gold mines (Craw et al., 2023). 
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Figure 3: Typical A) metal and B) sulfate concentrations in acidic, neutral, alkaline and saline mine drainage as a 
function of pH (Adapted from Plumlee, 1999; The INAP, 2009; Nordstrom et al., 2015; Plante et al., 2021).  

 

 

 

 

 

 



 

  

21 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 

Figure 4: Acid mine drainage (AMD) compositions from various parts of the world: A) Major anions, B) major 
cations, C) major metals, D) minor and trace metals and metalloids (Data from Naidu et al, 2019). 

2.2 Potential for cultivating algae at mine sites 
2.2.1 Algae and their growth requirements  

Algae comprise a collective of “apparently primitive, plant-like organisms which contain chlorophyll a, have 
oxygenic photosynthesis (usually) and are not specialised land plants” (Borowitzka, 2016). There are 
currently approximately 50,000 species of algae described (Guiry, 2024). Based on their size, algae can be 
classified as either microalgae or macroalgae. By definition, microalgae are microscopic and tend to have 
single cell, filamentous or clumping morphology. This is in contrast to macroscopic macroalgae such as 
seaweeds and freshwater multicellular species. Algae vary in their tolerance to extremes of temperature, 
pH, light and nutrient concentrations in their growth media.  

The primary building blocks of their biomass include the essential elements carbon (C), nitrogen (N) and 
phosphorous (P). These are generally incorporated in fixed proportions at approximately C:N:P of 106:16:1, 
- a feature of algae biology referred to as the ‘Redfield ratio’ (Redfield, 1934; Ketchum and Redfield, 1949). 
As this ratio refers to the stoichiometry of elements, the actual mass ratio is approximately 41:7:1 of C:N:P. 
Additional micronutrients which may be required include sodium (Na), chlorine (Cl), magnesium (Mg), 
calcium (Ca), potassium (K), sulfur (S), and iron (Fe), along with trace elements selenium (Se), copper (Cu), 
manganese (Mn), zinc (Zn), cobalt (Co), molybdenum (Mo), boron (B) and silicon (Si) (Chu, 1942; Sunda et 
al., 2005). These may be taken up and utilised in deterministic proportions under ideal growth conditions, 
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however there is considerable natural variation depending on the species (Garcia et al., 2018; Finkel et 
al., 2016; Sardans et al., 2021). 

Under extreme conditions the proportions of elements utilised can have more variability (Ketchum and 
Redfield, 1949). For example ‘luxury’ uptake of phosphorous when phosphate is plentiful (Solovchenko et 
al., 2019), improved protein production dependent on available nitrogen source (Fatini et al., 2021) and 
amplified carbon uptake due to nitrogen deprivation or increased salinity (Zhu et al., 2015; BenMoussa-
Dahmen et al., 2016). Moreover, extracellular polymers exuded by algae and interactions with other 
microbes in their aquatic surroundings also offer important sites of chemical exchange exterior to the algal 
cell (Bhaskar and Bhosle, 2005; Ayre et al., 2021; Banerjee et al., 2021).  

2.2.2 Algae that could be cultivated in mine water 

Various micro- and macroalgae have been detected and/or used at mine sites or grown in mine water. The 
following sections discuss some examples of algae that could be cultivated at mine sites. 

Microalgae  
A multitude of microalgae have been detected at various mine sites across the globe, covering over 40 
different genera (See Figure 5 and Figure 6). Many of these microalgae may provide robust options for 
further study of algal cultivation directed toward mine site applications. The microalgae discussed in the 
following sections have been selected to target particular types of mining wastewaters for which they 
might be suitable, however further study is needed to verify the productivity of these in large scale 
cultivation trials. 

 

Figure 5: Mine site locations across the globe where microalgae have been detected.  

Locations on this map correspond with those on Figure 6. Some adjacent locations have been grouped into the same colour and 
label (Data from Amaral-Zettler, 2012; Dean et al., 2019; Eibl et al., 2014; Flor et al., 2022; Fuentes et al., 2016; Fyson et al., 2006; 
Gauthier et al., 2022; Gomes et al., 2021; Gonzalez-Toril et al., 2014; Kumar et al., 2016; Lessmann et al., 2000; López-Archilla et al., 
2001; Lucheta et al., 2013; Moser and Weisse, 2011; Nancucheo and Johnson, 2012; Novis, 2019; Orandi et al., 2007; Orandi and 
Lewis, 2013; Prasanna et al., 2011; Senhorinho et al., 2019; Sheoran and Bhandari, 2005; Soru et al., 2019; Steinberg et al., 1998; 
Stevens et al., 2001; Susanti et al., 2021; Tan et al., 2020; Valente and Gomes, 2007; Verb and Vis, 2000; Yun et al., 2014). 
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Figure 6: Microalgal genera detected at mine sites in various countries.  

Each additional detection (across multiple reports) corresponding to a particular genus and location is represented by an additional 
coloured circle around the dot on the chart. The pH range shown indicates the minimum and maximum pH readings taken from 
water sources where these algae were detected. References for this data are shown in the caption of Figure 5. 
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Microalgae for treating acidic mine drainage (AMD) 

One approach to finding microalgal species that could be cultivated in acid mine water (AMD) is to 
bioprospect for species already acclimated to AMD conditions. The demanding process involving exposure 
to extreme conditions, cell-growth and reproduction over many generations can apply a strong selection 
pressure favouring acclimation to extreme growth conditions. Given sufficient time-frames, divergence in 
genetics and morphology may lead to the emergence of distinct algal species from a common ancestor, 
with unique traits to tolerate conditions characteristic of AMD. For example, Novis (2019) grew acidophilic 
Klebsormidium sp. under AMD conditions in New Zealand and the strain featured traits divergent from 
other Klebsormidium strains such that it could be classified as a new algae species. A study by Costas et al. 
(2007) detected randomly occurring genetic variation which can offer adaptative advantages to extreme 
conditions and tended to take place in some species such as Dictyosphaerium chlorelloides, regardless of 
environmental exposure. However, ongoing selection pressure may encourage these beneficial adaptative 
phenotypes to become dominant. This seems to indicate that for the appropriate species, either in the field 
or at the laboratory these phenotypic and genetic characteristics can be shaped over sufficient timeframes 
to further accommodate tolerance to extreme conditions of interest. Abinandan et al. (2020) reported that 
over 100 generations of cell division, AMD-acclimated Desmodesmus sp. and Heterochlorella sp. exhibited 
differences in cell size, higher lipid production and lower protein production when compared with non-
AMD growth media, although the stability of long-term culture may have been impeded. Naturally 
occurring algal cultures which have been exposed to AMD may offer superior genetic stock to further 
optimise toward wastewater remediation purposes. 

The microalgae species identified here cover a variety of algae classifications, from the red algae Galdieria 
sulphurarin to diatoms such as Pinnularia subcapitata and the flagellated euglenid Euglena mutabilis. The 
green algae genus Chlamydomonas appeared in fourteen different samples across four different 
continents and stands out due to its wide-ranging habitat and resounding success at being able to survive 
extremely acidic environments. Within this genus also resides the model organism Chlamydomonas 
reinhardtii, with its fully mapped genome which may expedite further genetic studies of related algae 
species. Algae with the appearance of cyanobacteria - often more familiar with alkaline conditions - such 
as Oscillatoria sp. and Arthospira (formerly Spirulina) sp. also have appeared in some reports, although 
evidence for long-term growth of species in these genera under these AMD conditions needs to be 
confirmed (Steinberg et al., 1998). 

The bioprospecting samples from dozens of AMD sites across the globe reiterate the diversity of algal 
species which have demonstrated their resilience to growth under conditions of high acidity and extreme 
sulfur concentrations. Studies to date have only begun to assess some of the growth performance and 
remediation potential of these species, and further pilot trials and long-term growth experiments must be 
done to amend this gap in current knowledge. 

Rather than taking the bioprospecting approach, algae with already established commercial markets such 
as Chlorella sp., Spirulina sp. and Haematococcus sp., notable for their value as sources of health-
promoting antioxidants, biofuel and wastewater remediation potential (Skjånes et al., 2013; Silva et al., 
2020; Ayre and Moheimani, 2024) may be acclimated and tested to enhance bioremediation potential and 
improve resistance to pathogens and undesirable contamination. For example, a trial of Haematococcus 
pluvialis grown under acidic conditions (pH 4) when compared to a more neutral pH range (pH 5-9) 
demonstrated improved resistance to the lethal fungal pathogen Paraphysoderma sedebokerensis leading 
to improved overall production of the valuable antioxidant pigment astaxanthin (Hwang et al., 2019). 
Abinandan et al. (2019) tested the acclimation of Desmodesmus sp. and Heterochlorella sp. in a growth 
experiment at pH 3 over the course of several weeks and found that although growth was inhibited due to 
the lower pH, there were indications of reasonable phenotypic plasticity and acclimation already apparent 
within this short duration. Further study of acclimation using robust species such as Chlorella sp., 
renowned for their resilience and growth under high ammonia conditions (Ayre et al., 2017) may still offer 
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unrealised potential, as isolation of Chlorella protothecoides var. acidicola in AMD by Nancucheo and 
Johnson (2012) hints that other strains in this genus may be capable of acclimation to acidic growth 
conditions. 

Furthermore, many algal culture collections already contain acidophilic species with promise for application 
to AMD remediation. For instance, Hirooka and Miyagishima (2016) obtained Galdieria sulphuraria strain 
074 which had been originally sourced from Indonesia over four decades ago (Gross and Schnarrenberger, 
1995) and compared its growth to a more recently isolated Pseudochlorella sp. under laboratory conditions 
using very acidic water from Japanese hot springs. In this study, the supplementation of nitrogen was 
required along with a small adjustment from pH ≈1.5 to 2, however the growth obtained was similar 
between completely synthetic and spring-water based media, with chlorophyll, lipid, and phycocyanin 
production all indicative of healthy growth rates. This study highlights some of the potential growth 
performance of these acidophilic strains, however, although phosphorus was plentiful in the spring water, 
nitrogen was deficient reiterating the need for minimum nutrient requirements to be met. Galdieria 
sulphuraria has a strong track record of numerous studies investigating its acidophilic characteristics, along 
with indications to tolerate high temperature growth conditions (Sydney et al., 2019). Along with Galdieria 
sulphuraria, Abiusi et al. (2022) trialled growth of algal species Stichococcus (S.) bacillaris, Viridiella (V.) 
fridericiana, Chlamydomonas (C.) pitschmannii and Chlamydomonas acidophila and performed some 
investigations into mixotrophic growth, high temperature tolerance and varying light conditions. Growth at 
pH 2 did not occur in some species, however, C. pitschmannii and S. bacillaris were able to grow when the 
pH was adjusted to 2.9±0.2 while V. fridericiana and C. acidophila successfully grew at pH 2.1±0.2. Higher 
temperatures and higher light intensity were inhibitive under some of the conditions tested. These studies 
demonstrate the variety of growth conditions which may have a bearing on productivity, such as pH, 
temperature and nutrient availability (Abiusi et al., 2022). 

One prominent challenge facing studies of algal remediation of AMD is that laboratories are rarely situated 
close to mine sites where AMD samples can be obtained easily. The logistical hurdles associated with 
transporting fresh AMD samples to comply with a particular experimental regime make studies using fresh 
actual AMD samples difficult to find in the literature. There are exceptions to this such as reported in the 
study by Olem and Unz (1980) working at the Experimental Mine Drainage Treatment Facility, 
Pennsylvania, USA (associated with the U.S. Environmental Protection Agency) and Abinandan et al. (2020) 
based in Newcastle, New South Wales (NSW), Australia, studying algal growth, both using AMD samples 
obtained from locally sourced coal mining operations. Kumar et al. (2016) also studied algal growth using 
AMD samples from an AMD-impacted acid lake pit (again coal mine related) in Western Australia and was 
able to transport samples and commence experiment from source to laboratory mesocosm within 24 
hours of collection. However other studies have looked toward the development of synthetic AMD 
formulations to work around this concern. For instance, Orandi and Lewis (2012) produced a synthetic 
AMD water to match the average nutrient profile of AMD samples obtained from Sar Cheshmeh copper 
mine in Iran. The recipe included 22 chemical ingredients including anions (Cl−, NO3

−, NO2
−, PO4

3-, SO4
2-, 

CO3
2-), cations (Na+, K+, Ca2+ and Mg2+) and heavy metals (Cu2+, Mn2+, Zn2+, Ni2+, Co2+, Fe2+, Cr3+, Sb3+, Al3+, 

Ag+, Pb2+ and Se2+). Several heavy metals found in the Sar Cheshmeh AMD samples (Cd, Bi and As) were 
excluded due to extreme toxicity. This ‘Synth-AMD’ recipe was used for experiments looking at biofilm 
culture uptake of heavy metals (Orandi and Lewis, 2013). Olaueson and Stokes (1989) also formulated a 
‘modified’ variant of an earlier synthetic AMD based medium made by Cassin (1974) referred to as ‘Acid 
Medium’ formulated to match conditions in acid bog wetland environments. These growth media have 
been used for studies on Euglena mutabilis and Chlamydomonas sp., however as discussed earlier, each 
AMD or acidic waterbody is likely to feature unique site-specific characteristics. 
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Microalgae for alkaline mine and process water 

The relatively recent history of alumina refining, and tightly controlled containment of alkaline wastewater 
from alumina refineries have limited the opportunities for algae to acclimate and colonise refinery waste 
areas. Reports of microalgae samples isolated directly from red mud waste itself could not be found, 
although bacteria have been isolated from bauxite waste in India (Mathiyazhagan, 2011; Narayanan et al., 
2020). Nevertheless, there are naturally occurring environments with very high alkalinity which may have 
allowed microalgae to adapt to conditions analogous to those present in the waste streams from alumina 
refineries. Some examples of these include deep-sea vents along the fracturing edges of diverging tectonic 
plates, or geothermal hotspots with unusual extremes of heat and alkalinity. Additionally, hyperalkaline 
lakes formed by repeated cycles of rainfall and evaporation may be another environment with extreme 
concentrations of carbonate and related minerals (Craw et al., 2023).  

A study by Amaral-Zettler (2012) exploring abandoned mine sites as well as alkaline hydrothermal vents, 
found most organisms growing under alkaline conditions tended to be non-algal organisms such as 
annelids, gastrotrichs, amphipods, rotifers and insects. However, genetic analysis has shown the presence 
of diatoms belonging to the class Fragillariophyceae which could be located across both high and low pH 
conditions. Genetic material in alkaline conditions could not be resolved to the species level but to several 
genus level designations: Diatoma, Staurosira, Tabellaria or Asterionella. Other studies have similarly 
found diatoms to be one of the more prominent alkaline tolerant microalgae species (Reavie and Smol, 
2001), which may be in part due to sheer numbers of different species and high degree of diversity of 
these organisms, with over 16,000 living diatom species currently described (Guiry, 2024). 

Microbial mats also tend to feature prominently in alkaline hot springs with cyanobacteria and 
photosynthetic green bacteria often occurring together in these samples (Tank et al., 2017; Bennett et al., 
2022; van der Meer et al., 2010). Although the photoautotrophic bacteria such as Chloroflexi do not fall 
within the same grouping as algae (due to different photosynthetic pigments compared with plants and 
algae), these microbes may still play an important role alongside useful alkaliphilic cyanobacteria. Some of 
the cyanobacteria species such as Synechococcus spp. and Leptolyngbya sp. (Tank et al., 2017) can fix 
nitrogen (Steunou et al., 2006; van der Meer et al., 2010) and therefore may improve the macronutrient 
ratios available in these aquatic ecosystems if greater algal biomass productivity is desired. The 
cyanobacterium Thermosynechococcus sp. was also present in these hot spring environments (Tank et al., 
2017) but does not fix nitrogen (Rasul et al., 2024). 

Picoplanktonic algae species have been detected in hypersaline and hyperalkaline conditions, such as 
Picocystis sp. (Roesler et al., 2002) in a 160 km2 hypersaline lake in California, USA. This aquatic 
environment features a pH of 9.8, stratification and high concentrations of sulfur, ammonia and methane. 
Other Picocystis sp. have been observed in similar high alkalinity and hypersaline conditions under both 
low and high temperature extremes in samples from Asia, Africa and Russia as well as oceanic 
environments (Pálmai et al., 2020). 

One of the distinct advantages of cultivating these alkaliphilic algal species is that there is less competition 
by other contaminants (Touloupakis et al., 2016). Some commercially valuable species such as Arthrospira 
platensis (formerly Spirulina) have been cultivated to take advantage of this feature. Other laboratory 
grown organisms from culture collections have also demonstrated suitability for growth in highly alkaline 
conditions. An example is the cyanobacterium Synechocystis sp. strain PCC 6803, a model organism with a 
completely sequenced genome, is salt-tolerant and can tolerate pH 10 (Summerfield and Sherman, 2008). 
A preliminary study using a 0.1% concentration of red mud to grow Desmodesmus quadricauda found 
intracellular accumulation of lanthanide elements, hinting toward future optimisation toward 
bioremediation of red mud if grown at very dilute concentrations (Cizkova et al., 2019). Dubey and Dubey 
(2011) grew Oscillatoria sp., Lyngbya sp., and Phormidium sp. cyanobacteria with up to 4% red mud 
concentrations with some success. 
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Due to the extremely high pH, growing microalgae on undiluted red mud may be very challenging if not 
impossible under current technical constraints, however there may be reason to support ongoing study of 
algal growth on this challenging waste product. Dilution strategies involving seawater or fresh-water under 
conditions of plentiful rainfall may offer some freedom to explore microalgae treatment, or perhaps 
recovery of recalcitrant metals such as Fe, Al and Ti, or rare earth metals such as cerium (Ce), yttrium (Y) 
and lanthanum (La) (Cizkova et al., 2019; Náhlík et al., 2021). Other opportunities for technical 
advancement may involve combining red mud waste as a neutralising agent to improve the pH of AMD or 
utilise carbonates which may be generated from the reaction of CO2 with red mud (Mucsi et al., 2021) and 
subsequently provide inorganic carbon to improve algal mediated carbon sequestration. 

Macroalgae 
Various macroalgae have also been used at or near mine sites as bioindicators or for remediation purposes. 
Table 1 shows some examples of these. Marine macroalgae/seaweed have been well documented to 
bioaccumulate metals efficiently. One of the most common uses is the treatment of acid mine drainage 
(AMD). A recent study used three brown seaweed species to quantify the impact of acid mine drainage 
(AMD) from an abandoned copper mine site in Wales, U.K. These species were Fucus serratus, Fucus 
vesiculosus and Ascophyllum nodosum. The three species acted as effective bioindicator species, enabling 
high resolution mapping of pollutant dispersal. The Fucus species, sampled next to the AMD outflow at this 
mine indicated high metal bioaccumulation (>250 mg Fe g−1, >6 mg Cu g−1, >2 mg Zn g−1, >190 μg As g−1) and 
evidence of algal toxicity indicating severe pollution at the site (Chalkley et al., 2019).  

Other effective macroalgae bioremediators include Sargassum polycystum, which was tested for metal 
content near an abandoned lateritic nickel mine on Manicani Island in the Philippines. Sargassum 
polycystum accumulated high levels of Pb, Cu, and Ni, with significantly higher levels of Ni, in the mining 
runoff stream, this study indicating the integral bioremediation role this seaweed has in rehabilitating the 
seawater post mining (Corales-Ultra et al., 2019). Another robust green seaweed species Ulva lactuca 
efficiently removed between 60-90% of a group of rare earth elements in seawater (Y, La, Ce, Pr, Nd, Eu, 
Gd, Tb, Dy) when tested against seven other seaweeds, providing alternative ore extraction systems, as 
well as providing remediation of seawater (Pinto et al.,2020). Work in Chile investigated the impact of mine 
waste on two seaweed species, Scytosiphon lomentaria and Ulva rigida, using oxidative stress biomarkers 
and heavy metal determination in water and seaweed tissues. They found that Fe and As were the highest 
accumulating metals within the seaweeds, and both strains had higher antioxidant activity (Gaete Olivares 
et al., 2016). A second study in Chile used the seaweed Lessonia nigrescens to remediate Cu and Cd but was 
found to be more effective at Cu (Andrade et al., 2006). Oberholster et al. (2018) reported Microspora 
tumidula to bioaccumulate S and P at a pH of 5 in South African wetland (Oberholster et al., 2018). A US 
study on 26 streams in Ohio surveyed algal biodiversity over four site visits and noted both species of 
microalgae and macroalgae, with the two most promising species being microalgae Klebsormidium rivulare 
and Microspora tumidula for AMD containing Fe and Al (Verb and Vis, 2001).  
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Table 1: Macroalgal species used as bioindicators or for remediation purposes. AMD = acid mine drainage; REE = 
rare earth element. 

Macroalgal species  Metals and 
metalloids removal 
or indication of 
impact 

Locations References 

Marine species 

Fucus serratus As, Cd, Cu, Fe, Pb, Zn 
removed 

Wales, U.K. (AMD) Chalkley et al., 2019 

Fucus vesiculosus 

Ascophyllum nodosum 

Scytosiphon lomentaria  Fe, Cu, Zn, Cd, Cr, As, 
Mo removed 

Chile (Mine waste) Gaete Olivares et al., 
2016 Ulva rigida 

Sargassum polycystum  Pb, Cu, Ni removed Manicani Island, 
Philippines (AMD) 

Corales-Ultra et al., 
2019 

Ulva lactuca REEs (Y, La, Ce, Pr, 
Nd, Eu, Gd, Tb, Dy) 
removed from 
seawater 

Rare earth elements in 
Seawater (REEs) 

Pinto et al., 2020  

Ulva intestinalis 

Fucus spiralis 

Fucus vesiculosus 

Osmundea pinnatifida 

Gracilaria sp. 

Lessonia nigrescens Cu, Cd removed Chile (AMD) Andrade et al., 2006 

Freshwater species 

Oedogonium sp. (3 strains) Cu, Mn, Ni, Cd, Zn, 
As, Mo, Se 
bioaccumulation 

Australia (Industrial waste) Ellison et al., 2014 

Oedogonium crissum Mg, Ca, S, P 
bioaccumulation 

South Africa (Wetlands) Oberholster et al., 
2018 

  

The use of freshwater macroalgal species for metal accumulation has also been tested on industrial waste 
liquids, using strains from the macroalgal genus Oedogonium. Three species from this genus were isolated 
from different locations in Australia and were found to grow on industrial metal contaminated waste 
samples, enabling rapid bioconcentration of metals (Cu, Mn, Ni, Cd and Zn) more rapidly than metalloids 
(As, Mo and Se). These macroalgal strains from the genus Oedogonium have demonstrated the potential to 
be used in scaled bioremediation programs across a range of geographic regions (Ellison et al., 2014). Other 
species of Oedogonium have also been found to have bioaccumulation characteristics, Oedogonium 
crissum, showed the highest bioaccumulation of Ca and Mg at a pH of 7, when treating sulfur in AMD water 
in South Africa (Oberholster et al., 2018).  

2.2.3 Selection process for algal species and systems  

A number of factors can influence the selection of algal species and systems. Figure 7 shows a framework of 
seven steps oriented towards the development of an algae selection process, which can be followed 
through in sequence.  
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Figure 7: Process flow chart to enable the selection and optimisation of algal species and systems. 
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Step 1: Reviewing mine site characteristics and the aim of the algal process 

The selection of algal species and systems for mine sites first requires the reviewing of mine site 
characteristics, such as mine water quality and climate conditions, and the identification of the intended 
application for the algae. Mine site characteristics to be evaluated should include the land area available 
for algal culture and the availability of fresh water in case this is needed for dilution or top-up of culture 
media due to evaporation. The location and accessibility of any CO2 sources (i.e., flue gas or other sources) 
nearby should be noted, as these may be useful for optimising the culture conditions via the addition of 
CO2 to the growth media. 

In the case of AMD remediation, the desired purpose of the algae biomass may be the neutralisation of 
the acidity, and removal of sulfate and metals. Treatment of heavy metals may require algae which are 
known to target and immobilise specific elements such as cadmium or copper (Xu et al., 2024). The 
recovery of specific metals such as lithium and gold may need species which allow the recapture of those 
metals, e.g., via adsorption onto extracellular polysaccharides or via adsorption onto negatively charged 
cell surfaces (Günan Yücel et al., 2021). If targeting soil improvement and erosion control, filamentous 
algal biomass may help to improve soil structure and encourage stability, along with fertility 
improvements to provide carbon and macronutrients (nitrogen, phosphorous and potassium) to allow the 
establishment of plant growth (Subashchandrabose et al., 2013). Each of these end goals requires the 
selection of appropriate algal species, a cultivation system to allow rapid, reliable growth and suitable 
harvesting and biomass processing methods. Once the target of the process has been identified, suitable 
algal species will need to be chosen. 

Step 2: Selection of algal species 

The criteria for selecting algal taxa for cultivation at mine sites include the ability of the algae to grow in 
untreated or treated mine water. Another critical factor is the tolerance of the algal taxa to the 
temperature range present at mine sites. Moreover, it is important that the algae do not produce toxins 
(like some cyanobacteria do) to minimise any environmental harm and risks to personnel from the algal 
cultivation. If the production of valuable compounds is of interest for developing sustainable bio-based 
supply chains, the ability of algae to produce valuable products e.g., lipids, proteins, carbohydrates or 
pigments may also be considered. It is to be noted, that naturally occurring algae may already be present at 
mine sites and may have a competitive advantage over introduced strains. Additionally, especially in 
Australia, it is important to consider any restrictions for the use of imported strains in open systems as 
detailed in import permits. 

Selecting algae from an appropriate environmental or laboratory source may be a good start, however 
algal growth rate is also an important consideration. Algal productivity may be represented in grams of 
biomass produced per litre per day (see equation 1) or specific growth rates per day which relates to the 
doubling time of the algae culture (see equation 2). In addition to volumetric productivity expressed in 
units per volume of growth system, the productivity can also be reported per surface area of the 
cultivation system. 

The equation to calculate biomass productivity (Pb, g L−1 d−1) is: 

𝑃𝑏 =
𝑋𝑓−𝑋𝑖

𝑡
- (1) 

Where Xf (g L−1) is the final biomass concentration, Xi (g L−1) is the initial biomass concentration, and t (d) is 

the time required for growth (Adapted from Chatsungnoen and Chisti, 2016). 

The equation to calculate specific growth rate (µ, d−1) is: 
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𝜇 =
ln⁡(𝑋2 𝑋1

⁄ )

𝑡2−𝑡1
 (2) 

where X1 and X2 are the biomass concentrations (g L−1) at times t1 and t2, respectively, within the 

exponential growth phase (Adapted from Chatsungnoen and Chisti, 2016). 

Some examples of specific growth rates for algae in acidic growth media are shown in Table 2. 

The pH values and nitrogen concentrations in the growth media are also shown. The nitrogen 
concentrations in these studies varied widely (6.6 - 280 mg N L−1). Some of these examples used media 
intended to replicate the composition of AMD. The specific growth rates shown in Table 2 range from 0.05 
d−1 to 0.77 d−1. An outdoor wastewater microalgae culture study performed by Shayesteh et al. (2021) 
using agricultural wastewater found specific growth rates in the range of 0.14 - 0.76 d−1 which may 
provide a useful comparison. In this study a baseline growth rate of 0.37 d−1 gave an aerial productivity of 
9.13 g m−2 d−1. Higher productivity values of 0.76 d−1 were attained under conditions of pH optimisation 
using a CO2 addition strategy maintaining the pH at 6.5. These improved growth conditions gave an aerial 
productivity of 19.2 g m−2 d−1. There are very little data in the literature regarding growth rates of algae 
using actual mine water particularly at a large scale. This appears to be a significant gap in the current 
knowledge. Therefore, further laboratory experiments and pilot trials with selected algal species under 
more realistic conditions would be required to ascertain achievable growth rates and make more 
informed choices of which algae are more suitable for mine site applications. 

 

Table 2: The productivity of some microalgae species with potential for acid mine drainage remediation. 

Algal species Growth media Media 
pH 

N  
(mg L−1) 

Specific growth 
rate µ (d−1) 

Reference 

Chlamydomonas acidophila SAG 
2045 

Synthetic media 
for acidophiles 
with glucose 
added 

2.1 280 0.50 Abiusi et al., 
2022 

Galdieria sulphuraria ACUF064 0.54 

Galdieria sulphuraria ACUF074 0.77 

Stichococcus bacillaris Bolds Basal 
Medium for lipid 
production with 
CO2 added 

3.3 6.60 0.22 Olivieri et al., 
2011 

Stichococcus chodati 0.05 

Stichococcus cylindricus 0.19 

Stichococcus fragilis 0.20 

Stichococcus minor 0.20 

Stichococcus sequoieti 0.22 

Ulothrix gigas Synthetic media to 
match AMD from 
Iran with added N 

3.0-4.0 40.5 0.09 Orandi et al., 
2012 

Euglena mutabilis Synthetic media to 
match AMD from 
Canada with high 
N and P 

2.0-5.0 52.5 0.42 Olaueson and 
Stokes, 1989 
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Step 3: Identification of mine water treatment of amendment needs 

Pretreatment of the mine water may be required to neutralise extreme acidic or alkaline water, remove 
contaminants, or amend the nutrient composition. Macronutrients such as nitrogen and phosphorous 
may limit algal growth if these are insufficient for the species and culture conditions. As discussed in 
section 2.1.1 ‘Algae and their growth requirements’, the ratio of elements in algal biomass generally fits a 
consistent and predictable ratio. Iterative optimisation of the culture system may also involve 
adjustments to micronutrient levels if these are found to be inadequate or excessive for fine-tuning 
growth. Possible mine water pre-treatment technologies are discussed in more detail in section 3.1. 

Step 4: Selection of algal cultivation systems 

In the early trial stages several cultivation systems may be considered and tested. Smaller scale systems 
may be used for maintaining stock cultures of algae, whereas medium and large-scale systems may be 
used for scale-up. Culture systems may include open or closed systems and be based on suspended or 
attached growth. Algal cultivation systems are discussed in more detail in section 2.3.1.  

Step 5: Selection of algal harvesting and processing systems 

Selecting an appropriate algal harvesting process is critical to enable the use of the grown biomass and 
recovery of clean water for recycling or release into the environment. Testing the process may provide 
insight into which combinations of algal species and cultivation systems are most productive and 
effective. Depending on the end-use of the algal biomass, options for algal biomass dewatering and 
product extraction should also be assessed. 

Step 6: End-product verification 

Assessment of the final product yield and quality for intended application is important to determine 
whether the process has been effective at achieving the end goal and meeting the ‘aim of process’ which 
was determined at the first step. Moreover, if bioproducts for algae-based supply chains are extracted 
from the biomass, the suitability of the residual biomass for other applications can be evaluated and 
market price of the products reviewed. From a regulatory requirements perspective, ensuring that the 
end-products comply with relevant safety standards for their intended use is equally essential (see section 
3.6). 

Step 7: Process optimisation 

Considering what has been learned at each of the six steps above, further targets for improvements may 
be identified which can be trialled during the next iteration to review the outcomes of the implemented 
changes. In some cases, trialling more than one alternative pathway at smaller scale may more quickly 
help pinpoint the best approach before moving on to scaling up culture volumes. 

The early stages of developing an algal cultivation technology may involve much more trial and error, with 
anticipated changes of direction and unforeseen challenges. Not only is every mine site different due to 
geological factors, but also seasonal variations as well as process developments throughout the life of the 
mine site, need to be considered. Predation by zooplankton or unexpected climate conditions may cause 
a ‘crash’ in the algae culture which may require some skill and patience to overcome. Therefore, having an 
agile process to adapt to these changes will be critical for success. It is also worth noting that algal species 
selected will adapt and change over time. Fluctuations in pH or nutrient concentrations may cause 
unreliable growth for some species and affect end-product quality. However, the ongoing selection of 
resilient strains and ongoing acclimation should encourage greater affinity to grow in the target water. 
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2.3 Algal cultivation and harvesting technologies that could be applied at 
mine sites  

Several algal cultivation and harvesting technologies have been developed and implemented at large scale 
across the world. The following sections outline some examples of algal cultivation systems and harvesting 
and cell rupture technologies.  

2.3.1 Algal cultivation systems  

The cultivation of micro- and macroalgae requires different system due to the different size of the 
cultivated organisms. Examples of laboratory, medium and large-scale cultivation systems are described 
below.  

Microalgal cultivation systems 
Laboratory equipment for microalgal culture maintenance 

A simple laboratory fitted with microscopes and sampling equipment can provide a foundation to monitor 
growth rates and quality indicators of a healthy growing algal culture. Synthetic growth media and 
sterilisation equipment, along with a small illuminated indoor growing area can provide capabilities to 
maintain quality stock of selected microalgal species. Semi-solid agar infused growth media can allow for 
very slow growth suspension of algal stock culture, with storage time-frames of up to a year or more and 
little intervention required under appropriate temperature and light control (See Figure 8A). Quality algal 
cultures can also be sustained under moderate to slow growing conditions using small bottles of prepared 
growth media down to approximately 10 mL in volume, and a subculture maintenance schedule of 
approximately every five weeks or so (See Figure 8B). As required, these small volumes can be gradually 
scaled up through a series of larger indoor flasks, to develop sufficient quantities of algal culture to serve as 
inoculum for larger outdoor growth systems (See Figure 8C and Figure 8D). 

Figure 8: Small-scale micro-algal cultivation systems: A) semi-solid agar infused growth media; B) 20 mL vials with 
10 mL liquid media; C) 2 L flasks on shaker plate; D) 5 L flasks on growth shelf. 
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Scaling up culture volume to prepare inoculum 

The rate at which algae can double their biomass can vary depending on species from approximately 
several hours to one or more days (Chisti, 2007). This also depends on environmental light and temperature 
conditions, and nutrient availability in the growth media. To scale up a sample from tens of millilitres of 
stock culture to thousands of litres in volume can require quite variable timeframes and may take several 
months. 

As an example of a microalgae, a stock culture of Scenedesmus obliquus - a species known for wastewater 
treatment potential, can have a growth of approximately 21 - 29% d−1 (i.e. doubling at approximately 3.5-5 
d) at 20 - 30° C (Guedes et al., 2011). For an algae that has a doubling time of 5 d, it would take 140 d to 
scale up the culture from 10 mL volume stock culture to over 1,000,000 L volume of similar culture density 
(See Figure 9), assuming that the growth rate remains the same in the various sizes of culture systems.  

 

Figure 9: Scale up of culture volume for algal culture with a doubling time of 5 d. 

Although the literature with regards to macroalgae is less extensive than microalgae, and growth media 
nutrient concentrations are typically lower than for microalgae, there may still be some potential for 
treatment of mining wastewater using macroalgae under appropriate conditions. For example, Ulva lactuca 
was grown in poultry litter extract using a pilot-scale flat-panel photobioreactor system, and sustained 
growth rates of approximately 20% - 30% d-1, offering a growth rate comparable to the microalgae 
Scenedesmus obliquus example above (Mhatre et al., 2018). 

Medium scale photobioreactor 

Although culture volume can be increased in line with algal growth-rates, maintaining several medium scale 
culture volumes of several hundred litres may be useful to serve as ready-made inoculum when needed. 
These can also allow for more detailed study of algal growth habits and trialling of incremental optimisation 
which may be applicable to larger scale batch or semicontinuous cultures. These medium scale growth 
systems can be either smaller scale outdoor ponds such as raceway or other open pond designs (discussed 
in more detail below), or these could be closed or open photobioreactors which feature customised and 
more tightly controlled light and temperature conditions. 

Several forms of photobioreactors have been studied and are in practical use at these medium culture 
scales (Figure 10). Some of these include: flat-plate, vertical column, stirred tank and aerated columns 
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(bubble column and airlift) reactors (Assuncao and Malcata, 2020; Sirohi et al., 2022). Since the early 
2000s tubular photobioreactors have been investigated. These have the advantage of taking up small land 
area, using vertical space more than footprint on land, and have a relatively short light path to allow good 
light penetration and good mixing of the growth media. These can be kept fairly well enclosed from the 
environment reducing the risk of contamination (Molina et al., 2001; Pirouzi et al., 2014; Nwoba et al., 
2016; Nwoba et al., 2020).  

 

Figure 10: Schematic diagram of photobioreactor designs (A) a vertical spiral (Biocoil), (B) an inclined tubular 
column, and (C) a vertical flat-plate photobioreactor (Adapted from Muñoz and Guieysse, 2006). 

Large scale microalgal growth systems 

Australia is one of the best places for mass cultivation of algae as solar radiation is abundant, the climate is 
suitable for many algal species and seawater can be used to cultivate many algal species, whereas in many 
regions the land has low productivity for agriculture (World Bank Group, 2024). The large diversity amongst 
mine types and associated (waste)water compositions make it challenging to provide a one-size-fits-all 
solution. Algae are typically grown in different cultivation systems based on the product type (and value). 
Open raceway ponds, closed photobioreactors, floating bioreactors (Figure 11) and algae turf scrubbers 
could be considered for mining contexts.  

Open raceway ponds require large flat areas for the construction of shallow ponds (i.e. ~25 cm deep) to 
cultivate microalgae in continually circulated nutrient-rich water. Although a very cost-competitive system 
in construction, inefficient use of light and CO2 (thus limited productivities), evaporative losses, and dust 
and microalgae predator ingress represents the primary limitation for use of open systems. Internationally, 
operators have installed open ponds in low-cost poly tunnels to reduce evaporative losses and dust 
contamination, thereby enhancing product quality. This option could be considered within mining contexts 
if surface areas allow (Cuello et al., 2016). 

Closed photobioreactors (PBR) of varying geometries represent high-end state of the art cultivation 
systems. These systems offer the advantages of increased illuminated surface area of the culture to 
maximise biomass production and quality (e.g., for human nutrition and pharmaceuticals), minimise CO2 
and evaporative losses as well as reduce contamination risk. However, they are more expensive than open 
ponds and are prone to heat stress due to the absence of evaporative cooling. This currently limits their 
application to producing biomass for higher value bioproducts (Cuello et al., 2016). 

Floating photobioreactors: Floating PBRS represent a third viable alternative. These systems offer novel 
opportunities for microalgae cultivation on for example pit lakes, with the following benefits: 1) Earthworks 
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can largely be eliminated as the floating system can be unfurled and floated onto the pit lake surface; 2) 
High illuminated surface area to volume ratios support increased biomass yields; 3) Increased CO2 
utilisation efficiency, 4) Reduced airborne contamination, 5) Minimise system overheating as the pit lake 
thermal inertia provides much more stable operational temperatures. As an added benefit it could also 
reduce evaporation from the pit-lake itself, reducing salinity increases and concentration of other 
contaminants in pit-lake waters (Cuello et al., 2016). 

Algae Turf scrubbers (ATS) are systems designed to grow algae on a surface while treating water. They 
typically consist of a sloped or horizontal surface covered with a material that supports algae growth 
(Sutherland and Craggs, 2017). Water flows over this surface, providing nutrients and allowing algae to 
absorb pollutants and excess nutrients from the water (Adey et al., 2011; Adey et al., 2013). As the algae 
grow, they help clean the water and can be harvested for various uses (Ray et al., 2015; Salvi et al., 2021). 
ATS systems are valued for their simplicity and effectiveness in water treatment but may not match the 
productivity or control of PBRs and can be more expensive to construct compared to raceway ponds 
(Colosi, 2012). They do, however, allow for simple harvesting of algae biomass, which is often an energy 
intensive process for other cultivation systems (Siville and Boeing, 2020). 

 

Figure 11: Large-scale microalgal cultivation systems: A) open raceway ponds (Qatar University); B) tubular closed 
photobioreactors (IGV Biotech); C) flat panel closed photobioreactors (University of Queensland). 

The selection of appropriate unit operations is critical to the successful operation of the algal cultivation 
facility. Culture systems should be selected with consideration of factors such as light availability, 
temperature conditions, mixing requirements and the land available (Novoveska et al., 2023). The hydraulic 
retention time for the wastewater as part of a treatment process is also a consideration. It may not be 
possible to handle high volumes of growth media at one time, but rather a tightly-controlled 
semicontinuous growth mode or series of batch cultures may be a better option (Sutherland and Craggs, 
2017). Various factors to be considered when selecting the appropriate culture system are shown in Table 
3. 
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Table 3: Comparison of large-scale cultivation methods (Adapted from Novoveska et al., 2023). 

Critical Factors Open Ponds Closed PBRs Floating PBRs Algae Turf 

Scrubbers 

Land area required High Medium Low Medium 

Predator/debris exclusion No Yes Yes No 

Thermal regulation requirement No High Low No 

CO2 feed efficiency Low High High Low 

Evaporation High Low Low Medium 

Mixing energy required Medium High Low Medium 

Additional light source None Yes None None 

Volume throughput High Medium Medium Low 

Cell density (for harvest) Low Medium Medium High 

Contamination risk High Low Low High 

Capital cost Low High Medium Low 

 

Once the quality and purpose of the algal biomass product is understood, an assessment of capital 
expenditure (CapEx) and operating expenditure (OpEx) costs can be considered for a larger scale culture 
system appropriate for the volumes of water to be treated (Alavianghavanini et al., 2024). It is worthwhile 
keeping in mind the risks and challenges which need to be addressed to keep the system profitable or 
maintain the desirable outcome, and to handle the challenge of scaling up appropriately (Borowitzka and 
Vonshak, 2017). Even with a successful culture system operating efficiently, critical failures and excessive 
expense could arise if maintenance is not kept up or if the harvesting system fails (Rao and Henderson, 
2022). Many of the risks can be mitigated through the careful selection of unit operations related to 
culturing and harvesting systems. 

 

Macroalgal cultivation systems 

Large scale macroalgae culture systems 

Macroalgae cultivation systems can either utilise free-floating algae, or biomass adhered to the bottom of 
the water body or some kind of solid substratum (Millar, 2009). Examples of vertical and horizontal rope 
systems and long-line single raft systems and grid raft block systems are shown in Figure 12. In seawater, 
naturally occurring kelp forests of Macrocystis pyrifera can reach great depths, as long as sunlight can 
penetrate deep enough to sustain photosynthesis. Shallow marine environments can sustain delicate 
species such as Gracilaria sp. or Eucheuma, or fresh-water lakes and rivers may sustain more hardy 
varieties such as Cladophora vagabunda, Oedogonium sp. and Spirogyra sp. (Machado et al., 2014; Cole et 
al., 2016). 
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Figure 12: Examples of macroalgal growth systems: A) vertical rope system, B) horizontal rope system, C) long-line 
single raft system, D) grid raft block system (Adapted from Sharmila et al., 2021). 

 

For the purpose of macroalgae culture to treat mining wastewater, it is unlikely that large off-shore 
facilities would be appropriate to receive the untreated water, unless a floating closed growth system could 
be used to retain wastewater during treatment. It is more likely that inland lagoons or waterways would be 
more suitable until the water is treated sufficiently to allow discharge. In these cases, fresh-water varieties 
(Lawton et al., 2017), or those tolerant to brackish water such as Gracilaria sp. may be the most suitable 
unless the mine water is saline (Mustafa et al., 2024). The culturing and harvesting systems should be 
suited to the species selected, which in turn should be tolerant and proven appropriate for the mine water 
quality available. 

Free-floating species such as Gracilaria sp. or Ulva can be grown in gently moving, non-energy intensive 
culture systems such as a shallow lake or canal (Ryther et al., 1984). Most free-floating species originate 
from marine environments and may be sensitive to low salinity levels (Rybak, 2018; Ichihara et al., 2012), 
and may need specific temperature and nutrient conditions for optimal growth (Endo and Gao 2022). 

Some filamentous freshwater macroalgae can be grown under conditions which favour an assortment of 
microorganisms such as microalgae, fungi and bacteria. These systems encourage a complex and diverse 
community of organisms and have a variety of names such as Algal Turf Scrubber® (ATS™), Filamentous 
Algae Nutrient Scrubbers (FANS) and Periphyton nutrient removal systems (PNRS) (Yun et al., 2015; 
Sutherland and Craggs, 2017). These growth configurations may include a concrete or compacted earth 
base sealed with impermeable membrane and attachment substrate (stalks, capsules, holdfasts or mesh-
like materials) (Sutherland and Craggs, 2017). In these systems high-surface area corrugations and cobble-
like mouldings allow for variance in water turbulence and gas-exchange areas which in turn allow the 
development of microhabitats to encourage high rates of surface colonisation by microorganisms and 
macroalgae. These systems have been trialled using domestic and agricultural wastewaters with some 
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success at removing nitrogen, phosphorus and may be suitable for other contaminants such as heavy 
metals (Ellison et al., 2014; Sutherland and Craggs, 2017). 

Sometimes macroalgae culture systems may be accompanied by other aquatic life. Investigations into 
aquaculture integration with macroalgae culture have found some success with the macroalgae using 
excess nutrients and providing cleaner water for the aquaculture system (Lavania et al., 2014; Copertino et 
al., 2008). 

2.3.2 Algal harvesting technologies 

Microalgal harvesting 

Microalgal harvesting methods include centrifugation, tangential flow filtration, forward osmosis, 
flocculation, bioflocculation, dissolved air flotation, electroflotation and magnetic separation. Typical 
recovery rates, benefits and limitations of each of these methods are shown in Table 4. Parameters 
affecting the selection of the harvesting system include the naturally occurring tendency for the algal 
biomass to flocculate or settle easily, and whether additives are needed to encourage settling in the 
dewatering process. For instance, algal biomass which settles or flocculates easily may be more amenable 
to filtration, whereas algal species or conditions which tend to result in a suspended culture may require 
centrifugation which is a more energy demanding process (Rao and Henderson, 2022). Flocculants can be 
added to improve harvesting but may remain combined with the biomass which may affect the quality of 
the end-product. Downstream processing may be able to compensate for some, but perhaps not in all cases 
(Li et al., 2020). 

 

  



 

  

40 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

Table 4: Microalgal harvesting methods, and their recovery efficiencies, benefits and limitations (Adapted from 
Difusa et al., 2015; Li et al., 2020). N/A = not available. 

Harvesting 
method 

Recovery 
(%) 

Benefits Limitations 

Gravity 
sedimentation 

N/A Low cost, easy to operate, without 
contamination 

Long operation time, limited to high 
density algae, low slurry recovery 

Centrifugation 90 Reliable, high solid concentrate, 
high recovery efficiency, time-
saving and efficient, strain 
independent 

Energy intensive, expensive, special 
equipment required, high maintenance 
and operation costs, destroys cellular 
biomass 

Filtration (e.g., 
tangential flow) 

70-89 Reliable, high solid concentrate, 
high recovery efficiency, low 
energy consumption, low shear 
stress 

Membrane fouling, high (operating) 
cost, limited by membrane size, time 
consuming, membrane replacement 
and pumping required 

Forward 
osmosis 

80-92 Low energy input Slow, problems in reverse solute flux 

Flocculation 80-95 Good recovery Flocculants can be expensive, may 
cause contamination 

Bioflocculation 90 Environmentally friendly Environmental stress used for inducing 
bioflocculation may change cell 
composition 

Dissolved air 
flotation 

80-90 Proven in large scale, flexible, 
small space requirement, time-
saving and efficient 

Surfactant required, high energy 
consumption, oversized bubbles break 
up the flocs, the use of flocculants may 
create problems 

Electroflotation >95 Efficient recovery High cost, electrodes need periodic 
replacement, metal contamination 

Magnetic 
separation 

90-98 Rapid, low energy input Complex fabrication, expensive 

 

Macroalgal harvesting 

Macroalgal harvesting can be conducted either manually or through mechanical harvesting (Table 5). 
Manual harvesting can be performed using cutting tools such as blades or motorised cutters, e.g., from a 
boat. Manual harvesting has low energy requirement and is suitable for small water bodies. However, 
constant monitoring is required due to temporary effects, and care has to be taken to avoid possible 
venomous organisms and mine water contaminants. Mechanical harvesting can be carried out using 
amphibious vehicles, boats, land-based long-armed vehicles equipped with suction apparatus, rotating 
mowers, cutters, rotating blades and dredgers. Mechanical harvesting is good for large and deep water 
bodies and large algal quantities, but has high energy requirements (Alam et al., 2021).  
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Table 5: Methods for macroalgal harvesting (Adapted from Alam et al., 2021). 

Method Examples Benefits Limitations 

Manual 
harvesting 

Cutting tools (blades or 
motorised cutters) e.g., 
from boat 

Low energy requirement; 

Suitable for small water 
bodies 

Requires constant 
monitoring due to temporary 
effect 

Care needed against 
venomous organisms 

Mechanical 
harvesting 

Amphibious vehicles, boats, 
land-based long armed 
vehicles equipped with 
suction apparatus, rotating 
mowers, cutters, rotating 
blades dredgers 

Good for large and deep 
waterbodies and algal 
quantities 

High energy requirement 

 

2.3.3 Cell rupture technologies  

Whole algae biomass can be used as is for a number of applications (e.g., feeds, supplements, fertilisers), 
however, for certain products, especially valuable components (e.g., oils, proteins, pigments), cell rupture 
or "cell disruption" is a crucial step to break the cell walls and release the intracellular contents. Various cell 
rupture technologies exist, each with its own advantages, limitations, and scalability considerations for 
commercial use. An overview of relevant cell disruption methods for downstream processing of algal 
biomass is shown in Table 6. 
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Table 6: Overview of relevant cell disruption methods for downstream processing of algal biomass (Adapted from 
Günerken et al., 2015 and Lee et al., 2012). 

Class Name Description Scalability 

Mechanical 
disruption 

Bead milling 

This method uses small beads in a mill 
to physically shear algae cells open. It is 
highly effective for microalgae with 
tough cell walls. 

Can handle large volumes, making it scalable, 
but is energy-intensive, which increases 
operational costs, especially at larger scales. 

High-pressure 
homogenisatio
n (HPH) 

Algae are subjected to high pressure 
and forced through a narrow valve, 
creating shear forces that disrupt cell 
walls.  

HPH is scalable and effective, particularly for 
liquid algae suspensions. It is commercially 
viable but also energy-demanding, making it 
more suitable for high-value products. 

Ultrasonication 

High-frequency sound waves generate 
microbubbles in the algae suspension, 
which burst and create shear forces 
that disrupt the cells.  

While effective, its energy consumption can be 
a limiting factor for large-scale applications, 
though it has potential in combination with 
other methods. 

Chemical 
disruption 
methods 

Solvent 
extraction 

Organic solvents (e.g., hexane) 
penetrate cell walls and dissolve lipids, 
effectively rupturing the cells and 
extracting valuable oils.  

Solvent extraction is scalable and commonly 
used in the industry. However, it requires 
subsequent solvent removal, and handling 
organic solvents poses environmental and 
safety challenges at scale. 

Osmotic shock 

Placing algae cells in a highly 
concentrated solution creates osmotic 
pressure differences that cause the 
cells to rupture. 

While less energy-intensive, this method is 
generally limited to small-scale applications 
due to low efficiency and potential nutrient 
loss. 

Enzymatic 
method 

Enzymatic lysis 

This method uses enzymes to break 
down cell walls in a controlled manner. 
It is a gentle, effective approach for 
specific components.  

Works well at lab and pilot scales, but high 
cost of enzymes and slower processing time 
make it challenging to scale, especially for bulk 
algae products. 

Thermal 
disruption 
methods 

Steam 
explosion 

Algae are subjected to high-pressure 
steam, then rapidly depressurised, 
causing cells to rupture, 

Steam explosion can handle large volumes and 
is scalable, but it can also degrade heat-
sensitive compounds and requires significant 
energy input 

Microwave-
assisted 
extraction 

Microwaves generate heat within the 
cell, causing water to vaporise and 
build pressure until the cell bursts.  

Microwave-assisted extraction is suitable for 
extracting heat-stable compounds and can be 
scaled up, though it also has relatively high 
energy costs. 

Electrical and 
other 
emerging 
technologies 

Pulsed electric 
field (PEF) 

Short, high-voltage pulses are applied 
to the algae suspension, causing 
electric breakdown of cell walls.  

PEF is a promising, scalable technology with 
relatively low energy consumption, and it 
preserves heat-sensitive compounds. 
However, PEF is still emerging and not yet 
widely applied at a commercial scale. 

Cationic 
polymer-
coated 
membrane 
treatment 

Algae suspensions are passed through 
membranes coated with cationic 
polymers where the positively charged 
polymer interacts with the negatively 
charged algal cell walls, weakening 
them and aiding in cell rupture as the 
cells pass through the membrane 
under pressure. 

The high cost of cationic polymers and 
membrane replacement can be a limiting 
factor, especially as these membranes are 
prone to clogging over time with large algae 
biomass. Could however be promising with 
more optimisation. 

Laser-induced 
cell disruption 

Laser methods use focused light energy 
to create localised heating, vaporising 
intracellular water and generating 
pressure that disrupts the cell walls. 

Industrial applications is challenging due to the 
high energy requirements and lack of 
uniformity across larger volumes.  

Supercritical 
CO₂ extraction 

Supercritical carbon dioxide is used as a 
solvent to penetrate cell walls and 
extract lipids and other valuable 
compounds 

This method is scalable and efficient, 
particularly for lipids, and offers a green, 
solvent-free alternative. However, the high-
pressure equipment is costly, which can impact 
commercial viability. 
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Effective cell disruption methods for industrial applications must balance energy efficiency, gentleness, 
selectivity, controllability, and universality. Mechanical methods, such as bead milling and high-pressure 
homogenisation, are currently the most widely used for large-scale applications due to their robustness and 
efficiency, although they consume substantial energy and often require intensive cooling to protect 
delicate compounds (Günerken et al., 2015). 

Non-mechanical methods offer advantages in terms of energy efficiency and selectivity, but they tend to 
require longer processing times, larger treatment vessels, and chemical inputs, making control and waste 
management more challenging at scale. Emerging techniques, including pulsed electric fields and 
supercritical CO₂ extraction, hold promise for future scaling, especially for applications where 
environmental and energy efficiency are paramount. However, other experimental approaches, such as 
laser and pulsed electric arc methods, lack scalability, while innovative options like cationic polymer-coated 
membranes need further research to achieve effective cell disruption (Günerken et al., 2015). 

Ultimately, no single method is universally optimal, and the best approach often depends on the specific 
product, the microalgae species, and the intended scale of operation. As a result, commercial microalgae 
processing often employs a combination of methods to balance operational efficiency, cost, and product 
quality. 

2.4 Technologies for using algal biomass for beneficial uses in mining context 
Micro- and macroalgae can be used for a range of beneficial applications at mine sites. These include 
carbon capture, water treatment, mine waste stabilisation, dust suppression, and mine site rehabilitation. 
Each of these applications are discussed in the following sections. 

2.4.1 Carbon capture   

As discussed in section 2.1.1 ‘Algae and their growth requirements’ the stoichiometric C:N:P ratio of algal 
biomass is approximately 106:16:1, or a mass ratio of ≈ 41:7:1 (Redfield, 1934; Ketchum and Redfield, 
1949). Carbon dioxide (CO2) is 29% C by weight. Therefore, 3.5 kg of CO2 provides 1 kg of C, which requires 
0.18 kg N and 0.02 kg P when being stored as algal biomass (excluding what may be released by the algae 
as soluble compounds into the water). When considering the mass of other nutrients, 1 kg of C ends up as ≈ 
2.14 kg dried algal biomass which includes ash, oxygen, N, P and micronutrients. Ash accounts for ≈ 0.30 kg 
of this mass (calculations based on figures in Ketchum and Redfield, 1949, see Table 7). Therefore, it follows 
that to produce 1 kg of dried algal biomass including ash, requires ≈ 1.6 kg CO2, or excluding ash ≈ 1.9 kg 
CO2. In phycology literature 1.83 kg CO2 : 1 kg of algal biomass is the commonly quoted ratio (Chisti, 2007; 
Slade and Bauen, 2013). Well-performing microalgal raceway ponds can have a biomass production rate of 
15–20 g m−2 d−1 as an annual average (Roles et al., 2021). Therefore, based on the carbon capture potential 
of 1.83 kg CO2 : 1 kg of algal biomass, a 1 ha microalgae growth facility with an average productivity of 15-
20 g m−2 d−1 would be expected to produce ~55-73 metric tons of biomass and sequester ~100-134 metric 
tons of CO2 per year into the microalgae. In comparison, the CO2 fixation potential of terrestrial plants is 10-
50 times lower (Onyeaka et al., 2021). 
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Table 7: The content of ash, phosphorus (P), carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) in some algal 
species (Adapted from Ketchum and Redfield, 1949). 

Species 

Dry weight (%) Ash free dry weight (%) 

Ash P C H N O 

Stichococcus bacillaris 9.61 2.10 53.82 7.09 6.62 32.47 

Chlorella pyrenoidosa 11.94 2.69 54.89 7.64 7.70 29.77 

Chlorella vulgaris 12.40 2.58 53.37 7.49 7.74 31.49 

Scenedesmus obliquus strain 1 17.78 3.91 54.55 8.20 7.50 29.75 

Scenedesmus obliquus strain 2 12.98 2.53 54.87 8.16 8.65 28.32 

Scenedesmus basilensis 14.34 3.13 54.82 8.32 8.46 28.40 

Nitzschia Closterium 19.52 1.03 54.98 7.49 6.67 30.86 

Mean value 14.08 2.57 54.47 7.77 7.62 30.15 

 

The concentration of atmospheric CO2 is approximately 0.04%, and CO2 along with ions of bicarbonate 
(HCO3

-), and carbonate (CO3
2-) which are associated with alkalinity, make up dissolved inorganic carbon 

(DIC) (Cole and Prairie, 2014). These DIC sources provide the C requirement for photoautotrophic species 
such as plants and algae (Iversen et al., 2019). Some microalgae can utilise both DIC and organic carbon 
sources and can function as heterotrophs taking up C under dark conditions without the aid of 
photosynthesis. The term mixotrophic can be used for organisms which can perform both heterotrophic 
and photoautotrophic carbon uptake. In the context of mining wastewater remediation, it is anticipated 
that the high concentration of mineral compounds and low levels of organic C sources will result in DIC 
being the most available C source for algae growth in mine water. Live algae applied to soil for the 
purpose of mine-site rehabilitation may have access to both DIC and organic carbon in the soil, in which 
case mixotrophic species may have an advantage (Subashchandrabose et al., 2013). 

Concentrated CO2 added to algae growth media can increase DIC and improve algal productivity. The pH 
of an algae culture tends to increase during periods of high photosynthetic activity (Craggs et al., 2012), 
and CO2 can be added to lower the pH and bring it within a favourable range to optimise growth 
(Moheimani and Borowitzka, 2011; Shayesteh et al., 2021). A pH control system comprising of a pH sensor 
triggering the release of CO2 as the pH gets too high can modulate the pH within a favourable range. 
Another approach may be to deliver CO2 as a constant steady stream, or regular intermittent injection to 
the growth media (Sutherland et al., 2015). For example, Chunzhuk et al. (2023) found biomass growth 
rates up to 0.37 g L−1 d−1 for Chlorella vulgaris at 3% and Chlorella ellipsoidea at 6-9% CO2 concentration in 
the airstream, which represented an increase of approximately 20% compared to baseline growth rates 
without CO2 addition. Some studies have found that high levels (over 40%) CO2 concentrations can inhibit 
algal growth (Deprá et al., 2020; Yang et al., 2023), although this may depend on species and the degree 
of acclimation to these conditions. 

Although laboratory studies often use pure CO2 gas to isolate the effect of CO2 without interference from 
other variables, mixed gas streams rich in CO2 may provide a cost-effective carbon source for larger scale 
growth systems. Two of these options include flue-gas obtained from combustion, and biogas - the 
methane rich gas from anaerobic digestion (AD) (Scarcelli et al., 2021; Rocher-Rivas et al., 2022). Under 
limited circumstances the biogas from AD may be available for use, however flue gas is likely more readily 
available in the context of mining operations. Stationary machinery utilising combustion engines may 
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provide a carbon supply which can enhance algal growth. In some cases, additional CO2 may not provide 
an advantage (Young et al., 2019) or may be only optimal at lower concentrations (Nad et al., 2023). 
Therefore, care must be taken to control the dosing as required. Strategies such as acclimation 
(Solovchenko et al., 2015), selection of suitable strains through a trial process (Wang et al., 2018) or even 
radiation induced mutation (Cheng et al., 2016) may also be useful to prepare strains with improved 
carbon-capture potential under high CO2 conditions. 

Carbon capture for mining related wastewater treatment might be aided by high alkalinity to increase 
available DIC and impede the growth of competitive eukaryotes and other microorganisms (Canon-Rubio 
et al., 2015). In fact, highly alkaline conditions have facilitated the growth of some of the earliest life on 
Earth: stromatolites - microbial mats dominated by cyanobacteria - which have left their traces in the 
fossil records since ≈3,500 million years ago (McNamara and Awramik, 1992; Suosaari et al., 2016). Along 
with cyanobacteria, carbonate sediments can be formed by actions of green algae such as Nannochloris 
atomus (Yates and Robbins, 1998). It is interesting to consider whether this could serve as a long-term 
carbon capture and storage mechanism to deposit carbon from wastewater into a more stable form. 
Further study may be needed to test this concept. 

Algae can also play a role in facilitating carbon capture within soils. Nitrogen-fixing cyanobacteria have 
long been used to provide valuable N for crops such as rice (Dhar et al., 2015). However, recent efforts 
have progressed to quantify the impact of carbon cycling by microalgae within a variety of terrestrial soil 
environments (Yuan et al., 2012; Jassey et al., 2022). Some estimates suggest that approximately two 
thirds of carbon within forests is stored within soils and peat deposits below ground rather than forest 
canopy (Dixon et al., 1994). However, depending on soil management and applications of fertiliser such as 
phosphate, some carbon captured within the live microflora may be released again inadvertently 
(Cleveland and Townsend, 2006), making carbon storage within soil a dynamic feature requiring further 
study if hoping to achieve long-term storage timeframes. 

When the algal biomass is used to produce biofertiliser, biostimulants and/or biochar for mine site 
rehabilitation, there may be potential to increase the total carbon sequestered by accelerating both soil 
carbon sequestration and plant biomass production (Antonelli et al., 2018; Rupawalla et al., 2021; 
Rupawalla et al., 2022; Levett et al., 2023). Rather than relying on living algal biomass for carbon capture 
within soils, the use of charred biomass from algal carbon capture can offer another attractive option. 
Within recent decades, studies of ‘Anthropogenic Dark Earths (ADE)’ or terra preta (de Indio)´ from 
Central Amazonia have revealed localised regions of very deep dark soil with increased nutrient load, 
enriched organic matter along with biochar and archaeological artefacts dating to pre-Columbian 
timeframes (Glaser and Birk, 2012). These rich deep soils contrast the surrounding areas which tend to 
have shallower soil often relying on cycling of nutrients from leaf-fall and atmospheric deposition of 
elements such as P, K and N to maintain fertility (Van Langenhove et al., 2020). The discovery and 
subsequent study of these soils have led to much interest in biochar as the critical factor to encourage 
binding of nutrients, improved soil structure, adding organic matter and enabling long-term carbon 
storage. In Australia, aboriginal activity at particular locations has also been implicated in the formation of 
similar soil types called ‘Cumulic Anthroposols’ which feature characteristics comparable to the South-
American counterparts with carbon dating showing organic carbon storage depositions in the range of 
600 - 1600 years old (Downie et al., 2011). 

Strategies that optimise carbon capture for mine water and site rehabilitation may involve a combination 
of these approaches, bringing together CO2 addition from flue gas, addition of alkaline DIC from mineral 
wastewater, biochar production for long-term carbon capture and application of living algal biomass to 
soils to increase the dynamic C available for the soil microbial community and encourage the return of 
plants and wildlife. Hence, algal production at mine sites may, directly by carbon capture or indirectly via 
enhanced plant growth, offer greenhouse gas offsets, helping mining companies to achieve their ‘net-
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zero’ carbon emission targets (Levett et al., 2023). However, it is to be noted that most products from 
microalgae, such as food, feed, and fuels, would re-emit the captured CO2 to the atmosphere during use 
and degradation, and as such the CO2 captured during production would not qualify for carbon credits. On 
the other hand, the use of algae as a feedstock for biochar production and subsequent soil amendment 
could entrap carbon in a stable form for decades if not centuries (Heilmann et al., 2010; Sayre, 2010). 

2.4.2 Water treatment 

Algae can be used for mine water treatment through various processes. By harnessing the natural 

capabilities of algae and their syntrophic microbial partners (e.g., bacteria), various undesirable properties, 

or contaminants (e.g., acidity, nutrients, salts, metals, sulfate) can be alleviated or removed from the mine 

water. Algae-based treatment can be used in combination with other biotreatment methods where 

microorganisms work in symbiosis with algae cells for effective treatment. In the context of AMD treatment, 

algae can play various roles (Figure 13). These include acidity removal via natural alkalinity generation and 

metal hydroxide precipitation; nutrient removal; heavy metal uptake and sequestration; synthesis of soluble 

extracellular polymeric substances (EPS) as a carbon source for biological sulfate reduction; dead algal 

biomass as a nutrient for sulfate reducing bacteria; as well as desalination. Various algal strains, including 

Anabaena, Chlamydomonas, Chlorella, Cladophora, Oscillatoria, Phaeodactylum, Scenedesmus, and 

Spirulina species, have been studied for their potential in the bioremediation of acidic water (Bwapwa et al., 

2017; Dean et al., 2019). Table 8 summarises various studies that explored the use of algae in AMD 

treatment. 

 

Figure 13. Algae can facilitate acid mine drainage (AMD) treatment via various means. 
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Table 8: Examples of application of algae for acid mine drainage (AMD) treatment (modified from Das et al., 
2009). N/A = not available. 

Algal species 
Role in 

remediation 
Result System Reference 

Blue-green algae–

cyanobacterial 

mat 

N/A Removal of 2.59 g Mn d-1 m-

2 

Oxidation pond Phillips et al., 

1995 

Spirulina sp. Metal adsorption, 

re-alkalisation, 

nutrient for SRB 

(dead biomass) 

(i) Removal of Fe (up to 
100%), Zn (86–98%), Cu 
(38–76%), Pb (40–78%) at tR 
of 10 d 

(ii) Rise of pH from 3 to 8.5 

for a biomass loading of 

3 μg mL-1 chlorophyll a. 

High-rate algal 

pond (HRAP) 

Rose et al., 1998 

Spirulina sp. Alkalinity 

generation & 

metal precipitation 

(i) pH rise from 1.8 to 8.18 

(ii) Reduction of SO4 89%, Fe 

99%, Pb 95%, Zn 93%, Cu 

94%. 

Bench Scale 

anaerobic 

digester, Primary 

and Secondary 

treatment 

Van Hille et al., 

1999 

Mixed algal 

population 

Soluble EPS as 

carbon source for 

SRB 

Up to 57% of sulfate and 

52% COD removal by mixed 

SRB 

HRAP Molwantwa et al., 

2000 

Eunotia exigua 

and Pinnularia 

obscura 

Primary production Chlorophyll a (Chl a) 

content 52–72 mg m-2 

Mining Lake Koschorreck et 

al., 2002 

Spirulina sp. Dead biomass as 

nutrient for SRB 

150 mg SO4 removal g-1 algal 

biomass d-1 

Bench scale 

anaerobic up flow 

reactor 

Boshoff et al., 

2004 

Blue-green algae 

(predominantly 

Oscillatoria spp.). 

– microbial 

consortium 

SO4 removal, metal 

precipitation by 

consortium 

(i) pH increase from 2.93 to 
6.78 

(ii) Reduction of SO4 29%, Fe 

95%, Pb 88%, Zn 86%, Cu 

97%, Co 83%, Ni 62%, Mn 

45% 

Bench scale test 

cell 

Sheoran and 

Bhandari, 2005 

Eunotia exigua 

and 

Chlamydomonas 

sp. 

Enhance primary 

production 

thereby SRB 

growth 

Reduction of Fe from 14 mg 

L-1 to 0.2 mg L-1 and SO4 

from 344 mg L-1 to 124 mg L-

1 

Microcosm 

experiment 

Fyson et al., 2006 

Ulothrix Metal absorption Absorption of Cu 3500 mg L-

1, As 500 mg L-1 

AMD, Sar 

Cheshmeh copper 

mine 

Orandi et al., 

2007 

Chlorella 

pyrenoidosa  

Biodesalination  Maximum salinity removals 

in nutrient-supplemented 

coal mine effluent with HRT 

of 9 d: 93% in bubble 

column reactor and 92% in 

open raceway pond 

Open raceway 

pond (35 L) and 

bubble column 

reactor (7 L) 

Rawat et al., 2024 
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Alkalinity generation (acidity removal) and metal precipitation 

During photosynthesis algae consume CO2 which forms a weak carbonic acid (H2CO3) in water. The removal 

of CO2 during this process reduces acidity and leads to an increased pH. Biogenic alkalinity may also be 

generated when algal biomass is used as electron and carbon source for biological sulfate, nitrate and 

selenate reduction (Kaksonen and Puhakka, 2007; Yan et al., 2021). These processes involve the microbial 

metabolism of algal-derived organic matter, which not only contributes to alkalinity generation but also 

supports the removal of various contaminants. This dual role highlights the potential of algae-based systems 

in water treatment applications. For instance, Van Hille et al. (1999) investigated the use of alkalinity 

produced by the alga Spirulina sp. in a continuous system and found that the alkaline environment created 

by the algal strain significantly promoted heavy metal precipitation in an AMD obtained from a storage dam 

at a copper, lead and zinc mine in South Africa. The system was designed to separate the algal component 

from the metal-containing stream to overcome metal toxicity to the algae. During the primary treatment 

process, over 99% of iron (98.9 mg L-1) and 80–95% of zinc (7.16 mg L-1) and lead (2.35 mg L-1) were 

consistently removed over a 14-d period. Furthermore, the pH of the raw effluent was increased 

significantly from an acidic 1.8 to a neutral pH of over 7 in the treated stream, demonstrating effective 

neutralisation of the AMD. The secondary treatment and polishing steps were tailored to the specific 

characteristics of the effluent. For high-sulfate effluent, the treated stream was fed into an anaerobic 

digester. The combination of primary and secondary treatments achieved a remarkable removal efficiency 

(>95%) of all tested metals and reducing the sulfate load by 90% (Van Hille et al., 1999). This integrated 

approach highlights the effective use of algae in handling complex effluents while addressing both metal 

contamination and sulfate pollution. 

Nutrient removal 

Algae can assimilate nutrients such as nitrogen (N) and phosphorus (P) from water, thereby reducing the 

nutrient concentrations in water. This ability of algae is particularly useful in treating mine water that may 

have ammonium or nitrate from the use of explosives, or effluents from hydrometallurgical processes that 

use nitric acid and hence generate nitrate-containing effluents (Cheng et al., 2014). Unless removed, the 

excessive nutrient concentrations can lead to pollution and eutrophication in receiving water bodies. Algae 

can use various organic compounds containing nitrogen and phosphorus derived from their carbon sources. 

The assimilation of these compounds by algae leads to nutrient removal from the water, a process that 

typically takes a few hours to a few days (Lavoie and de la Noüe, 1985). 

Bio-desalination 

The use of algae for desalination represents a promising advancement for the treatment of saline mine 

drainage. Salt-tolerant algal species such as Scenedesmus sp., Chlorella vulgaris, and Pheridia tenuis, which 

naturally thrive in high-salinity environments like estuaries, are well-suited for addressing the unique 

challenges of mine water (Gautam and Kapoor, 2022). These halophilic algae not only tolerate saline 

conditions but can also absorb and concentrate solutes, reducing salinity levels effectively. 

In a recent study, Rawat et al. (2024) validated an integrated approach using Chlorella pyrenoidosa (NCIM 

2738) for treating nutrient-supplemented coal mine effluent (NSCME) while targeting desalination, heavy 

metal removal, and chemical oxygen demand (COD) reduction, alongside producing biomass and lipids for 

biofuel applications. The study evaluated C. pyrenoidosa cultivation in two pilot-scale reactor systems: a 10 

L bubble column reactor (BCR) (58 cm height × 16 cm outer diameter × 0.5 cm thickness) and a 50 L open 

raceway pond (ORP) (80 cm × 35 cm × 26 cm). Both reactors were filled to 70% of their working volume with 
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NSCME. Microalgae cultivation was conducted in two successive stages: (i) batch mode until the 

stationary phase and (ii) semi-continuous mode at hydraulic retention times (HRTs) of 4, 6, and 9 d. Among 

these, HRT 6 d yielded the highest average biomass productivity of 950 mg L⁻¹ d⁻¹ in the BCR and 728.4 mg 

L⁻¹ d⁻¹ in the ORP. HRT 9 d facilitated maximum lipid production (1.8 g L⁻¹ in BCR and 1.4 g L⁻¹ in ORP) and 

the highest COD removal efficiencies (96.5% in BCR and 94.2% in ORP), as well as maximum salinity removal 

(93% in BCR and 92% in ORP). Fatty acid methyl esters (FAME) characterisation confirmed the biodiesel 

potential of the produced lipids, with a cetane number (CN) of 53.94 (Rawat et al., 2024). The results of this 

study underscore the immense potential of microalgae as an effective and sustainable solution for the 

desalination of mine drainage. By simultaneously achieving significant salt, metal, and COD removal, 

alongside the production of valuable biomass and lipids for biofuel applications, microalgae-based systems 

offer an integrated approach to addressing the environmental challenges posed by saline mine effluent. 

Heavy metal uptake and sequestration 

The process of heavy metal sorption by algae is inherently complex and generally involves two distinct 

stages (Bwapwa et al., 2017; Du et al., 2022). The first stage is extracellular sorption, which occurs rapidly 

and is considered a passive process (Du et al., 2022). This stage begins immediately after the algae come 

into contact with heavy metals and involves several mechanisms, including: the interaction between metal 

ions and anionic ligands on the cell surface; micro-precipitation; surface complexation; covalent bonding 

between metal ions and proteins or other polymers (Du et al., 2022). These mechanisms facilitate the initial 

capture of metal ions on the algal cell surface. The second stage is intracellular accumulation, which is 

slower than extracellular sorption and is an active, energy-dependent process. The mechanisms involved 

are highly species-specific and may include pathways such as phytochelation, where specialised 

biomolecules like phytochelatins bind and sequester metal ions to form stable complexes within the cell (Du 

et al., 2022). This stage not only enhances the algal capacity for heavy metal uptake, but also plays a 

protective role in mitigating metal toxicity. 

The efficiency of heavy metal and sulfate removal by algae depends on multiple factors, including metal 

type, algal taxon, and the age of the biomass (Novis and Harding, 2007). Environmental conditions such as 

light intensity and temperature, which vary with seasons, significantly influence algal performance in 

contaminant removal (Elbaz-Poulichet et al., 2000; Brake et al., 2004). 

The ability of algae to remove heavy metals also varies across strains. In general, green algae such as 

Chlorophyta and Phaeophyta demonstrate higher removal efficiencies than red algae (Rhodophyta) (Al-

Shwafi and Rushdi, 2008). Additionally, dead algal biomass often exhibits greater metal adsorption capacity 

compared to living algae (Mehta and Gaur, 2005). For example, Stigeoclonium sp., a freshwater alga, has 

shown the ability to survive in mining water with high zinc concentrations (~10 mM) and effectively remove 

the metal (Pawlik-Skowronska, 2001). 

Specific algal strains such as Spirulina sp., Chlorella, Scenedesmus, Cladophora, Oscillatoria, Anabaena, 

Phaeodactylum tricornutum have shown the capacity to remove a considerable amount of heavy metals 

from AMD. These strains act as "hyper-accumulators" and "hyper-adsorbents" with high selectivity for 

elements such as iron (Fe), cobalt (Co), zinc (Zn), molybdenum (Mo), and copper (Cu) (Bwapwa et al., 2017). 

These metals also serve as essential micronutrients, influencing enzymatic activity and cellular metabolism 

(Balzano et al., 2020; Nagarajan et al., 2022). Heavy metal removal can occur through one or a combination 

of two processes: biosorption, where metals are adsorbed onto the algal cell surface through mechanisms 

like complexation or micro-precipitation, and bioaccumulation, where metals are absorbed into the algal 
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cells (Nagarajan et al., 2022). Both approaches demonstrate the potential of algae as effective 

bioremediation agents for heavy metal-contaminated water systems. 

Microalgae for heavy metal-containing mine drainage 

Algal remediation of heavy metals can involve live culture, or application of dead algal biomass to bind and 
retrieve these toxins. Live algal samples found in AMD impacted water (pH range 2.9 - 3.4) have been 
demonstrated to take up significant amounts of Al, Fe, Mn and Zn in the range of 14 – 46,000 mg kg−1 dry 
weight (Oberholster et al., 2014). There are many studies addressing this topic (Table 9). However, we 
have briefly discussed some of these relating to the heavy metal elements cadmium and copper to serve as 
examples which may illustrate the potential benefits and challenges for phycoremediation of this uniquely 
toxic group of elements. 

 

Table 9: Algae used for heavy metal removal from AMD (adapted from Du et al., 2022). 

Algal species Growth method AMD composition 
(mg L−1) 

Metal removal 
efficiency 

Reference 

Klebsormidium sp. Algae were collected 
from the mine site 
and grown in lab, 
Photo-rotating 
biological contactor 
(PRBC) 

Cu 80–100, Mn 35–
40, Mg 85–100, Ca 
18–2, Ni 2.0–3.0, Zn 
18–20, Na 20-25 

Removal efficiency is 
35%–50% by order 
Cu > Mn > Mg > Ca > 
Ni > Zn > Na 

Orandi and 
Lewis, 2013 

Oedogonium 
crissum 

Field growth and 
laboratory 
experiment  

Al 4.8, Fe 79, Mn 51, 
Zn 550  

In all study pH 
conditions, 
Oedogonium crassum 
was considered to 
have the highest 
metal 
bioaccumulation rate  

Oberholster et 
al., 2014 

Klebsormidium 
klebsii 

Microspora 
tumidula 

Stichococcus 
bacillaris 

Porous Substrate 
Bioreactor (PSBR) 

Zn 2.0–3.0 Zn 15–19 mg g−1 Li et al., 2015 

Sargassum sp. Laboratory 
experiment 

Cu 20, Cr 20 Cu 71.4 mg g−1 Jacinto et al., 
2009 

Scenedesmus 
quadricauda 

Laboratory 
experiment with dry 
biomass 

Cr 100 Cr 58.5 mg g−1,  

Cr 46.5 mg g−1 

Khoubestani et 
al., 2015 

Chlorella sp. Stabilisation pond 
system 

Zn and Pb 5.0–20 Zn 34.4 mg g−1,  

Pb 41.8 mg g−1 

Kumar and 
Goyal, 2010 

Ulothrix sp. Photorotating 
biological contactor 
(PRBC), algae 
collected from mine 
site 

Cu 80–100, Ni 2–3, 
Mn 35–45, Zn 18–20, 
Sb 0.005–0.007, Se 
0.03–0.04, Co 0.3–0.5, 
Al 0.07–0.09 

The metal removal 
efficiency is 20–50% 
by order Cu > Ni > Mn 
> Zn > Sb > Se > Co > 
Al 

Orandi et al., 
2012 

Nephroselmis sp. Pipe Insert Microalgae 
Reactor (PIMR), AMD 
pre-treated with 
active treatment 

Fe 20.5 ± 9.8 Fe 24.2 mg g−1 Park et al., 2013 
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Algal species Growth method AMD composition 
(mg L−1) 

Metal removal 
efficiency 

Reference 

Spirogyra verrucosa Laboratory 
experiment with dry 
biomass 

Mn 50 Mn 40.7 mg g−1 
(80.2%) 

Bansod and 
Nandkar, 2016 

Nannochloropsis sp. Lab-scale growth, 
modified with silica 
and followed by 
coating with 
magnetite particles 

Cu 6.4–64 Cu 56 mg g−1 (87.5%) Buhani et al., 
2021 

Nannochloropsis 
oculata 

Laboratory growth 
and experiment 

Cu 16 Cu 99.9 ± 0.04% by 
metabolism and 89.3 
± 1.92% or 5 pg cell-1 
via adsorption 

Martínez-
Macias et al., 
2019 

Phormidium 
ambiguum 

Algae isolated from 
River Nile and Ain 
Helwan Spring & 
Laboratory 
experiment 

Cd, Pb and Hg are all 
0.01 

P. typicum had the 
highest removal 
efficiency of Hg 15.1 
mg g−1, Cd 5.5 mg g−1 
and Pb 74.5 mg g−1 

Shanab et al., 
2012 

Pseudochlorococcum 
typicum 

Scenedesmus 
quadricauda var 
quadrispina 

Chlorella vulgaris Lab-scale growth Fe 788, Al 310, Mn 
19.4 

Removal efficacy for 
all metals reached 
approximate 99.9% 

Brar et al., 2022 

Spirulina platensis Lab-scale growth and 
dried with 100 °C 
oven 

Al, Ni and Cu 2.5–100 S. platensis Ni 95%, Al 
87%, Cu 62% 

Almomani and 
Bhosale, 2021 

Chlorella vulgaris C. vulgaris Ni 87%, Al 
79.1%, Cu 80% 

 

Cadmium (Cd) has no known beneficial biological role and appears to be increasingly prevalent in various 
types of wastewater samples (Chandra and Kang, 2015; Khan et al., 2022), including AMD and gold mine 
wastewaters (van Dam et al., 2008). In some single cell organisms such as bacteria, yeasts and algae, 
several molecular strategies have evolved to resist the toxic effects of cadmium exposure. For instance, 
cation diffusion facilitator membrane bound proteins can move divalent ions such as Zn+2 and Cd+2 toward 
the cell exterior, whereas under some circumstances vacuolar (interior-directed) accumulation may be 
mediated by metallothionein proteins (Khan et al., 2022). These defence mechanisms, operating at the 
molecular scale, limit DNA or oxidative damage which might otherwise occur (Chiaverini and De Ley, 2010; 
Alquethamy et al., 2021). 

Several microalgae species can grow under very high cadmium concentrations. For instance, Chlorella sp. 
could grow under conditions of 10,000 µg Cd+2 L−1 and remove 96% of the Cd+2 after 28 d of growth 
(Rehman and Shakoori, 2004) cited in (Khan et al., 2022). This starting concentration is approximately 2-3 
thousand times the acceptable standard of 3-5 µg L−1 (World Health Organisation (WHO) and United States 
Environmental Protection Agency (US EPA) figures cited in (Maithani et al., 2023)), however with an 
impressive 96% decrease in concentration, the remaining ≈ 400 µg Cd L−1 would still remain well above 
water quality limits. This starting concentration of cadmium is within the (very wide) 101 - 163,800 µg Cd 
L−1 range published by Ighalo et al. (2022) for AMD wastewaters. Other species which have demonstrated 
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removal of cadmium from wastewaters include Tetraselmis suecica, Chlorella minutissima, Selenastrum 
capricornutum and Microcystis aeruginosa, although in some of these cases the dead biomass was used as 
an adsorbent rather than as part of a live culturing process (Tripathi and Poluri, 2021). The combination of 
Cd remediation combined with cyanobacteria mediated N fixation was also explored in a study by Hu et al. 
(2022) looking at aiding rice production with promising levels of Cd removal. 

Some interesting studies have explored the potential for biochar mediated heavy metal remediation. Some 
of these include algae or plant-origin biochar. Shen et al. (2017) studied the effects of a combined plant-
origin biochar with a bio-polymer producing Chlorella sp. as a Cd removal agent, and found the synergistic 
effects enabled a maximum of 217.4 mg Cd(II) removed per gram of adsorbent. Cadmium removal from 
wastewaters using microalgae has been covered in more detail elsewhere in the literature (see Tripathi 
and Poluri, 2021). 

Another heavy metal, copper (Cu), can be present in mining waste samples such as AMD in the range from 
approximately 3 - 149,700 µg L−1 Cu (van Dam et al., 2008; Ighalo et al., 2022) or bauxite refinery red mud 
leachate at approximately 200 – 2,000 µg L−1 (Sun et al., 2019a). Standards for surface water levels are 
approximately 1,300 – 2,000 µg L−1 (WHO and US EPA figures cited in Maithani et al., 2023). Although 
copper can be toxic in high concentrations as a water pollutant, it also has a role in biology at lower 
concentrations (Sunda et al., 2005). Copper treatments are also widely used for horticultural applications 
in a mineral form as a trace element supplement, and an apparent demand exists for alternative products 
which may fit organic farming methods (Katsoulas et al., 2020). Copper and zinc also serve in pork 
production to improve animal weight gain and provide resistance to microbial infection (Ding et al., 2021). 

There are several studies looking at microalgae uptake of copper from wastewater samples with copper 
concentrations in the range similar to the mining wastes mentioned above, although we did not find 
research covering the extreme upper end of the AMD range. For instance, mine tailings water with a 
concentration of 408 µg L−1 Cu and a pH of 7.29 were able support growth of Chlorella vulgaris with up to 
64.7% removal of Cu (Urrutia et al., 2019). Chan et al. (2013) reported up to ≈ 80% of Cu removal from a 
laboratory scale growth trial using microalgae Chlorella vulgaris and Arthrospira maxima (formerly called 
Spirulina maxima) grown on secondary effluent from a wastewater treatment plant with copper 
concentrations of ≈ 56,600 µg L−1 Cu, with both live and dead biomass providing similar copper removal 
although dead biomass was quicker at removal. Saavedra et al. (2018) studied the growth of a live culture 
of Chlorophyceae spp. under the influence of copper at concentrations of up to 6,000 µg L−1 Cu and 
reported 88% removal of the copper from the growth media. Nannochloropsis oculata was demonstrated 
to remove up to 99.99% of the copper from algal growth medium in the lower range of 3.2 to 16 µg L−1 Cu 
(Martínez-Macias et al., 2019). Orandi and Lewis (2013) showed a live-algal biofilm cultivation process 
dominated by Klebsormidium sp. using a photo-rotating biological contactor for the treatment of synthetic 
AMD and at pH 3 found removal of over 59% of Cu along with over 50% of other minerals including Na, Zn, 
Ni, Ca, Mg and Mn. 

 

Recovery of valuable elements such as lithium and gold 

Although lithium (Li) is only approximately 0.0035% of the Earth’s crust (Teng et al., 2004), it is highly 
reactive and has unique chemical properties making it a valuable resource. Lithium mining is expected to 
grow dramatically in the decades ahead, with 59% of lithium product being used in the battery industry, 
and the remainder scattered across ceramics and glass (9%), lubricating greases (8%) and other industrial 
products (Meng et al., 2019). Lithium can be obtained from several natural sources, including brine 
deposits, such as those found in Chile and Bolivia (Kesler et al., 2012), however, the most abundant 
mineral called spodumene is chiefly found in Australia’s pegmatite (igneous rock) reserves (Kesler et al., 
2012; Asif et al., 2024). 
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Due to the recent rapid growth in lithium processing, there are few regulations established for guidance 
toward safe concentration levels in natural waterways or even drinking water (Adeel et al., 2023), although 
Australia does have a guideline of less than 2,500 µg L−1 Li for irrigation water (Australian and New Zealand 
Environment and Conservation Council (ANZECC), Agriculture and Resource Management Council of 
Australia and New Zealand (ARMCANZ), 2000). Despite lacking regulations, microalgae mediated lithium 
recovery would maximise efficiency of the mineral resource and reduce potential for lithium run-off into 
natural waterways. 

Recovery of lithium using the hypersaline tolerant microalgae Dunaliella salina was demonstrated to 
achieve 4,000 µg Li removal per gram of dry biomass, from a starting concentration of 20,000 µg L−1 under 
high pH of 9 growth conditions (Günan Yücel et al., 2021). This research revealed that the negatively 
charged cell surface was responsible for its affinity to bind the lithium ion. Experiments using other species 
such as Chlamydomonas reinhardtii and Desmodesmus sp. have also shown good recovery of lithium from 
industrial wastewater (Díaz-Alejo et al., 2021). Depending on appropriate quality controls, there may also 
be potential for lithium-containing food supplements mediated by microalgae culture, such as Arthrospira 
platensis which has shown ability to absorb low levels of lithium from its growth media (Liliana et al., 
2021). 

After iron ore, bauxite and lithium, gold ranks as one of the highest value mineral outputs for Australia, 
with Australia providing 10% of the world supply (Britt et al., 2017) cited in (Jang and Topal, 2020). Since 
the early 1850s, gold mining has significantly influenced Australia’s economy, with steady improvements in 
technical capabilities geared toward more efficient recovery of this highly valued resource. Since the 
1980s, a dramatic increase in gold production has occurred against the background of declining ore grade 
and increasing waste rock output (Mudd, 2007). Retired gold mines leave behind tailings reservoirs which 
can include minerals such as Cu, Zn and Al that can form AMD and put ground or surface waters at risk of 
contamination, with the degree of risk heavily influenced by rainfall patterns (van Dam et al., 2008). 
Separate from the remediation of AMD using algal treatment processes, recovery of remnant minerals 
including gold may be mediated by algal biomass bio-sorption processes. For example, defatted 
Haematococcus pluvialis biomass was shown to effectively recover Au from solutions of tetrachloroauric 
acid (HAuCl4·H2O) (Adhikari et al., 2024). Ju et al. (2016) investigated the recovery of precious metals from 
a wastewater solution containing metals copper (Cu), iron (Fe), platinum (Pt), nickel (Ni), zinc (Zn), tin (Sn), 
gold (Au) and palladium (Pd). By adjusting the pH to 0.3 ± 0.1 using nitric acid solution and applying 
approximately 7 mg dry algal biomass per mL of solution they achieved the selective recovery of over 90% 
Au and Pd while leaving other metals behind, in a process that took approximately 1 h or less and involved 
elution with an ammonium salt solution. Nannochloropsis and Desmodesmus have also been evaluated for 
their ability to adsorb Au. With an adsorption duration of up to 24 hours, an effective recovery strategy 
was identified, using 0.1 M thiourea (NH2CSNH2) in conjunction with 0.1 M HCl (Adhikari et al., 2023). 
Other algal species have been investigated for Au recovery such as Lyngbya majuscula, Spirulina subsalsa 
and Rhizoclonium hieroglyphicum (Chakraborty et al., 2008), and cyanobacterium Plectonema boryanum 
studied for its Au bioaccumulation properties (Lengke et al., 2006). 

Biochemical oxygen demand (BOD) reduction 

Elevated levels of biochemical oxygen demand (BOD) in mine wastewater can exhaust the dissolved oxygen 

concentration in the receiving water, leading to hypoxic or anoxic conditions that threaten aquatic 

ecosystems. These conditions can suffocate aquatic life and promote anaerobic processes, resulting in the 

accumulation of toxic byproducts such as hydrogen sulfide or methane (Kaloudas et al., 2021). Algae play a 

critical role in addressing these challenges by contributing to the removal of organic compounds that 

contribute to BOD. Through the process of photosynthesis, algae take up carbon dioxide and release oxygen 

into the surrounding environment. The released oxygen not only helps to replenish dissolved oxygen levels 
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but also supports aerobic microbial communities, which are crucial for the oxidation and breakdown of 

organic matter. This synergistic relationship between algae and aerobic bacteria enhances the degradation 

of organic pollutants, thereby reducing BOD in the water (Abinandan et al., 2018; Muñoz and Guieysse, 

2006). 

Algae can form consortia with other microorganisms, such as bacteria, to create synergistic interactions that 

enhance the overall efficiency of wastewater treatment processes. This approach provides a comprehensive 

solution for addressing various pollutants. Algae-bacteria consortia, for instance, have been shown to 

significantly improve microalgal growth rates and pollutant removal efficiency (Mujtaba et al., 2018). A 

typical example of this synergistic relationship is seen in wastewater stabilisation ponds, where the 

collaboration between algae and bacteria facilitates efficient treatment. The success of these consortia, 

however, requires the optimisation of critical factors such as CO₂ concentrations, light intensity, and 

nutrient availability to support the growth and activity of both microorganisms (Chia et al., 2021). 

Use of algal biomass as electron and carbon source for biotechnical mine water treatment 

Algal biomass can also be used as an electron and carbon source for biotechnical mine water treatment. 

Depending on the mine water quality (e.g., acidic, neutral or alkaline) and the type of algae used (e.g., 

acidophilic, neutrophilic, alkalophilic) and the intended end-uses of algae, the algal cultivation can occur 

either before or after biological oxyanion, metal, metalloid and acidity removal as shown in Figure 14 

(CSIRO background Intellectual Property (IP)). The biological oxyanion removal can include the reduction of 

e.g., sulfate, nitrate and selenate with sulfate-, nitrate- and selenate-reducing microbes to hydrogen sulfide, 

nitrogen gas and elemental selenium, respectively (Kaksonen and Puhakka, 2007; Yan et al., 2021). Biogenic 

alkalinity generated during sulfate, nitrate and selenate reduction can neutralise acidity (Kaksonen and 

Puhakka, 2007; Yan et al., 2021). Chalcophile metals, such as Cu, Zn, Ni, Co, Fe and Mn, and metalloids, such 

as As can be precipitated with biogenic sulfide (Kaksonen and Puhakka, 2007; Sahinkaya et al., 2017). 

Moreover, biogenic alkalinity facilitates the precipitation of metals such as aluminium as hydroxides. 
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Figure 14: Options for integrating algal cultivation into mine water treatment. Courtesy of CSIRO (CSIRO background 
IP). 

A) Algal cultivation before biological oxyanion, metal, metalloid and acidity removal where algae facilitate initial contaminant and 
acidity removal and serve as carbon and electron donor for subsequent biotechnical treatment; B) Algal cultivation after biological 
oxyanion, metal, metalloid and acidity removal, with algal biomass harvested, bioproducts extracted and residual algal biomass 
returned as electron and carbon source for mine water treatment. 

 

2.4.3 Mine waste stabilisation 

The two major environmental impacts of most mine wastes are the generation of acid mine/rock drainage 

(AMD/ARD) and the consequent release of hazardous and toxic elements (e.g., As, Se, Sb, Pb, Cd, Cu, and 

Zn), which is induced by the weathering of sulfidic mine wastes. AMD and metal leaching prevention is the 

key to avoid costly mine water treatment. The primary goal of prevention or source control is to stop 

contaminated drainage from leaving the mine site at its source by minimising reaction rates, leaching, and 

the subsequent migration of weathering products from mine waste to the environment. Minimising oxygen 

supply for pyrite oxidation, minimising water infiltration, isolating sulfide minerals, controlling pore water 

chemistry, neutralisation of acidity, and controlling bacteria and biogeochemical processes are among 

source control measures.  

Effective stabilisation strategies are crucial to mitigate the release of harmful metals and acid into 

surrounding ecosystems. Various approaches have been proposed for mine waste stabilisation, including 

setting physical barriers to limit oxygen (O2) transport into mine wastes (i.e., wet and dry covers), using 

bactericides to suppress the activity of bacteria that dominate sulfide oxidation, and 

stabilisation/solidification usually through chemical treatments, to change the physicochemical properties 

of mine wastes as well as the chemistry of surrounding environment (Wang et al., 2022b).  
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Mine waste stabilisation involves chemically reducing or eliminating the impact of hazardous waste by 
transforming solid contaminants into less harmful forms, while solidification focuses on encasing the waste 
in a solid material to eliminate contaminants (Punia, 2019). Therefore, the combined process of 
solidification /stabilisation (S/S) for mine waste includes mixing mine wastes with specific agents to make 
toxic pollutants non-toxic (Rey et al., 2020). The amendments used generally are either alkaline materials 
for acid consumption or compounds that react with the waste to restrict sulfide oxidation or bind metals in 
the reaction product (Li et al., 2019). Examples of alkaline materials include limestone, slaked lime (calcium 
hydroxide), fly ash, and alkaline paper mill waste, and examples of reactive compounds include phosphate, 
silicate, and sewage sludge (Herbert and Höckert, 2009).   

Several types of covers, each with unique mechanisms and properties, offer promising solutions for mine 
waste stabilisation. According to Neculita et al. (2024) several mechanisms within amendments and covers 
made of organic or mineral, natural or residual materials can lead to geochemical and geotechnical stability 
of amended or covered tailings, including the following:  

1. Consumption of oxygen and creation of a reducing environment favourable to the precipitation or 
preservation of metal sulfides in the presence of sulfate-reducing bacteria or Fe3+ to Fe2+ reducing 
bacteria.  

2. Increase of pH and alkalinity of pore water, by addition of neutralising materials, or by mineralised 
organic carbon produced by final degraders, such as sulfate-reducing bacteria.  

3. Dilution of contaminated pore water, and improved efficiency of passive treatment systems.  
4. Formation of a hardpan layer of secondary minerals by neo-formed minerals precipitation playing a 

protecting role to prevent oxidation of unoxidised tailings.  
5. Limitation of water infiltration in mine tailings by favouring horizontal runoff.  
6. Improvement of geochemical and mechanical properties of tailings and development of a 

protective layer favourable to tailings revegetation. 

Organic covers are increasingly used to control the generation of contaminated mine drainage from tailings 
storage facilities. Several organic materials, have been assessed as mine reclamation covers, including 
biosolids, industrial wastes, sewage sludge, composts, paper mill sludges, woody debris, and peat 
Rakotonimaro et al. (2021). Organic covers can be used as:  

o an oxygen-diffusion barrier: a high degree of saturation of organic materials induces a low 
diffusion of oxygen in the material 

o an oxygen-consuming cover: the decomposition of organic matter favours the depletion of 
atmospheric oxygen and dissolved oxygen in seepage water 

o a cover with low saturated hydraulic conductivity: compaction and decomposition of 
organic cover may decrease hydraulic conductivity and water percolation.  

Moreover, organic covers could increase the biological colonisation of mine soils (microbial activity and 
diversity, plant establishment) through the improvement of physicochemical properties (pH, nutrients, 
organic matter), as well as prevent water and wind erosion (Tassé et al., 1994). However, changes in the 
physicochemical characteristics of organic materials (e.g., total organic matter mass reduction associated 
with their degradation over time) could impact the long-term performance of the cover. 

Oxygen-consuming covers 

The Global Acid Rock Drainage guide (GARD guide, http://www.gardguide.com (The International Network 
for Acid Prevention, 2009) highlights several key solutions for mine waste stabilisation, focusing on the use 
of oxygen-consuming covers and innovative technologies. The GARD guide strongly advocates for oxygen-
consuming covers as a primary method for reducing AMD. These engineered layers, placed over acid-
generating materials like tailings and waste rock, limit sulfide mineral exposure to oxygen and water. Their 
effectiveness stems from several key mechanisms: 

http://www.gardguide.com/
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• Oxygen reduction: Microbial communities within the cover consume oxygen as they decompose 
organic materials (e.g., compost, biosolids, organic-rich sugar foam, cow manure). This creates an 
anaerobic environment that significantly inhibits sulfide oxidation, the primary driver of AMD. The 
study by Ribet et al. (1995) highlighted the importance of limiting oxygen exposure to sulfide minerals, 
emphasising that this limitation is crucial for preventing acid mine drainage and promoting the 
reductive dissolution of ferric-bearing secondary precipitates, which can lead to the release of metals 
from tailings. 

• Microbial activity: The organics decomposition process not only consumes oxygen but also produces 
byproducts, such as organic acids, that further inhibit sulfide oxidation and reduce metal solubility. This 
buffering effect helps control pH levels, minimising the environmental impact. Koschorreck et al. (2011) 
demonstrated how the addition of whey to an acidic mine pit lake stimulated microbial respiration, 
consuming oxygen and creating anoxic conditions. 

• Moisture retention: Maintaining adequate moisture is essential for microbial activity. Hence, covers 
should be designed to prevent saturation, which else could compromise cover effectiveness. The 
design should consider thickness, composition of organic materials, and hydrological control (proper 
drainage) to ensure long-term effectiveness (Levett et al., 2023). 

• Improvement of soil quality: The addition of biosolids (e.g., municipal sewage sludge) to mine tailings 
also substantially increases soil carbon sequestration rates improving soil quality. This includes 
stabilising pH, increasing nutrient availability, and enhancing plant productivity (Antonelli et al., 2018). 

Algal biomass derived from mine-influenced waters could be used as organic matter in oxygen-consuming 
covers and offers several advantages for mine waste stabilisation. Since organic matter within algal biomass 
is largely derived from atmospheric CO2, its cultivation inherently represents carbon capture and utilisation 
(CCU). Further, the use of algae grown on-site utilising mine waters provides a cost-effective and 
sustainable solution, reducing the need for transporting external materials and aligning with 
environmental, social, and governance (ESG) objectives.  

Long-term effectiveness of waste stabilisation 

While a variety of cover options exist to stabilise mine waste, the choice of method depends on site-specific 
factors, cost considerations, and long-term management goals. Careful planning, including considerations 
of both biotic and abiotic interactions, is essential for ensuring the sustainable remediation of mine waste. 
The specific composition and design of covers should be carefully selected to meet the particular needs of 
the specific waste materials and environmental conditions. 

The long-term effectiveness of any cover system depends on several factors, including biomass removal 
rates, where higher removal rates in oxygen-consuming covers reduce their oxygen interception capacity, 
potentially leading to increased oxidation and AMD generation. Further, over time, the degradation of the 
cover material itself can impact its effectiveness as a barrier to oxygen. Hence, regular monitoring and 
maintenance are crucial to ensure the long-term performance of any cover system. 

There also exist some gaps in current research. While individual studies exist on oxygen-consuming 
biosolid, and monolayer covers, research on their combined use remains noticeably absent. This lack of 
investigation prevents a complete understanding of the potential synergistic benefits and optimal design 
configurations for integrated cover systems. Further research in this area is crucial for developing truly 
effective and sustainable mine waste remediation strategies. 

2.4.4 Dust suppression 

Dust generation in mines primarily occurs during operations such as drilling, blasting, and ore 
transportation. The mechanical processes involved in ore extraction break material into smaller particles, 
which become airborne during movement and handling. Some dusts, like coal dust, are hydrophobic and 
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tend to remain suspended in the air, making control difficult. Wind and equipment movement can re-
entrain settled dust, exacerbating the problem. This airborne dust poses significant health risks to miners 
(Liu and Liu, 2020) and causes environmental pollution, necessitating effective dust suppression strategies. 

Common dust suppression methods include water sprays, chemical dust suppressants, and ventilation 
systems (Dong et al., 2023). Water sprays, a widely used technique, involve applying a fine mist or droplets 
directly to dust sources to capture and settle particles. However, their effectiveness is limited by 
environmental conditions like wind. Chemical dust suppressants, categorised as wetting (Wang et al., 
2020), cohesive (Dong et al., 2023), or condensing (Sun et al., 2019b) agents, enhance dust control by 
binding particles or increasing moisture retention. Ventilation systems play a crucial role in diluting and 
removing airborne dust, improving air quality for workers and minimising dust accumulation (Dong et al., 
2023). While these methods are often combined for improved efficiency, challenges related to 
environmental impact and cost remain. 

Research on dust suppressants has evolved significantly from 1985 to 2021, shifting toward more 
environmentally friendly and effective solutions (Dong et al., 2023). Since 2012, there has been a marked 
increase in interest in new dust suppressants, particularly those prioritising ecological and environmental 
protection. This includes the development of compound dust suppressants, combining multiple 
mechanisms for enhanced efficacy, and the utilisation of sustainable materials. Since 2021, there has been 
a shift toward microbial, enzyme, and nanomaterial-based suppressants, driven by the potential to utilise 
waste materials in their production. Overall, the focus has shifted toward sustainable production of dust 
suppressants, reducing their environmental impacts (Dong et al., 2023). 

Plant-based dust suppressants are currently emerging as a sustainable alternative to chemical dust 
suppressants. A prime example is the use of Pinus elliottii resin, derived from the southern yellow pine tree, 
which is being harnessed for its natural adhesive properties and environmental benefits. This resin is 
formulated into an effective dust suppressant by combining it with calcium chloride, water, ethanol, and γ-
polyglutamic acid (γ-PGA), creating a solution that effectively agglomerates dust particles and prevents 
their dispersion (Campos et al., 2022). Similarly, sawdust has been demonstrated as a dust suppressant by 
transforming it into a super absorbent polymer through microwave-assisted chemical crosslinking with 
acrylic acid and 2-acrylamide-2-methyl propane sulfonic acid (AMPS) (Zhou et al., 2023). This polymer 
effectively absorbs moisture, binding dust particles together and preventing them from becoming airborne. 
Field applications in mining have demonstrated significant reductions in total and respirable dust levels, 
with average reductions of 90.07% and 85.43%, respectively. In this instance, the use of sawdust promotes 
waste recycling and environmental sustainability (Zhou et al., 2023). 

In addition to these innovative approaches, other natural materials are also being explored for their potential 
as effective dust suppressants. For example, polysaccharide-based hydromulches have been identified as 
promising alternatives due to their ability to agglomerate dust particles while providing additional benefits 
such as moisture retention and weed suppression (Shcherbatyuk et al., 2024). These hydromulches, derived 
from natural sources like chitosan and glucomannan, can be applied using standard spray equipment, making 
them accessible for various applications. Field studies have shown that these materials can significantly 
reduce dust levels while also enhancing soil health (Shcherbatyuk et al., 2024). 

Wang et al. (2023) in a recent study also revealed the prospect of using microalgae for the production of an 
environmentally sustainable dust suppressant. Microalgae can contain up to 80% oil by dry weight 
(Benedetti et al., 2018; Duarte et al., 2017; Singh and Singh, 2014), providing a significant source of raw 
material for the synthesis of dust suppressants. Microalgae oil, extracted through an optimised process 
involving solvent ratio, liquor-to-material ratio, and extraction time, serves as a novel, sustainable raw 
material for synthesising dust suppressants. The microalgae oil-based dust suppressant (MODS) is 
characterised as an amide dust suppressant and has superior hard water resistance compared to traditional 
anionic surfactants like sodium dodecyl benzene sulfonate (SDBS). This is attributed to MODS's ability to 
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maintain stable interfacial properties even under varying temperatures, pH levels, and salinity, unlike 
SDBS which loses effectiveness in hard water. The MODS's excellent wettability, confirmed through contact 
angle and sinking time tests, highlights its potential as a greener, more effective alternative for specifically 
coal dust suppression in challenging mine environments (Wang et al., 2023). 

Microalgal-based dust suppressants offer several advantages over traditional plant or other natural-based 
suppressants for dust management in mines. Firstly, microalgae have a significantly higher oil content, 
often reaching up to 80% of their dry weight (Benedetti et al., 2018; Duarte et al., 2017; Singh and Singh, 
2014), which allows for more effective and concentrated formulations. Additionally, microalgae can rapidly 
grow and accumulate biomass while absorbing carbon dioxide, making them a sustainable and eco-friendly 
option. A notable prospect is the potential to cultivate microalgae using mine water, which may in some 
cases be rich in nutrients. This approach not only provides a valuable resource for dust suppressant 
production but also helps in treating and recycling mine water, thus addressing multiple environmental 
concerns simultaneously. Unlike many plant-based suppressants, which may have variable performance 
due to seasonal availability and differing compositions, microalgal extracts provide consistent quality and 
effectiveness. The high efficiency, sustainability, and reliability of microalgal-based dust suppressants 
position them as a superior choice for effective dust management in mining operations (Wang et al., 2023). 

2.4.5 Soil amendment for mine site rehabilitation  

Effective mine site rehabilitation hinges on growth media with key properties: stable, non-dispersive 
substrates promoting root growth, adequate water retention, and sufficient, vegetation-specific nutrients 
(Young et al., 2022). Essential indicators include infiltration and water holding capacity, aeration, and 
nutrient levels. Crucially, microbial communities, often overlooked, also play a vital role (da Silva et al., 
2023). Nutrient depletion can affect revegetation by limiting germination, seedling establishment and long-
term survival. Issues such as sodicity, low levels of essential nutrients (N, P and K), and low soil pH caused 
by the presence of acid forming materials are common in mine waste (da Silva et al, 2024).  

Recent studies have proposed the conversion of mine waste into a soil-like substrate to enable vegetation 

colonisation and thus achieve resource utilisation, specifically, coal waste substrate modified by steel slag, 

sludge, or rice husk ash, successfully supported the growth of vegetation (e.g., Firpo et al., 2021). Various 

topsoil amelioration strategies can be used to promote mine site rehabilitation as shown in Figure 15. NPK 

fertilisation, gypsum addition and topsoil ripping are among the most common techniques used to 

ameliorate topsoil chemistry and structure in Queensland coal mines. The use of topsoil ripping, mulching, 

seed mixes/cover crops, and lime biosolids and fly ash addition have also been used to ameliorate topsoil 

as a growth medium. The incorporation of organic amendments such as compost, manure and different 

types of mulch has been used as an alternative technique to achieve revegetation goals during mine site 

rehabilitation. Compost may be beneficial to address surface mine restoration goals by improving 

important soil parameters, such as organic matter, labile carbon, nitrate content, and pH, that could lead to 

ecosystem recovery. The addition of a combination of lime and organic matter is capable of both increasing 

soil pH and favouring biological processes that increase organic matter cycling. Combinations of both 

strategies (gypsum and lime) with other common sources of ameliorants such as mulch, have been 

reported with positive outcomes in ameliorating both sodic and acidic environments (da Silva et al, 2024). 

Soil amendment with gypsum and NPK fertilisers improves chemical and physical properties for plant 

growth (Kumari and Maiti, 2022). External materials like ash or biosolids augment nutrient content. 

Mulching (organic or rock) enhances aggregate stability and organic matter content in topsoil. Topsoil 

ripping alleviates compaction, improving aeration and water infiltration. However, the effectiveness of each 

technique varies depending on site-specific conditions. While methods such as topsoil/spoil mixing with 

amendments provide short-term gains, long-term success demands site-specific approaches considering 

geological, ecological, and hydrological factors. This is particularly important in areas like the Bowen Basin, 
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where prevalent clay soils with high pH negatively impact cation exchange capacity, soil fertility, and 

plant growth (da Silva et al., 2024).  

 

Figure 15: Current topsoil amelioration strategies used in coal mines in Queensland (Redrawn with data from da Silva 
et al., 2024).  

While the techniques for addressing topsoil deficit in mine rehabilitation show promise, they also present 
several challenges. For instance, amendments like gypsum and fertilisers may provide only short-term 
benefits, potentially leading to nutrient leaching and diminishing soil quality over time (Pedrol et al., 2010). 
Moreover, excessive fertiliser use may decrease plant diversity in long term. Erskine and Fletcher (2013) 
suggest minimising fertiliser supplementation, particularly avoiding the application of large quantities of 
phosphorus to retain native grasses. The use of external materials such as ash or biosolids can introduce 
contaminants or imbalances in soil chemistry if not carefully managed. Municipal waste can present a risk 
due to the presence of solid contaminants, such as plastic and glass (Xiong et al., 2019). Emerging 
contaminants such as per- and polyfluoroalkyl substances (PFAS) can be present in waste streams from 
landfills and wastewater treatment facilities (Heads of Environment Protection Authorities (EPAs) Australia 
and New Zealand, 2020). Contaminant risks require consideration before organic amendments from 
municipal waste streams such as biosolids, mulch and wastewater are used in rehabilitation. Additionally, 
mulching may require ongoing maintenance to ensure its effectiveness, and topsoil ripping, while beneficial 
for aeration, can disrupt existing soil structures and microbial communities. These challenges underscore the 
need for careful planning and monitoring to ensure that rehabilitation efforts lead to sustainable outcomes. 

Carbon addition to mine tailings has been shown to enhance long-term rehabilitation success (Larney and 
Angers, 2012; Levett et al., 2023). Algae-based soil ameliorants can provide numerous benefits for soil 
health and plant growth. For instance, algal biomass can be used as biofertilisers, biostimulants and 
feedstock for biochar production. The use of onsite-generated algal biomass as an organic soil amendment 
presents several beneficial aspects for mine rehabilitation. Algal biomass is rich in essential nutrients, 
including nitrogen, phosphorus, and potassium, which can notably enhance soil fertility and promote plant 
growth (Figure 16). For instance, studies have shown that incorporating algal biomass can improve soil 
structure and water retention, leading to better moisture availability for plants, which is crucial in arid 
mining environments. Additionally, algal biomass can contribute to the restoration of soil microbiomes, 
fostering a diverse community of microorganisms that are vital for nutrient cycling and soil health. 
Repurposing excess algae from water bodies or acid mine drainage remediation provides a sustainable 
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method for improving soil resilience and productivity in mined areas, thus contributing to successful 
rehabilitation (Levett et al., 2023). 

 

 

Figure 16: Microalgae-derived biofertilisers for soil improvement (Reused from Reisoglu and Aydin, 2023 with 
Creative Commons Attribution 3.0 License). 

Biostimulants can improve plant resilience to stress, increase seed germination rates, and enhance plant 
development by providing growth-promoting substances and beneficial microorganisms. Algae-based 
biostimulants have been shown to scavenge reactive oxygen species, increase nutrient and water 
availability in the rhizosphere, and improve seed germination. Moreover, additional benefits include 
increased tolerance of plants to heavy metals, drought and salinity, and protection of plants from disease, 
hence enhanced plant viability (Levett et al., 2023). Some algae-based biostimulants have already been 
commercialised and are available in the market. One example is Microstart’s Organic Liquid Kelp which is 
produced from Australian bull kelp, and has been reported to improve soil structure and aeration, plant 
respiration, nutrient absorption, disease resistance and soil water holding capacity, resulting in increased 
yields and plant resilience. Another product is the Ocean Magic from GreenPlanet, which is produced from 
Atlantic sea kelp and has been reported to support plant rooting and reduce environmental stress. 
Seaweed concentrate is used for example in propagation nurseries in Australia (Personal communication, 
2024).  

Microalgal biochar, produced through pyrolysis, also offers notable benefits for mine site remediation 
(Roberts et al., 2015a). Its high porosity, surface area, and stabilised nutrients improve soil aeration and water 
retention. According to Roberts et al. (2015a; 2015b), the incorporation of microalgae-based biochar into 
coal spoils has enhanced microbial nutrient cycling, boosting soil fertility and structure. Experimental trials 

https://creativecommons.org/licenses/by/3.0/
https://microstartfarming.com.au/products/organic-liquid-kelp-20l?srsltid=AfmBOort4n7DAlW9hAh_9vrCp8UjZURqRqp0HiNUJvYMJETjcddt3NLu
https://greenplanetnutrients.com/product/greenplanet-nutrients-ocean-magic-kelp-additive/
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have demonstrated improved trace element provision, faster grass germination, and increased plant 
biomass. Microalgal biochar thus contributes to ecological restoration and long-term sustainability of mine 
site rehabilitation (Roberts et al., 2015a; Roberts 2015b). 

Overall, addressing topsoil deficits in mine rehabilitation requires innovative solutions. Utilising on-site 
generated algae offers a promising approach. Algae cultivation can provide a sustainable source of 
bioremediation agents, addressing nutrient deficiencies and improving soil structure, thereby mitigating the 
need for extensive topsoil sourcing and amendment. 

 

2.4.6 Production of valuable commodities 

Algal pigments 
Microalgae are a promising source of high-value products, particularly pigments. They produce a wide 
variety of pigments, including chlorophylls (green), carotenoids (red, orange, and yellow), and 
phycobiliproteins (red and blue), often in concentrations substantially higher (one or more orders of 
magnitude) than those found in higher plants (Mulders, 2014). Additionally, microalgae offer the advantage 
of notably higher areal productivities compared to higher plants, making them an efficient and sustainable 
option for pigment production (Mulders, 2014). This potential makes microalgae an attractive candidate for 
industrial applications, especially when coupled with innovative systems for mine water treatment. Table 
10 shows various commercially applied pigments that occur across most common microalgal groups. The 
pigments include various phycobiliproteins, chlorophylls and carotenoids. Some types of chlorophylls occur 
in all of these microalgal groups, whereas some types of pigments mainly occur in specific types of algal 
groups (Mulders, 2014).  

Algal and cyanobacterial pigments can be used for a large range of applications. Some examples of these 
include fluorescent probes, molecular assays, textiles and cosmetics. Depending on the purity of the 
extracted algal pigments, they may also be suitable for use for colouring aquaculture feeds, foods, 
nutraceuticals or pharmaceuticals (Figure 17) (Deepika et al., 2022). 

 

  



 

  

63 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

Table 10: Commercially applied pigments across most common microalgal groups (Data from Mulders, 2014). 
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Lycopene                           
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Fucoxanthin                           
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Figure 17: Examples of applications of algal pigments (Information from Deepika et al., 2022). 

 

Despite the growing interest in utilising wastewater for algal cultivation, there are limited reports on algal 
pigment production at mine sites. While algae-based systems have been explored for wastewater 
treatment in mining operations (Section 2.4.2), the co-production of valuable pigments remains largely 
underexplored. Integrating algal cultivation for pigment production with mine site wastewater 
management represents a significant research gap that warrants further investigation. Addressing this gap 
could create sustainable pathways for mitigating environmental challenges while generating high value 
bioproducts, aligning with circular economy principles. 

Recent advancements by Pérez-Roa et al. (2024) have provided insight into this potential, demonstrating 
the use of mining effluents to cultivate microalgal and cyanobacterial biomass for obtaining valuable 
compounds, such as red carotenoids and blue phycocyanin pigments. Two strains, Osci_UFPS01 (a 
cyanobacterium) and Chlo_UFPS01 (a microalga), were isolated from a hydrothermal source in Norte de 
Santander, Colombia and cultivated in mining wastewater mixed with BG-11 medium for Osci_UFPS01 and 
Bold Basal medium for Chlo_UFPS01. Optimal conditions for phycocyanin production were determined 
using response surface methodology (RSM), resulting in yields of 45% phycocyanin per unit dry weight and 
1.1% (w/w) carotenoids in the mining wastewater mixture (Pérez-Roa et al., 2024). 

Despite these promising results, studies investigating microalgal cultivation specifically in AMD media are 
scarce. Expanding this body of research could further enhance our understanding of the potential for algal 
pigment production using mine wastewater, offering innovative solutions to both environmental and 
industrial challenges. 

Algae-based bioplastics 
Algae have emerged as a promising feedstock for bioplastics production (Noreen et al., 2016). Unlike 
conventional feedstocks such as agricultural crops, algae can thrive under diverse growth conditions, 
including nutrient-limited and non-arable environments, and even in wastewater (López Rocha et al., 2020; 
Rajpoot et al., 2022). This adaptability makes algae a sustainable and versatile resource for bioplastic 
production, reducing the reliance on freshwater and arable land while potentially aiding in wastewater 
treatment (Rajpoot et al., 2022). The integration of algal systems with mine water treatment also creates a 
circular economy approach, where nutrients from mine water are recycled into algal biomass used for 
bioplastics, minimising waste and enhancing resource efficiency. 
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One of the key advantages of algae lies in their biochemical composition, which includes a wealth of 
natural biopolymers such as polysaccharides, proteins, and lipids. Table 11 summarises various algae-based 
biopolymers and their physical-chemical properties and applications. Algal polysaccharides have attracted 
significant attention due to their diverse structures and functional properties. Examples include alginate, 
fucoidan, agar, carrageenan, and ulvan, which exhibit excellent film-forming abilities (Yap et al., 2023). 
These films possess desirable characteristics such as high biodegradability and effective preservation 
properties, making them suitable for applications in packaging and other industries (Dang et al., 2022; Yap 
et al., 2023). In addition to polysaccharides, algal proteins and lipids also represent valuable feedstocks for 
bioplastic production. Proteins can be processed to form biodegradable films and composites with high 
tensile strength, while lipids can be converted into biopolyesters such as polyhydroxyalkanoates (PHAs), 
which are known for their excellent mechanical properties and environmental degradability (Yap et al., 
2023). 
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Table 11: Algae-based biopolymers with their physical-chemical properties and applications (adapted from Yap et 
al., 2023). 

Algae-based 
biopolymers 

Properties  Applications 

Carrageenan • Water-soluble hydrophilic colloid polymers. 

• Dispersion happens at about 80°C, and chains attain random 
coil conformation on cooling at 40–60°C and forms coil-to-
double helix conformational transition. 

• Strongly anionic, forms a gel in the presence of cations with 
helix–helix aggregation. 

• Different ester sulfate contents affect the properties of 
carrageenan (solubility, gel formation, viscosity). 

• Food application 

• Pharmaceutical 
formulations 

• Cosmetics 
applications 

• Industrial 
applications 

Agar • Insoluble in cold water. 

• Dissolution when heating at 85°C and forming random coil 
conformation. With cooling to gelling temperature at 33–45°C, 
forming sol–gel transition that is double helical association. 

• Viscosity at 45°C is not affected by ionic strength or pH in the 
pH range between 4.5–9.0. 

• Gelation temperature of agar depends on the degree of 
methoxylation, when low methoxyl substituted fraction exhibit 
high gelling capacity. 

• Food applications 

• Pharmaceutical 

• Cosmetic 

• Medical 

• Biotechnology 
industry 

Algal protein • Amino acid composition might be different but there is limited 
research on the algal protein quality between different algae 
species. 

• Their properties such as digestibility required to incorporate in 
vivo experiments. 

• Human nutrition 

• Industrial 
application 

• Animal feed 

• Aquaculture 

Alginate • Charged polysaccharide with electrostatic forces from 
carboxylic groups. 

• Solubility varies on the pH and ionic strength of solvent. 

• High content of G-blocks form tightly held junction zones in the 
presence of divalent cations (Ca2+) and form high gel strength. 

• Food applications 

• Pharmaceutical 
applications (drug 
encapsulation) 

Funoran • Containing galactose, sulfur, 3,6-anhydro-ʟgalactose, uronic 
acids and acetylated residues depending on different species. 

• Funoran forms a thermoreversible gel in the presence of 
inorganic cations. 

• Soluble in cold water. 

• Food applications 

• As consolidant for 
matte paint 

• Medical 
applications (blood 
anticoagulant) 

• Cosmetic industry 

Cellulose • Tough, water-insoluble. 

• High tensile strength of 62–500 MPa and elongation of 4%. 

• Hydrophilicity, chirality. 

• Having different degree of crystallinity depends on cellulose 
sources and affect their functionality. 

• Cellulose derivatives such as methylcellulose, microcrystalline 
cellulose, and microfibrillated cellulose 

• Food applications 

• Paper production 

• Plastic processing 
industries 

• Pharmaceutical 
applications 

Fucoidan • Soluble in water. 

• Fucoidan has hygroscopic properties, but it does not form 
highly viscous solutions. 

• Chemical composition is different between brown seaweeds, 
fucoidan is mainly made up of fucose and sulfate, but also 
contain monosaccharides. 

• Nutraceutical 
delivery systems 

• Pharmaceutical 
application 

• As functional food 
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Ulvan • Ulvan mainly comprises sulfate, rhamnose, xylose, and 
glucuronic acid. 

• Ulvan has molecular weights ranging from 5.3 × 104 to 3.2 × 105 
g mol-1 (depending on their species). 

• Their viscosity decreases under shear rate increase 
(pseudoplastic behaviour). 

• Intrinsic viscosity in saline solution of Ulva extract, even in high 
concentrations 95–285 mL g-1. 

• Gelation can happen in the presence of suitable cations in a 
favourable pH. 

• Biomaterial science 
(tissue engineering 
etc.) 

• Nutraceuticals 
application 

• As functional foods 

Polyhydroxybutyrate 
(PHB) 

• PHB are thermoplastic, hydrophobic, high crystallinity, brittle 
characteristics and biodegradable. 

• Common degree of crystallinity of PHB is 50% to 60%. 

• Their tensile strength at 20–40 MPa; elongation at break at 5–
10%. 

• Environmental 
applications 

• Packaging 

• Veterinary 

• Medical application 

 

Algae-based bioplastics offer a wide range of applications across various industries (Rajpoot et al., 2022), as 
illustrated in Figure 18. In agriculture, these bioplastics are used to create biodegradable mulch films and 
seed coatings, which enhance crop growth while reducing environmental waste. Their natural antioxidant 
properties make them suitable for packaging materials that preserve food freshness and extend shelf life. 
In the medical field, algae-based bioplastics are being explored for applications such as wound dressings, 
drug delivery systems, and biodegradable implants due to their biocompatibility and non-toxic nature. 
Emerging technologies like 3D printing have also adopted algae-based bioplastics for the fabrication of 
sustainable, lightweight, and customisable components. Additionally, their film-forming and biodegradable 
properties make them ideal for food packaging applications, contributing to reduced reliance on 
conventional plastics and advancing sustainable packaging solutions (Rajpoot et al., 2022). 

Algae-based bioplastics can also be combined with natural textiles, fibres, and fillers to create polymer 
composites with enhanced mechanical strength and functional properties. These composites are 
particularly useful in the automotive, construction, and furniture industries, where they offer sustainable 
alternatives to conventional materials. The integration of algae biopolymers with natural fibres such as jute, 
hemp, or flax results in lightweight, durable, and eco-friendly materials with a wide range of industrial 
applications. This versatility highlights the transformative potential of algae-based bioplastics in promoting 
sustainable innovation across multiple sectors (Rajpoot et al., 2022). 

  



 

  

68 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 

 

Figure 18: Key applications of algae-based bioplastics (Information from Rajpoot et al., 2022). 

 

Biopolymer production from algae can be achieved through three main approaches, each offering unique 
processes and applications (Rajpoot et al., 2022) (Figure 19). 

 

 

Figure 19: Various methods of producing polymers from microalgae (Modified from Rajpoot et al., 2022).  

 

The first approach involves photosynthetic production, where microalgae synthesise biopolymers within 
their biomass during photosynthesis, utilising minimal nutrients (Costa et al., 2018). Light intensity and 
periodicity play a critical role in enhancing the accumulation of specific organic molecules, with 
adjustments in exposure time further boosting biopolymer formation (Cassuriaga et al., 2018). Emerging 
techniques, such as UV irradiation, have shown promise for eco-friendly synthesis by producing free 
radicals that crosslink starch molecules, resulting in biopolymers with tailored properties. 

The second approach is fermentation-based conversion, where algal biomass is broken down and 
converted into bioproducts containing biopolymers (Khan et al., 2018). Enzymes produced by algae 
facilitate this process, and pre-treatment methods such as hydrothermal processes help extract essential 
carbohydrates, proteins, and lipids from the biomass. These components are then fermented to produce 
valuable biopolymers, such as polyhydroxyalkanoates (PHA), demonstrating the potential for scalable 
bioplastic production (Steinbruch et al., 2020). 

The third approach focuses on algae-polymer blends, combining algae with other materials to create bio-
composites. Techniques such as compression moulding and solvent casting are commonly used to produce 
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films and other composite structures (Ciapponi et al., 2019). For instance, PVA-algae blends can be 
formed by air-drying mixed components to generate biopolymeric films. These blends are extensively 
studied for their mechanical, thermal, and biodegradable properties, making them suitable for diverse 
applications in sustainable materials (Sabathini et al., 2018). Together, these approaches highlight the 
versatility of algae as a feedstock for biopolymer production, offering innovative solutions for sustainable 
materials and advancing the field of bioplastics. 

An example of using algae for wastewater treatment and bioplastic production was demonstrated by López 
Rocha et al. (2020). Their study highlights the potential of microalgae consortia for bioplastic production 
and nutrient recovery from a nitrogen- and phosphorus-containing treated wastewater effluent (obtained 
from a secondary sedimentation tank). The microalgae consortia was composed of Scenedesmus obliquus 
(50%) and Desmodesmus communis (30%) microalgal species, and cyanobacteria Nannochloropsis gaditana 
(10%) and Arthrospira platensis (10%). Initially, the consortium was employed to remove nitrogen and 
phosphorus from wastewater, demonstrating its capability for treating nutrient-rich effluents. The potential 
of the consortium, which exhibited a high protein content (~48%) for bioplastic production was then 
evaluated. A commercial Arthrospira maxima biomass, was used as a reference material for comparison 
(López Rocha et al., 2020). The bioplastic production involved blending the algal biomass with varying 
amounts of glycerol and forming bioplastic samples through injection molding. The resultant materials 
were characterised for their thermal, mechanical, and water-absorption properties using techniques such 
as dynamic mechanical thermal analysis (DMTA), water immersion tests, and tensile strength assessments 
(López Rocha et al., 2020). Their results demonstrated that all bioplastics exhibited a glass transition 
temperature of approximately 60°C, indicating thermoplastic behaviour. Interestingly, bioplastics derived 
from the wastewater-harvested biomass showed greater thermal resistance and lower water absorption 
capacity compared to those derived from Arthrospira maxima biomass (control). These properties were 
attributed to the reduced deformability observed in tensile tests, suggesting a more rigid structure in 
microalgae consortia-based bioplastics. Additionally, the mechanical properties, including strength and 
durability, improved as the biomass content in the bioplastics increased, regardless of the biomass type 
used (López Rocha et al., 2020). This example underscores the potential of algae cultivation as an approach 
to integrating wastewater treatment with bioplastic production. The ability to simultaneously remove 
pollutants from wastewater and create value-added bioplastics illustrates a promising approach to 
addressing both environmental and material sustainability challenges. 

Nonetheless, while algae demonstrate significant potential as a sustainable resource for bioplastic 
production, the industrial-scale production of algae-based bioplastics has yet to be realised (Yap et al., 
2023). The development of algae-based bioplastics is still in its early stages, with numerous factors 
requiring further exploration, including comprehensive techno-economic and life cycle assessment (LCA) 
studies to evaluate their environmental and economic impacts (Yap et al., 2023). The production costs of 
algae-based bioplastic films remain significantly higher than those of conventional synthetic plastics, posing 
a major challenge to their large-scale adoption and market competitiveness (Yap et al., 2023). 

Looking forward, the development of strain- and application-specific, energy-efficient biomass harvesting 
methods is essential for the successful implementation of microalgal bioremediation in mine water 
treatment. In this context, self-settling strains or bioflocculating strain consortia offer significant potential 
to reduce energy consumption and operational costs (Al-Jabri et al., 2021). Continued advancements in 
algal biotechnology, combined with innovations in bioprocess engineering, are expected to address these 
challenges, positioning algae as a resource for sustainable bioplastics and integrated mine water treatment 
systems. 

 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/scenedesmus-obliquus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nannochloropsis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/arthrospira
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Algae-based biofuels 
Growing algae in mine waters presents a promising and innovative approach to biofuel production while 
simultaneously addressing environmental concerns associated with mining activities. The nutrient-rich, often 
metal-laden effluents from mining operations provide an ideal growth medium for various microalgal species, 
which can thrive in these challenging conditions. Algal biomass supports a diverse range of biofuel options 
(Figure 20), making it a versatile resource for renewable energy production. The production pathways include 
various biochemical, bioelectrochemical, chemical or thermochemical pathways. Biochemical processes 
include fermentation of alcohols, anaerobic digestion to biogas and biological hydrogen production. 
Microbial fuel cells are a type of bioelectrochemical system that can convert organic carbon to bio-electricity. 
Chemical transesterification reactions can enable the production of biodiesel from algal lipids. 
Thermochemical processes include pyrolysis, gasification, liquefaction and combustion, which can generate 
syngas, biogas and charcoal, bio-oil or bio-electricity (Singh et al., 2023 Figure 20). The primary biofuel 
derived from algal biomass is biodiesel, produced through the transesterification of lipids, particularly 
triglycerides, which can constitute up to 60% of the dry weight in certain microalgal species like 
Nannochloropsis (Paramasivam et al., 2021). Additionally, algal biomass can be converted into bioethanol 
through fermentation processes, utilising the carbohydrates present, with some species (e.g., Chlorella 
vulgaris) showing carbohydrate content as high as 50% of their dry weight (Xu et al., 2011). Furthermore, the 
potential for producing biogas through anaerobic digestion of algal biomass offers another avenue for energy 
generation, with studies indicating that algal residues can yield biogas with methane content exceeding 60% 
(Solé-Bundó et al., 2019). Furthermore, through thermochemical conversion processes, algal biomass can be 
transformed into solid, liquid, and gaseous biofuels. For instance, torrefaction yields solid biofuels that can 
be used for heat and power generation, while liquefaction and pyrolysis primarily produce bio-oils, which can 
be further upgraded for chemical applications or used directly as fuels (Chen et al., 2015). Additionally, 
gasification generates synthesis gas, a versatile energy source that can be converted into liquid fuels.  

 

 

Figure 20: Biofuel options for algal biomass feedstocks (Adapted from Singh et al., 2023). 

 

By cultivating endemic microalgae biofilms in phosphate-enriched tailings water, Palma et al. (2017) 
demonstrated a biomass productivity of 0.77 g (dry weight) m-2d-1, indicating the potential for high yields in 
challenging environments. The biomass produced contained a high carbohydrate content of up to 40%, which 
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is advantageous for bioethanol production through fermentation processes. Additionally, the lipid content, 
while variable, reached 6.70% in the tailings water, suggesting potential for biodiesel extraction. The 
microalgae also demonstrated effective metal removal capabilities, with reductions of 24.8% for nickel and 
26.3% for strontium, highlighting their role in bioremediation and enhancing the sustainability of mining 
operations. Overall, the process not only could facilitate the conversion of waste into valuable biofuels, such 
as biodiesel and bioethanol, but also can contribute to the bioremediation of contaminated waters by 
reducing heavy metal concentrations. This dual benefit enhances the sustainability of mining operations, 
turning waste management challenges into opportunities for renewable energy production, thereby 
promoting a circular economy in the resource extraction sector (Palma et al., 2017). 

There are many abiotic stresses associated with mine waters, such as elevated salinity, extreme pH and heavy 
metal concentrations, and some microalgal strains are capable of thriving in these harsh conditions, 
enhancing lipid production—a critical component for biofuel production applications. Specifically, the stress 
responses of microalgae to these environmental factors appear to trigger metabolic pathways that prioritise 
lipid synthesis (Singh et al., 2023). For instance, nitrogen starvation has been shown to increase lipid 
accumulation in Scenedesmus rubescens, with lipid content rising to 38% of dry weight (Jo et al., 2020). The 
same organism showed an increase of carotenoid content of 6.94 mg L⁻¹ once treated with light and salinity 
and in contrast the increase was only 1.75 mg L⁻¹ under nitrogen deficiencies, 4.15 mg L⁻¹ in salinity, and 1.32 
mg L⁻¹ in high light intensities. Under stressful pH conditions, microalgal strains such as Scenedesmus spp. Lig 
290, isolated from a low pH waterbody (pH = 4.5) near an abandoned lignite mine, demonstrated robust 
growth and high lipid production rates (Eibl et al., 2014). Specifically, Scenedesmus spp. Lig 290 achieved a 
biomass productivity of approximately 52 mg L⁻¹d⁻¹ at pH 4 and maintained growth even at pH 3, showcasing 
its adaptability to harsh conditions. This adaptability not only enhanced lipid yields from 30-50% of dry cell 
weight under optimal stress conditions, but also reduces the risk of contamination from invasive species, a 
common challenge in traditional algal cultivation methods. Overall, these examples illustrate how abiotic 
stresses in mine waters can effectively enhance both biomass and lipid production, making microalgae a 
promising resource for biofuel production. 

The co-production of valuable compounds, such as omega-3 fatty acids — specifically eicosapentaenoic acid 
(Callejón et al., 2022) and docosahexaenoic acid (Oliver et al., 2022) — alongside biofuels enhances the 
economic feasibility of algal biorefineries. For instance, Nannochloropsis can produce up to 20% of its 
biomass as omega-3 fatty acids (Paramasivam et al., 2021), underscoring the potential for algal resources to 
meet both energy and nutritional demands. This multifaceted approach not only addresses the growing 
demand for sustainable energy sources but also contributes to a circular bioeconomy by maximising the 
utilisation of algal resources. 

Animal feed  
Algae offer a sustainable and highly nutritious alternative to traditional animal-derived protein sources, 
especially as the global population is expected to reach 9.6 billion by 2050. For instance, microalgae species 
such as Chlorella vulgaris and Arthospira platensis have protein contents ranging from 40% to 60% of their 
dry weight, which is comparable to or even exceeds that of soy protein (Guccione et al., 2014). Additionally, 
microalgae can grow in marginal environments, utilising non-potable wastewaters such as mine waters and 
require minimal agricultural inputs, which makes them an eco-friendly option for protein production (Chisti, 
2007).  

Microalgae also exhibit high photosynthetic efficiency, converting approximately 6% of total incident solar 
radiation into biomass, significantly higher than terrestrial crops like sugar cane, which achieves only 3.5% 
to 4% (Kumar et al., 2022). Furthermore, they are rich in bioactive compounds, including antioxidants, 
essential fatty acids, vitamins and minerals. Algae can be utilised to produce several types of animal feed, 
benefiting from their high nutrient content, including proteins, carbohydrates, lipids, vitamins, and 
minerals. Examples of the types of animal feed that can be produced from algae include: livestock feed for 
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poultry, pigs and cattle, aquaculture feed for fish and shellfish (Yarnold et al., 2019), petfood for cats and 
dogs, and speciality feeds for bees and other pollinator insects.  

Incorporating algae into the diets of ruminants, such as cattle and sheep, can enhance their overall health 
and productivity, leading to improved milk and meat yields. Studies have shown that mixing small proportions 
of macroalgae with the feed of cattle can reduce methane emissions from their digestive activity by more 
than 95% (Fernández et al., 2023). In particular, Australian red seaweed (Asparagopsis taxiformis and A. 
armata) are known to decrease methane emissions in cattle and sheep when given as a dietary supplement 
(<1% of dry diet). The metabolites in the seaweed disrupts the enzymes responsible for CH4 production in the 
rumen of these animals (CSIRO, 2024). 

The inclusion of microalgae in livestock diets notably enhances growth performance by providing essential 
nutrients, improving feed conversion ratios, and enriching the fatty acid composition of meat (Madeira et 
al., 2017). Microalgae promote gut health and immune response, leading to better digestion and overall 
animal health. Their effects can vary by species, with successful incorporation into the diets of ruminants, 
pigs, poultry, and rabbits, making them a promising strategy for improving livestock productivity and meat 
quality. 

Mine water can serve as a valuable resource for animal feed production through the cultivation of euglenoid 
organisms like Euglena gracilis (Krajcovic et al., 2015). These microalgae can thrive in harsh conditions 
characterised by low pH levels (approximately pH 3.0) and high concentrations of heavy metals, such as 
cadmium, chromium, and lead. This resilience allows them to grow in environments typically unsuitable for 
other organisms. For instance, Euglena can remove up to 98% of ammonium nitrogen, 93% of total nitrogen, 
66% of phosphate, and 92% of organic carbon from domestic sewage within just a few days (Krajcovic et al., 
2015).  

By utilising mine water as a growth medium, Euglena has been demonstrated to produce biomass 
concentrations exceeding 20 g L-1 in batch cultures. This biomass is rich in nutritional content, making it a 
suitable feed supplement for animals. Specifically, when fed to shrimp, it has been shown to increase their 
tocopherol content (Krajcovic et al., 2015). This dual benefit not only aids in bioremediation efforts by 
purifying contaminated water but also provides a sustainable source of high-quality animal feed. 
Consequently, it contributes to more environmentally friendly practices in animal food production. 

Several algal species have been commercially utilised as animal feed. Arthrospira platensis (formerly known 
as Spirulina) has an impressive protein content, which ranges from 46% to 63% (Rafiqul et al., 2005) and is a 
popular choice in aquaculture and livestock feed due to its rich nutrient profile. Chlorella vulgaris is 
recognised for its potential as a feed supplement, with protein content between 42% and 55% (Safafar et al., 
2016), offering not only protein but also beneficial compounds that can enhance animal health. 
Aphanizomenon flos-aquae, another blue-green algae, is valued as an animal feed for its high protein levels 
of 60% to 75% of dry biomass weight. In addition to the above, other important microalgae include diatoms 
(Bacillariophyceae), golden algae (Chrysophyceae), and various species of green algae (Chlorophyceae) 
(Madeira et al., 2017). Notably, Arthrospira, Chlorella, Dunaliella, and Haematococcus are highlighted for 
their nutritional benefits in livestock diets. Heterotrophic marine organisms like Crypthecodinium, 
Schizochytrium, and Ulkenia are also cultivated for their high content of n-3 long-chain polyunsaturated fatty 
acids (n-3 LCPUFA), further enhancing the nutritional value of animal feed (Adarme-Vega et al., 2012). 

In summary, the incorporation of algae into animal feed presents notable sustainability benefits, including 
resource efficiency by utilising non-arable land and minimising freshwater use, which alleviates pressure on 
traditional agricultural systems. Algae cultivation can reduce greenhouse gas emissions by absorbing carbon 
dioxide, while also recycling nutrients from waste products, thus mitigating pollution. This practice enhances 
agricultural biodiversity, contributing to ecosystem resilience and reducing reliance on monoculture feed 
crops. Additionally, algae serve as a sustainable source of n-3 long-chain polyunsaturated fatty acids, 
decreasing dependence on overfished marine resources. Overall, the use of algae in animal feed supports a 
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circular economy by maximising resource efficiency and minimising waste, making it a promising strategy 
for sustainable livestock production. 

Other bioproducts and applications 
In addition to the previously mentioned applications of algae, there are also other innovative and 
specialised uses of algal bioproducts. The unique micro- to nano-scale naturally occurring components that 
make up their biology can provide useful materials. These include the calcium carbonate shell structures of 
Coccolithophores which can be used to produce biocement (Al-Mardeai et al., 2024), the macro-scale 
cellulose fibres which can be manufactured into nanocellulose (Ross et al., 2021) and bioactive compounds 
which may serve as naturally occurring pesticides (Silva et al., 2022). Some of the species which can be used 
for these types of bioproducts are shown in Table 12, along with notes regarding their growth conditions 
and processing requirements. As these are a new and emerging areas of technology very few Australian 
companies are involved in the manufacture and production of these bioproducts, however this is 
anticipated to be a high growth market. 
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Table 12: Compilation of other bioproducts obtained from various algae. 

Bioproduct Species Notes Growth 
conditions 

Processing required Reference 

Plant growth 
stimulant 

Sargassum 
polycystum 

Widely used for 
plant 
propagation 

Natural shallow 
seawater 

Washing, drying, 
grinding, water mix, 
heat treatment, 
filtration of 
supernatant 

Erulan et al., 
2009 

Algaecide, Herbicide 
and Insecticide 

Lyngbya sp. Over one 
hundred 
biologically 
active 
metabolites 
known 

Collected from 
freshwater 
streams. Also 
some marine 
varieties of this 
genus. 

Freeze-dried, ground 
ethanol extraction 
then ethanol 
evaporation to 
obtain aqueous 
extract 

Berry et al., 
2008; Silva 
et al., 2022 

Insecticide Chlamydomonas 
reinhardtii 
(combined with zinc 
oxide nanoparti- 
cles) 

Double the 
insecticidal 
effect 
compared to 
nanoparticles 
alone 

Tris–acetate-
phosphate media 

Algal extract from 
freeze-drying, heat 
treatment and 
sonication process 

Rankic et al., 
2021 

Nanocellulose Various e.g., 
Oocystis apiculata 
and Nostoc 
muscorum 

Similar to plant 
cellulose but 
smaller fibre 
lengths 

Various 
(depending on 
species) 

Centrifugation, 
solvent and 
protease-lipase 
digestion 

Ross et al., 
2021 

Biocement Chrysotila carterae Biocement 
proposed due 
to CaCO3 

produced by 
algae 

Laboratory 
growth using 
modified 
seawater-based 
f/2 medium 

Centrifugation and 
drying 

Al-Mardeai 
et al., 2024 

Biotemplates to 
improve lithium ion 
batteries 

Spirogyra 
(Combined with 
Manganese(II) 
oxide nanoparticles) 

MnO / Carbon 
composite to 
provide anode 

Bold Basal 
Medium 

Freeze-dried then 
chemical processing 

Wang et al., 
2016; Munir 
et al., 2015 

Bioink for 3D 
printing 

Various e.g., 
Laminaria 
saccharina and 
Porphyra umbilicalis 

Polymers such 
as agar, alginate 
and 
carrageenan 

Various 
(depending on 
species) 

Extraction using heat 
treatment, water 
and solvents 

Xu et al., 
2017; 
Mandal et 
al., 2023 
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3. Opportunities and constraints 

 

3.1 Mine water treatment technologies or amendments that may be required 
to make mine water quality amenable for algal growth  

Large-scale microalgae ponds also require significant water resources. For example, 25 ha of open raceway 

tracks operating at a conventional depth of approximately 0.20 m (Roles et al., 2021) would require at least 

50 ML of mine water to fill (Levett et al., 2023). The feasibility of cultivating algae in mine water largely 

depends on the quality of the water and the algae species selected. While the ideal scenario would involve 

no pre-treatment (minimising costs), in many cases, pre-treatment may be necessary to enhance algae 

yields and ensure the technical and economic viability of the process. Pre-treatment is particularly 

important when contaminants in mine water hinder algae growth. Mining operations often generate water 

with elevated concentrations of various contaminants, including excess acidity/alkalinity, 

metals/metalloids, suspended solids and salinity. Examples of potential contaminants or water quality 

parameters and their impacts on algal growth, and pre-treatment methods available to address these are 

shown in Figure 21. Mine water treatment technologies can be categorised as passive or active. Typical 

passive treatment technologies include limestone drains/channels and engineered wetlands. Examples of 

active treatment technologies include chemical precipitation, coagulation, ion exchange, and membrane 

separation technologies. 

At some mine sites mine water pH may need to be increased or decreased to make it suitable to support 

microalgae growth, although the photosynthetic activity of algae increases pH, and several types of 

microalgae have been detected even in acidic mine water (Figure 6) (Levett et al, 2023). The management 

of mine-influenced water is critical to ensure not all mine water is mixed to become acidic (pH < 6). In 

contrast, for mines with only small acidic water volumes, the acidic water may be directly added to the 

microalgae growth system to reduce and control the pH, with no passive water treatment required. The 

optimum pH of the microalgae growth system is specific for the type of algae grown. Depending on the 

mine water pH and the target algae, lime or other alkaline substances can be used to neutralise acidic 

water. Lime treatment also removes some sulfate as gypsum. Conversely, acidic substances may be used to 

neutralise highly alkaline water from e.g., bauxite processing. 

As discussed in section 2.4.2, several types of algae can facilitate the removal of metals from mine water. 

However, at some mine sites elevated metal concentrations may inhibit algal growth either directly 

through acute toxicity or indirectly through the formation of metal precipitates that reduce light 

penetration through the water. Pre-treatment options for removing metals include precipitation and 

coagulation using chemical or biogenic agents, ion exchange, adsorption and membrane capacitive 

deionisation. Moreover, algal biomass can be used as a substrate for biological sulfate reduction-based 

metal sulfide precipitation. Biological sulfate reduction can be implemented in passive constructed 

wetlands or active bioreactors. Constructed wetlands combine naturally-occurring biogeochemical, 

geochemical, and physical processes to remove various contaminants from mine waters, such as nutrients, 

sulfate and heavy metals as well as neutralise pH. This pre-treatment creates a more conducive 

environment for algae growth, where the algae in turn can further improve water quality by absorbing 

residual contaminants. Metal precipitates and other suspended solids can also be separated from water by 

filtration or sedimentation. 
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Figure 21: Overview of water characteristics influencing algal growth and technologies which can be applied for pre-
treatment of mine water. 

 

Lack of 
nutrients 

pH 

Lime or other alkaline substances 
can be added to neutralise the 
acidity, making the water more 

conducive to algae growth. 
Alternatively, acidic substances may 
be used to neutralise alkaline mine 

water. 

Although specific algae can grow in 
alkaline or acidic environments, these 
strains might not have the required 

characteristics for the intended 
application (e.g., heavy metal 
adsorption, specific product 

production). 

Many mine waters are 
highly acidic due to the 
presence of sulfuric acid 

from sulfide mineral 
oxidation, whereas water 
from bauxite processing 
may be highly alkaline.  

Metals 

Precipitation and coagulation using 
chemical or biogenic agents, ion 

exchange, adsorption and 
membrane capacitive deionisation 
can be used to effectively remove 

heavy metals prior to algae 
cultivation. 

The tolerance of algae to heavy 
metals varies depending on the 

specific algal species, environmental 
conditions, and the form of the 

metal. In some cases, it might be 
necessary to decrease the metal 
concentration to allow for algae 

growth. 

Many mine waters 
contain elevated levels of 

metals.  

Salinity 

Reverse osmosis or novel membrane 
technologies can decrease the 

salinity of the mine water prior to 
algae cultivation (although it would 

be recommended to chose algae 
which can tolerate the mine water 

directly to reduce costs). 

 

Different algae thrive at different 
salinities. Depending on the strain, 

mine water salinities could be 
inhibiting growth. 

Mine waters can range in 
salinity from fresh to 

highly saline. 

Suspended 
solids 

Filtration or sedimentation 
processes can be used to remove 

these particulates, improving water 
clarity and promoting healthier algae 

growth. 

Suspended solids in mine water can 
hinder light penetration and algal 

photosynthesis.  

Mine waters can contain 
a variety of sediments, 

such as minerals, organic 
matter and other 

precipitates. 

Algae require nutrients such as 
nitrogen, phosphorus, and trace 
elements to thrive, and nutrient 

deficient waters would inhibit high 
productivities.  

Mine waters could be enriched with 
fertilisers or nutrient-rich waste 

streams (e.g., agricultural runoff or 
other wastewaters) to support algal 

growth. 

Description of water 
characteristics 

Inhibiting properties Pre-treatment options 

Sulfate 

Lime treatment removes sulfate as 
gypsum. Biological sulfate reduction-

based passive or active processes 
facilitate effective sulfate removal 

and enable reagent (dissolved 
sulfide) generation for metal 

removal. 

Depending on the strain, mine water 
sulfate concentrations could be 

inhibiting growth.  

Mine waters can range in 
sulfate concentrations 

with high concentrations 
often in acidic mine 

drainage. 

Typical levels of nitrogen 
and phosphate, as well 
as their forms, can vary 
widely across different 

mine waters.  
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Nutrient levels in mine water can vary depending on the mineralogy of the ore and the possible use of 
explosives that contain ammonia and/or nitrate. If mine water nutrient content is low, fertilisers or 
nutrient-rich waste streams, such as agricultural runoff or aquaculture wastewater can be added to mine 
water to support algal growth. 

Treatment technology selection and configurations are site specific and based on local conditions which can 

vary even when extracting the same product. Conditions include the chemical composition of the mine rock 

and subsequent wastewater (both of which can vary in quality over the mine’s life), available space, and/or 

the quantity of water being treated. Key considerations to address site-specific treatment need to include 

the often-remote locations of mines and the corresponding impact on chemical supply chains, high energy 

load requirements, and needs for frequent maintenance. 

3.2 Potential complementarity of algal production alongside other water uses  
In the mining industry, water is essential not only for mineral production but also for activities such as 

controlling dust on surface mine roads. Many of the world's major mining sites are located in water-scarce 

areas. Northey et al. (2013) examined the water intensity of various open-pit copper mining operations 

across different countries. They found a wide range of water use, from 9.8 cubic meters per ton of copper 

to 350 cubic meters per ton, with an average of 70.4 cubic meters per ton. The key factors influencing 

water intensity included the aridity of the mining location and economies of scale, i.e. operations in arid 

regions use more water, whereas larger operations use less water per ton of copper produced (Northey et 

al., 2013).  

Water reuse in operations may require treatment because of the effects of water chemistry on flotation, 

for example build-up of salt. Mine water can also be used potentially outside the mine for various 

purposes, but there are technical, economic, and environmental considerations including stringent water 

quality and quantity requirements for potential end users, treatment cost and complexity, and the 

availability of traditional water sources, such as surface and groundwater, which might present a less 

expensive water supply. Geographic distribution and variation in the mining industry are also other 

localised considerations for mine water reuse. Despite that, in water-scarce environments mine water use 

presents an opportunity. This is particularly important for prolonged drought periods caused by climate 

change in parts of Australia. There is also an opportunity to use mine water for irrigation of degraded 

landscapes outside the mining lease, e.g., for crop production. For example, in north Queensland there is 

an opportunity to use mine water for Pongamia tree plantations to produce biofuel. Rio Tinto is developing 

Pongamia seed farms in Australia as part of a new biofuels pilot, which aims to determine if Pongamia seed 

oil can contribute to Rio Tinto's renewable diesel needs while potentially contributing to the growth of a 

new biofuel sector in Australia. Algae-based technologies can improve the quality of water needed for crop 

irrigation, by removing contaminants, and also potentially provide the biomass and nutrients needed for 

establishing crops in low productivity soils.   

Algae as a feedstock for biochar can be cultivated on non-arable land using wastewater from mining and 

mineral processing. While the biomass cultivated in mine wastewater can be enriched in some metals, slow 

pyrolysis of this high-ash biomass immobilises the metals in a biochar which can then be applied to soils to 

improve the yield of crops with no transfer of potentially toxic elements to either soil pore water or plants 

grown in the biochar soil mixtures in the short-term (Roberts et al., 2015a). Roberts et al. (2015a) showed 

that while the biomass produced from algae had relatively high concentrations of some metals, due to its 

cultivation in wastewater, the resulting biochar did not leach metals into the pore water of soil-biochar 

mixtures. The biochar did, however, contribute essential elements (particularly K) to soil pore water. The 

biochar had very strong positive effects on the establishment and growth of a native plant (Kangaroo grass, 
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Themeda australis). They demonstrated that algal biochar can be produced from biomass cultivated in 

wastewater and used at low application rates to improve the rehabilitation of a variety of soils typical of 

coal mines (Roberts et al., 2015a). 

The water stored in onsite reservoirs such as pit lakes, depending on their water quality, could be used as a 

potential water source for post mining land uses (PMLUs) such as irrigation of crops, stock watering, 

supporting the production of pumped storage hydropower, aquaculture, or development of recreational 

areas. There are other applications of pit lakes, for example aquaculture, as summarised by McCullough et 

al. (2020) (Figure 22). Algae-based technologies can benefit aquaculture by 1) providing biomass for 

aquaculture feed, 2) improving water quality, 3) probiotic effects of microalgae in aquaculture systems, 4) 

improving microbial community in water environments, 5) and aquaculture effluent remediation. For 

example, near Collie in WA, treated water from an old coal mine has been used at a commercial Ngalang 

Boodja marron farm. The farm has generated work for Aboriginal community (Fitzgerald, 2014) and serves 

as a precedent for how mine water has been used to create sustainable economic opportunities in a post-

mining landscape.  

 

Figure 22: Various uses of pit lakes (Reused from McCullough et al., 2020 with Creative Commons Attribution (CC 
BY) license http://creativecommons.org/licenses/by/4.0/). 

 

Algae-based technologies can be part of a hybrid bioremediation process that relies on the use of 

microorganisms, microalgae (bioadsorption, biological sulfate reduction), and the use of plants 

(phytoremediation) for the removal of contaminants from mine water. For example, halophytes have been 

explored for their potential to address issues related to saline-affected soils and water, through 

desalination processes. Phytodesalination is a sustainable approach that utilises halophytes to remove salt 

through the mechanism of salt accumulation or salt extraction, primarily sodium and chloride ions, in plant 

tissues from saline soils or waters. These plants can uptake and accumulate salt in their tissues, and they 

can be used for soil reclamation and to reduce salinity levels in areas affected by salt-affected soils or 

brackish water (Shaygan et al., 2018). 

Based on a recent Australian Coal Industry's Research Program (ACARP) study (Lund and Blanchette, 2021) 

one main limitation to rehabilitating the pit lakes is related to the creation of littoral and riparian areas and 

developing strategies to enhance natural ecological successional processes. Microalgae, in particular, play a 

http://creativecommons.org/licenses/by/4.0/
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crucial role in enhancing the productivity, biodiversity, and functioning of aquatic ecosystems. Algae-

based technologies can be potentially combined with phytoremediation techniques to improve the 

biodiversity of the pit lakes by developing appropriate riparian and aquatic planting.  

Figure 23 shows examples of embedding algae-based technologies during the operational phase of a mining 

project and after closure, including CO2 capture, treatment of mine water from seepage collection dams, 

tailings and open pits, mine waste stabilisation, dust suppression, mine site rehabilitation, and the 

production of various algae-based products such as fertilisers and biostimulants, animal feeds, biofuels, 

pigments and bioplastics.   

 

Figure 23: Embedding algae-based applications to mine sites during the operational phase of mining and after mine 
closure. 

3.3 Potential for dual objectives to be compatible 
The underestimation of costs and time of mine closure are major drivers for the poor track record of mine 

closures (Measham et al., 2024), and many examples of mining companies being unable to meet their 
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closure obligations. Residual risk or liability is an important aspect of relinquishment, representing the 

risk or liability that remains after all closure activities have been completed (Measham et al., 2024). 

Concerns about residual risk inhibit relinquishment of mine leases, which transfers liability of the site. 

Thousands of mines are in ‘care and maintenance’ partly because of the difficulties involved in closing a 

mine and concerns about transfer of residual liability for sites (Measham et al., 2024). Post mining land uses 

include agriculture, forestry, lake or pool, intensive recreation, non-intensive recreation, construction, and 

conservation, pit-backfilling (Measham et al., 2024). Repurposing of mined land has increasingly been seen 

as an important closure opportunity (Maybee et al., 2024). Repurposing opportunities are diverse, offer the 

possibility of generating post-mining value and business opportunities using new and innovative 

technologies and solutions (Perlatti and Gagen, 2024). In the context of “economic rehabilitation”, mined 

land can be used for the production of low value algae products that benefit from large scale production. 

Microalgae have shown significant potential in the production of various bioproducts, for a wide range of 

applications, including biofuels, chemicals, food, feed, and pigments (Reisoglu and Aydin, 2023). The 

advantages of microalgae include their high productivity, the ability to cultivate them on marginal land 

using fresh or saltwater, which minimises competition with food crops, and the potential to integrate 

biomass growth with the treatment of waste streams.  

Cultivation of microalgae for applications such as fuel, food, pharmaceuticals and farming is a rapidly 

developing area of research and investment. Also, the capacity of microalgae for biomonitoring enables 

effective assessment of water pollution levels after mine closure. There is a strong interest in how 

microalgae can contribute to soil rejuvenation, carbon credits, and biomass management. The carbon 

capture potential of microalgae is a major incentive for many mining companies. The process of carbon 

fixation by microalgae holds great potential for sequestering CO2 from the atmosphere, offering 

possibilities for sustainable utilisation such as bioenergy production and the development of value-added 

products (Figure 24). When microalgae biomass is used to produce biofertiliser, biostimulants and/or 

biochar for mined land rehabilitation, there may be potential to increase the total carbon sequestered by 

accelerating both soil carbon sequestration and plant biomass production (Antonelli et al., 2018).  

One potential dual-purpose system is microalgae–bacteria-based systems for treating wastewater and 

production of biofuels and chemical products, with substantial savings in the overall cost of microalgae 

biomass production. The costs of algal production and harvesting using wastewater treatment can be 

covered by the wastewater treatment plant (Park et al., 2011). This integrated approach not only addresses 

wastewater management but also presents an opportunity for resource recovery and the production of 

valuable products. Also, the remote nature of many mines worldwide restricts the widespread use of 

biowastes in mine rehabilitation due to high transport costs for low-value, high-tonnage materials. Using 

mining influenced waters to produce microalgae, a renewable bioavailable carbon source, onsite would 

reduce the transport burden and contribute to the goal of improving mine site rehabilitation outcomes 

using carbon neutral/negative technologies. Using microalgae to produce biodiesel has several advantages 

for producing renewable energy, including being one of the very few biofuels with negative CO2 emissions 

(−183 kg CO2 MJ−1) (Chisti, 2007; Christi, 2008). Whilst microalgae promises to deliver many environmental 

benefits compared with existing biofuel technologies, there are also issues to overcome in relation to 

wastewater management, emissions control, land use change and responsible development of genetically 

modified organisms. 
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Figure 24: Algal technologies and land rehabilitation (Reused from Reisoglu and Aydin, 2023 with Creative 
Commons Attribution 3.0 License). 

3.4 Opportunities to engage local communities in algal biotechnology-based 
economic transitions for mine site closure 

The closure of mines presents unique opportunities for the creation of secondary economies. By leveraging 

existing infrastructure, technological expertise, and local resources, one can foster innovation and diversify 

economic activities. Renewable energy projects, eco-tourism, agriculture, and manufacturing are just a few 

examples of sectors that can flourish in post-mining communities. 

However, there are few examples of successful post-mining transition to learn from. A recognised issue is 

failure to undertake inclusive stakeholder engagement (Measham et al., 2024). The terms public 

participation, consultation and engagement are often used interchangeably. Consultation is a process led 

by a proponent (e.g., industry or government) with a particular goal, such as a project that needs to be 

discussed. Public participation is the involvement of those affected by a decision in the decision-making 

process. Engagement is the process of building ongoing relationships and trust with communities. In the 

context of mining, engagement may start in the earliest stages of exploration or project development, 

extending throughout the mine life. Therefore, consultation and public participation are about specific 

projects or interventions, whereas engagement is about an ongoing relationship with impacted people. 

Keenan and Holcombe (2021) reviewed cases of repurposing mines globally and identified stakeholder and 

community engagement practices as an important factor that influence whether repurposing occurs. 

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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Whether the company has a ‘beyond the gate’ approach to local/regional stakeholder engagement and 

has policies and procedures to ensure that they look beyond the purely operational and technical factors 

that occur within the mining lease to the social impacts of the operation. An inclusive approach to 

community engagement through life of mine, including during concurrent or progressive reclamation, will 

more likely lead to positive post-mining land-use transitions (Keenan and Holcombe, 2021).  

A collaboration framework recently developed for post-mining land use opportunities (Worden et al, 2024) 

could be used for algae-based technologies (Figure 25). Worden et al. (2024) showed the potential for 

effective collaboration is linked to a specific PMLU (or an integrated system of different PMLUs) and that 

options are driven by a mine location’s socio-economic, environmental and regulatory context.  

 

Figure 25: A collaboration framework that can be used for the algal biotechnology implementation. PMLU = post-
mining land use (reused from Worden et al., 2024 with Creative Commons license 4.0). 

Step 1 assumes that a broad group of regional stakeholders has come together to explore a PMLU option 

and its collaborative potential. Step 2 establishes the terms of reference for the PMLU project 

(collaboration process). In other words, regional stakeholders should use the knowledge and understanding 

of available assets as the basis for the collaboration. Assets include the skills, expertise, local and/or First 

Nations knowledge, and available financial and human resources. Step 3 is about adhering to the 

collaboration principles such as trust, mutual respect and complementarity of resources provided by all 

collaborators (Siemon et al., 2019). Step 4 is about assessing the PMLU suitability, which relates to the 

environmental, socio-economic, policy and global context.  

Some of the benefits of algae-based technologies for the communities include:  

Develop enterprises and suppliers: Mining companies can develop partnerships with local entrepreneurs 

and small businesses. By nurturing local enterprises, mining industry can unlock economic potential, create 

jobs, and cultivate a sustainable ecosystem that extends beyond mining. 

Foster skills development: Investing in education and skills training is essential for empowering local 

communities. Training programs, apprenticeships, and educational initiatives equip individuals with diverse 

skill sets, enabling them to participate in emerging sectors and fill job market gaps. 

Promote local procurement: By prioritising local procurement, the technology will contribute to the growth 

of nearby businesses and industries. This approach bolsters the resilience of local economies, enhances 

supply chain efficiency, and establishes a foundation for post-mining success. 

Facilitate collaboration: Collaboration between mining companies, government agencies, civil society 

organisations, and local communities is crucial. Establishing platforms for open dialogue, sharing best 

https://creativecommons.org/licenses/by/4.0/
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practices, and creating synergies will accelerate the transformation of mining communities and unlock 

untapped opportunities. 

Strategise for mine closure: Recognising that mine closures are inevitable, proactive planning is essential. 

Mining companies will engage with local stakeholders to develop comprehensive closure plans that 

emphasise sustainable land rehabilitation, job transition programs, and the repurposing of mining 

infrastructure for alternative industries. 

3.5 Strategy for the engagement with Traditional Owners 
Traditional Owners have Traditional Ecological Knowledge on various algal applications that can potentially 
be brought together with Western science to add new understanding. As part of this Stage 1 project, 
Regional Economic Solutions Pty Ltd (RES) was engaged to develop a Traditional Owners engagement 
strategy that would establish the basic parameters for this type of engagement and how it could be 
consistently applied across a range of sites and projects identified under the CRCTiME project. As the 
cultural knowledge, techniques and processes employed by RES to deliver the strategy remain the 
intellectual property of RES, the strategy is documented in a separate report to be shared with CRC TiME 
team within the CRC TiME project 3.15 Algae-based technologies for improved environmental outcomes 
and sustainable post-mining futures. 

3.6 Regulatory or other constraints that may limit growing and utilisation of 
algal biomass for specific applications  

Regulatory requirements are crucial considerations within the context of cultivating and applying algae at 
mine sites, as they ensure that algae cultivation at mining sites complies with environmental, safety, and 
operational standards. For example, in Western Australia, activities at operational mine sites are currently 
regulated under Part V of the Environmental Protection Act 1986 (the EP Act) (Government of Western 
Australia, 1986). Licences issued under Part V of the EP Act typically include conditions to ensure that 
emissions to land air or water do not pose an unacceptable risk to human health or the environment. 
Therefore, the mechanisms applied within licences to regulate cultivating and harvesting algae at mine sites 
would depend on the nature of any emissions to land air or water associated with the activity. The nature 
of such emissions might vary greatly depending on how the harvested algae is proposed to be used – i.e., 
whether it is applied to land for rehabilitation purposes or used externally to the mine site activities. 
Furthermore, any works required to support cultivation and harvesting of algae (such as construction of 
ponds) would require a works approval, and subsequent operation would likely require a licence 
amendment to ensure that appropriate maintenance, monitoring and reporting conditions were in place to 
minimise any risks associated with the process (Personal communication, 2024). Some regulations may 
have a positive impact in helping to mitigate potential risks associated with the use of algae in sensitive 
environments, such as the release of non-native species, the management of heavy metals, and the 
discharge of treated water. Other regulations, however, may impede the deployment of algae-based 
commercial activities on mine sites and should be carefully navigated to ensure beneficial environmental 
impacts. Figure 26 indicates some anticipated regulatory requirements which would be applicable within 
the current context.  
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Figure 26: Anticipated regulatory requirements for cultivation of algae within mining contexts. 

Due to the innovative nature of the concept however, relevant regulations might not be in place yet, or it 
might be unclear which regulations are applicable. For example, a legislated recovered materials 
framework is currently under development in Western Australia to provide a mechanism to authorise the 
manufacture and use of recovered/waste-derived materials. While the detail of the proposed framework is 
currently unclear, it is possible that re-use of algal biomass products for off-site applications could be 
managed within the framework (Personal communication, 2024). In another example applicable for the 
Northern Territory (NT), algal biomass is not specified in Schedule 2 of the Waste Management and 
Pollution Control (WMPC) Regulations 1998 (Northern Territory of Australia, Department of Lands, Planning 
and Environment, 1998), which prescribes wastes for the purposes of the definition of a listed waste. As 
such, an authorisation would not be required under the WMPC Act 1998 to store or dispose of algal 
biomass on land. However, if there are listed wastes combined with the algal biomass, a licence would be 
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required. Moreover, it is unclear if the algal biomass would be considered a biosolid, and biosolid 
guidelines for the NT are still forthcoming (Personal communication, 2024). For this reason, it will be crucial 
in following stages to determine all applicable regulatory factors, as well as to engage with government and 
environmental organisations to ensure long-term viability and acceptance of algae-based technologies in 
the mining industry.  

Furthermore, there could also be potential cultural constraints or barriers which will need to be navigated. 
These will be heavily site specific, depending for example on existing agreements with Traditional Owners 
or rehabilitation timeframe agreements with authorities. For certain mine sites such agreements can state 
that mining companies are responsible for mine-site rehabilitation and to what degree, i.e. ensuring that 
there will be no unnatural landforms or batters post mining. For instance, if the mining voids of a mine site 
have water stored in them, an agreement would be needed with any affected traditional owners to allow 
for retention of the voids for algae cultivation. It will be critical to align the timelines and objectives of site 
rehabilitation with the commercialisation of algae, as rehabilitation projects typically follow strict timelines 
and monitoring to meet environmental standards. Commercial algae cultivation, which may require time to 
scale up, must operate within these established rehabilitation schedules to ensure compliance and 
harmony between environmental recovery and commercial goals. 

3.6.1 Queensland case study: algae-based technology deployment on coal mining sites 

The following attempts to sketch out regulatory requirements that may impact on the commercial viability 
of delivering microalgae-based solutions on a Queensland mining lease area. The case study makes two 
primary assumptions: 

• The commercial operation will be deployed on a coal mining site. 

• The commercial operation will occur on an active mining lease area. This seems like a reasonable 
assumption considering that it will likely take more than 10 years for a Queensland coal mine to 
relinquish its mining lease. 

1. Land Use Agreements 

Mining lease commercial conditions and constraints 

Queensland’s Mineral Resources Act 1989 (Queensland Government, 1989) does not provide for the 

undertaking of commercial activities other than those that support the purpose for which a mining lease 

was granted. For example, a mining lease is subject to the condition that the holder shall use the area of 

the mining lease bona fide for the purpose for which the mining lease was granted and in accordance with 

this Act and the conditions of the mining lease and for no other purpose (Section 276, 1A). 

As such, it remains unclear if an entity can generate revenue from an algae-based business activity on an 
active mining lease. The Act does, however, make provision for remediation activities which it defines, 
among other things (Section 344A) as: 

(f) mitigating, managing, treating or cleaning up pollution that is on an abandoned mine site or 
affected land because of, directly or indirectly, previous mining activities 

(k) assessing the commercial or practical feasibility of an abandoned mine site for the future 
exploration and mining of minerals or another use. 

Legal advice is required to determine if a remediation activity can operate as a commercial entity that 
generates revenue from the sale of harvested biomass. 

Indigenous Land Use Agreements (Native Title implications) 

Some Queensland mining lease areas are subject to Native Title under the Native Title Act 1993 (Australian 
Government, 1993). Where this is the case, the mining lease holder will have entered into an Indigenous 
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Land Use Agreement (Native Title Act (Queensland)] (Queensland Government, 1993)). The 
implementation of a commercial algae operation within the mining lease area will require consultation to 
occur between the Indigenous Land Use Agreement parties. This consultation could result in an agreement 
to provide financial compensation for carrying out the commercial activity on this land. 

Native Title will also have potential financial implications if an enterprise undertakes to register its activities 
as an Australian Carbon Credit Unit (ACCU) Scheme project. On land where Native Title applies the Carbon 
Credits (Carbon Farming Initiative) Act 2011 (Australian Government, 2011) requires a project proponent to 
obtain the consent of the registered Native Title body corporate to an application for a declaration of a 
project as an eligible offsets project. 

2. Environmental permits and compliance 

The primary environmental regulatory challenges for the cultivation and use of microalgae on mine sites in 
Queensland relate to the use of mine-affected water and waste implications. 

The use of mine-affected water for microalgae cultivation 

Within Queensland, the conditions that regulate the undertaking of environmentally relevant activities 
within a mining operation are set out within a mine site’s Environmental Authority (EA) granted under the 
Environmental Protection Act 1994 (Queensland Government, 1994). The EA makes provisions for the 
mining lease holder to take mine-affected water for supporting activities permitted within an EA. If an 
algae-based operation is permitted under the Mineral Resources Act 1999, it will presumably have the right 
to take water for this purpose without requiring any additional water license that would apply to non-
mining operations. 

Since 2019 the holders of EAs related to mining activities are required to receive approval of a Progressive 
Rehabilitation and Closure Plan (PRCP) that outlines how they will undertake progressive rehabilitation of 
the land disturbed by mining activities (authorised under the EA) back to a stable condition (Queensland 
Government, 2024). For algae-based activities that an entity intends to continue after mine closure, it will 
be necessary for these to be approved within the site’s PRCP. 

Waste recycling legislation implications 

Within Australia, a State Government must approve the conditions under which a mining operation 
undertakes environmentally relevant activities. For example, in Queensland the Environmental Protection 
Act 1994 (Queensland Government, 1994) provides for the granting of an Environment Authority (EA) that 
sets the conditions for undertaking mining activities. The EA serves as the regulation to which a mine site 
must adhere to for the discharge of mine-affected water. Each mine site’s EA provides specific guidelines 
that prescribe release points, water monitoring requirements and water contaminant trigger levels that 
may prevent discharge depending on natural water way flow rates. Equivalent site-specific regulatory 
mechanisms apply to mining leases in NSW (Environmental Protection License), Western Australia (Mine 
Closure Plan) and the Northern Territory (Environmental [Mining] License). 

Queensland makes a provision for the controlled use of mine-affected water off a mining lease area. Most 
Resource EAs contain the following generic text (Department of Environment, Science and Innovation, 
2024a): 

Mine-affected water may be piped or trucked or transferred by some other means that does not 
contravene the conditions of this environmental authority and deposited into artificial water 
storage structures, such as farm dams or tanks, or used directly at properties owned by the 
environmental authority holder or a third party (with the consent of the third party).  

This provision may provide scope for re-purposing mine-affected water to cultivate microalgae off a mining 
lease, thereby avoiding the onerous conditions of operating under the Coal Mining Health and Safety Act 
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1999 (Queensland Government, 1999). The other states do not appear to make an allowance for using 
mine-affected water offsite within their environmental approval process. 

Though resource EAs permit the taking of void water for mine related activities, its status as a “waste” 
under section 13 of the Environmental Protection Act 1994 (Queensland Government, 1994) will require an 
End of Waste Code (EOWC) to recognise its use as a resource and to prescribe any requirements and/or 
conditions for its use as a resource as required by section 159 of the Waste Reduction and Recycling Act 
2011 (Queensland Government, 2011). An EOWC is already in place for the use of underground water 
“taken or interfered with” (defined as “associated water”) while undertaking authorised activities within a 
mining lease (EOWC: Irrigation of Associated Water (including coal seam gas water) (ENEW07546918) 
(Department of Environment, Science and Innovation, 2024c); compare section 334ZP of the Mineral 
Resources Act 1989 (Queensland Government, 1989)). The objective of the EOWC: Irrigation of Associated 
Water is to encourage the beneficial use of coal seam gas water in a way that protects the environment and 
maximises its productive use as a valuable resource. 

Depending on how the produced algal biomass is processed, salts and possibly water from mine voids may 
remain in final products transported offsite. These will need to be accounted for within a specific EOWC. 
The latter will likely be comparable to the EOWC End of Waste Code Water Treatment Residuals 
(ENEW07503318) already in place for recognising water treatment residuals as a saleable resource 
(Department of Environment, Science and Innovation, 2024b). 

Additional regulatory frameworks govern the production and reprocessing of waste. The Environmental 
Protection Regulation 2019 – Schedule 2 (Queensland Government, 2019) specify prescribed 
environmentally relevant activities (ERAs). Should the processing of harvested biomass produce brine 
waste, this outcome will trigger Model operating conditions ERA 60 – waste disposal (Department of 
Environment and Science, 2017). The downstream use of biomass produced from integrating nutrient 
waste streams may trigger ERA 55 – Other waste processing or treatment, which covers waste recycling or 
reprocessing (Queensland Government, 2019). This may apply, for example, if an aquacultural facility 
receives biomass produced from the cultivation of algae using waste N and mine-affected water 
(Environmental Protection (Waste ERA Framework) Regulation 2018 (Queensland Government, 2018)). 

Once the legislated environmental implications for recycling waste are addressed, the processing of algae 
biomass into products for human and animal consumption will need to comply with the same regulatory 
standards that apply outside a mining-related context: For example: 

• Human food: The Australian New Zealand Food Standards Code (Food Standards Australia New 
Zealand, 2023) regulates the safety and standards for food products. It also prescribes the pre-
market safety assessment that must occur prior to producing novel microalgae derived products 
for human consumption. 

• Animal feed ingredients: The Agricultural and Veterinary Chemicals Code Act 1994 (Australian 
Government, 1994) regulates what chemicals can be used in the production of animal feeds. The 
Australian New Zealand Food Standards Code will also apply to ensure the safe use of novel 
products. Australian Standard AS 5812:2023 Manufacturing and marketing of pet food - Cats and 
dogs provides requirements for the manufacture and marketing of pet food intended for 
consumption by domesticated cats and dogs (Standards Australia, 2023). 

3. Health and safety standards 

The Coal Mining Health and Safety Act 1999 (Queensland Government, 1999) regulates the operation of 

coal mines “to protect the safety and health of persons at coal mines and persons who may be affected by 

coal mining operations, and for other purposes.” The Act (Division 3) requires any on-site activity to comply 

with a site’s Safety and Health Management System (SHMS). An algae cultivation and processing operation 

is considered an on-site activity under the current legislation. Pastoral activities undertaken within the 
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mining lease are the only commercial activity the Act excludes from consideration as an “on-site activity” 

(Part 1, Section 10) (Queensland Government, 1999). 

The conditions imposed by a SHMS reflect the hazardous nature of coal mining as well as the harsh 
penalties that flow to those who have responsibility for the death or injury of onsite workers. The onerous 
nature of its requirements will impose costs that may make it challenging to achieve a commercially viable 
algae-based entity. The costs include, but are not limited to: 

• Meeting coal mining competencies: The commercial operation will need to recover the costs of both 

its employees and contractors obtaining and maintaining their coal mining competencies. For 

example, each employee and subcontractor must obtain, at a minimum, a Standard 11 (S11) Mining 

Induction Certificate and pass a Queensland Coal Board Medical every three years. 

• Site inductions: All staff and contractors must undertake the site inductions relevant to their work 

activities. 

• Pit license: If a mine is unable to provide escorted transport, employees required to access mine pits 

will need to gain and maintain their site pit license. 

• Mine-spec vehicles: Access to the commercial operation will require the leasing of mine-spec vehicles 

which are considerably more expensive than a standard 4WD vehicle. 

• Equipment satisfies site inspection requirements: All machinery and electrical equipment require 

site inspection prior to being used in the operation. 

• Algal cultivation facility operational SHMP: The entity will be obliged to develop its own SHMP for 

approval by the mine’s Site Senior Executive for its integration within the site SHMS. This SSE will also 

require a separate SHMP for approval by each contractor engaged by the commercial entity. 

Compliance with the existing SHMS will impose costs on the enterprise that it would unlikely incur 

outside the lease area. For example, all SHMS reviewed within this project will require the SHMP to 

include: 

- A minimum of two people present whenever undertaking work on or near water.  

- Meeting of incident and near miss reporting thresholds. 

- Blood alcohol testing prior to accessing the worksite. 

• Personal Protection Equipment (PPE): Employees and contractors will be required to wear clothing, 

hard hats, and boots that comply with site requirements. 

The requirement to use contractors who meet site competency requirements within remote areas narrows 

supply and therefore increases the cost of services.  

4. Biodiversity and Ecosystem Protection 

In Queensland, all land disturbed during mining is to be progressively rehabilitated to a stable condition 

after mining. Land is in a stable condition if (a) the land is safe and structurally stable, and (b) there is no 

environmental harm being caused by anything on or in the land, and (c) the land can sustain a PMLU 

(section 111A of the Environmental Protection Act 1994 (Queensland Government, 1994)). The provision of 

habitat or ecosystem services are recognised as a PMLU in the progressive rehabilitation and closure 

planning framework (Department of Environment, Science and Innovation, 2024d). However, there is 

uncertainty around what level of ecosystem value is considered a valid PMLU. 

As is the case in non-mining contexts, a microalgae-based operation will have General Biosecurity 
Obligations under Queensland’s Biosecurity Act 2014 (Queensland Government, 2014) to prevent 
introduced strains from escaping into or negatively impacting the environment and water bodies. This Act 
will also require the operator to put in place risk management practices and monitor where the introduced 
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strains are cultivated, and to report any biosecurity threats that arise. Where possible, it would seem 
beneficial for an operation to invest in the isolation, application and optimisation of native strains already 
present in mine void water.  

3.7 Best practices rehabilitation planning and regulatory requirements to 
implement algae-based technology at mine sites  

3.7.1 Rehabilitation guidelines 

In Australia, mining rehabilitation is governed by several regulatory frameworks and guidelines to ensure 
environmental restoration and compliance with land-use agreements (Manero et al., 2020). These 
guidelines provide a framework for the systematic recovery of ecosystems, including the stabilisation of 
mine waste, restoration of vegetation, and improvement of water quality. Rehabilitation guidelines are 
generally clearly defined within the operating territories and can also be part of Indigenous Land Use 
Agreements. Rehabilitation planning may go side by side with the development of a commercial algae 
process, and in many cases, the two efforts may be mutually beneficial, where algae cultivation may be 
directly integrated into rehabilitation efforts. This approach not only accelerates the ecological recovery of 
the mining site but also establishes a commercial process that generates revenue, making rehabilitation 
efforts economically sustainable. However, the dual nature of the operations would also bring the potential 
regulatory challenges, for example, in aligning the timelines and objectives of rehabilitation and algae 
commercialisation. Rehabilitation efforts are often subject to strict timelines and monitoring to ensure that 
the site meets post-closure environmental standards. Commercial algae cultivation, which may take time to 
scale, will need to operate within these rehabilitation schedules. The parallel development of rehabilitation 
planning and a commercial algae process is feasible and, in fact, advantageous for achieving optimal best-
practice outcomes. However, careful coordination with environmental regulations, community 
engagement, and water use compliance would be necessary. Anticipating and addressing these regulatory 
challenges early on will ensure smooth integration and long-term success for both rehabilitation and 
commercial operations. 

3.7.2 Regulatory database 

As mentioned above (Chapter 3.7), regulatory requirements are a crucial consideration to ensure that algae 
cultivation at mine sites complies with environmental, safety, and operational standards. However, due to 
the innovative nature of the concept, relevant regulations might not be in place yet, or it might be unclear 
which regulations are applicable. To mitigate resulting operational risks prior to commencement, a 
recommended phase within the context of further development would be the assembly of a regulation 
database, consisting of government, industry and societal regulations that impact algae biomass 
production, its processing and product formation specifically at mine sites. Such a database will support 
industry to identify regulatory barriers (e.g., operational zoning, land-use) and opportunities (carbon 
accounting and pricing, biodiversity enhancement, organic classification). An early understanding of the 
regulatory landscape will provide industry with a competitive edge in biomass production, downstream 
processing and product development. Such a database could comprise a compendium of regulatory 
information and contact points to assist industry to bring their technologies and products to market. 
Furthermore, engaging with government, environmental organisations and traditional owners will ensure 
long-term viability and acceptance of algae-based technologies in the mining industry. 
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4. Business case 

4.1 Economic, social and environmental benefits from algal cultivation at 
mine sites  

The application of algal technologies at mine sites offers significant economic, social, and environmental 
benefits, all of which can be quantified through various metrics. Economic impacts can be assessed through 
revenue generation, cost savings, and carbon credit valuation. Social benefits are measured in job creation 
and community engagement, while environmental impacts are quantified through improvements in water 
quality, biodiversity, and carbon sequestration. By integrating these benefits into a comprehensive 
assessment, stakeholders can better understand the value of algae in the mining context. Various benefits 
and methods of quantification are shown in Table 13. 

Table 13: Overview of economic, social and environmental benefits that can be obtained by algae cultivation at 
mine sites, with methods for quantification.  

Benefit category Benefit type Quantification 

Economic 

Revenue generation: Algae cultivation at mine 
sites can generate additional revenue streams 
through the production of biofuels, bioplastics, 
fertilisers, and animal feed. These products 
can be sold into various markets, including 
energy, agriculture, and aquaculture. 

Economic benefits can be quantified by calculating the 
revenue generated from the sale of algal products, 
factoring in production costs, market prices, and the 
scale of operations through a techno-economic analysis. 
A further cost-benefit analysis can compare these 
revenues against the initial investment and operational 
expenses, and potential cost-savings. 

Carbon credits: Algae can sequester CO2 from 
mining operations, enabling companies to 
generate carbon credits. These credits can be 
sold in carbon markets or used to offset the 
company’s emissions, potentially leading to 
cost savings. 

The economic value of carbon credits can be quantified 
by multiplying the amount of CO2 sequestered by the 
current market price of carbon credits or comparing to 
the cost of non-compliance to emission reduction 
targets. 

Cost savings on rehabilitation: Algal 
technologies can be integrated into mine site 
rehabilitation, potentially reducing the costs 
associated with traditional remediation 
methods. 

Cost savings can be quantified by comparing the 
expenses of algae-based rehabilitation techniques with 
those of conventional methods. This could include 
savings from reduced chemical use, lower labour costs, 
or reduced need for long-term monitoring. 

Social 

Job creation: The establishment of algae 
cultivation systems at mine sites can create 
local jobs, particularly in rural or remote areas 
where mining operations are typically located. 

Social benefits can be quantified by assessing the 
number of jobs created and the economic impact on 
local communities. This can include direct employment 
in algae cultivation and processing, as well as indirect 
employment in associated services. 

Community engagement and development: 
Algae projects can involve local communities, 
including First Nations groups, in cultivation, 
processing, and the distribution of products. 
This can lead to skill development, economic 
empowerment, and stronger community ties. 

The social impact can be quantified by measuring the 
economic upliftment of communities through income 
generation, educational opportunities, and increased 
participation in sustainable practices. 

Environmental 

Pollution reduction: Algal technologies can be 
used to treat contaminated mine water by 
absorbing heavy metals and nutrients, 
improving water quality before it is discharged 
into the environment. 

Environmental benefits can be quantified by measuring 
the reduction in pollutant concentrations (e.g., heavy 
metals, nitrates) in treated water compared to untreated 
water. This can be done through regular water quality 
monitoring. 
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Benefit category Benefit type Quantification 

Biodiversity enhancement: By improving soil 
and water quality, algae-based rehabilitation 
can support the re-establishment of native 
vegetation and wildlife, enhancing biodiversity 
at and around the mine site. 

Biodiversity benefits can be quantified through 
ecological surveys that track changes in species diversity, 
abundance, and habitat quality over time. 

Carbon sequestration: In addition to 
generating carbon credits, algae cultivation 
directly contributes to carbon sequestration, 
reducing the overall carbon footprint of mining 
operations. 

The amount of carbon sequestered can be calculated 
based on the biomass produced and the carbon content 
of the algae. This can be expressed in tons of CO2 
sequestered annually. 

 

4.2 Estimate on the costs of setting up algal growth systems and achievable 
algal biomass growth yields  

Examples of algal growth rates in acidic growth media have been shown in Section 2.2.3 "Selection process 

for algal species and systems",  

Table 2. Some of these examples used media intended to replicate the composition of acid mine drainage. 

There are very little data in the literature regarding growth rates of algae using actual mine water, 

particularly at large scale. This appears to be a significant gap in the current knowledge which requires 

further study through laboratory experiments and a pilot trial under more realistic conditions to ascertain 

achievable growth rates. Until these data become available, cost estimates need to rely on other published 

examples of techno-economic assessments and estimates of production costs, keeping in mind that there 

may be significant uncertainties in these estimates. 

Estimating yields of algal biomass and products, as well as associated capital and operating costs is highly 
complex, and requires dedicated investigation. Various techno-economic studies have been published, 
which estimate algae production costs based on the input of many process and economic variables, such as 
climate data, strain selection, assumed productivities, harvesting and downstream processing technologies, 
production scale, product yield, equipment and consumable costs, labour, taxes, and electricity. An 
example of the complexity of all such model considerations is also shown in Figure 27, which is an example 
of a process flow diagram and model inputs for a biodiesel production process. The reliability of the 
estimations is however only as reliable as the input data and the assumptions on which the models are 
based, and as such, published ranges of production costs vary significantly from highly market competitive 
to completely unfeasible.  

Any costs for algae production systems as well as algae products are cited in AU$, and where needed have 
been converted from the original currency using the data available at https://www.ato.gov.au/tax-rates-
and-codes/ and adjusted for inflation using the online calculator at www.rba.gov.au/calculator/.  
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Figure 27: Microalgae-based renewable diesel production process flow diagram and model inputs (Reused from 
Roles et al., 2021 with Creative Commons License 4.0).  

International Location Specific Environmental Inputs (green) and the Algae Productivity Model (orange) connect with the high-rate 
pond module of integrated techno-economic and life-cycle analysis (TELCA), to enable location, system, and strain specific growth 
modelling (1 h temporal resolution). Location Specific Economic Inputs (blue, top right) influence the final minimum diesel selling 
price and internal rate of return. 
 
 

In general terms, closed photobioreactors, especially tubular systems, are significantly more expensive than 
open raceway ponds, leading to higher CapEx for the former. However, higher levels of process control, and 
cleaner production, do lead to increased productivities and quality biomass which can be used for higher 
value products thus enabling a higher price. For a single strain, Schipper et al. (2021) estimated biomass 
productivities could vary between 36 and 74 metric ton ha-1 year-1, depending on reactor configuration and 
location within the Middle East (similar climates to certain regions in Australia) (Schipper et al., 2021). Scale 
of facility also has significant impact on costs. Up to 67% reduction in costs can be achieved through an 
increase of scale from 1 ha to 10 ha of pond area. Under optimistic scenarios for input assumptions, the 
cost of algae production is estimated to be AU$ 4.42 per kg for open raceway ponds, and AU$ 7.46 per kg 
for closed photobioreactors (Schipper et al., 2021).  

Ruiz et al. (2016) also investigated the costs of various product/biorefinery routes with associated 
downstream processing for various global locations, showing a very high variability, ranging AU$ 0.61-6.55 
per kg of biomass, added on top of the biomass production costs. This 10-fold difference clearly shows how 
choices of product and associated biorefinery process options can make or break the economic feasibility of 
the process (Ruiz et al., 2016). 

Vázquez-Romero et al. (2022) assessed various strain and processing options, resulting in a large range of 
productivities and production costs, and estimated revenues, showing potentially competitive costs for 
functional foods, food, and feed additives, specialised aquaculture products and other high value 
applications (e.g., cosmetics) (Figure 28) (Vázquez-Romero et al., 2022).  

https://creativecommons.org/licenses/by/4.0/
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Figure 28: Various required inputs, process design and product choices all impacting final techno-economic 
feasibility (Reused from Vázquez-Romero 2022 with Creative Commons license 4.0). 

Examples of algal production cost estimates with various growth systems are shown in Table 14. It is worth 
noting that apart from the study by Alavianghavanini et al. (2024), these studies are based on growth rates 
on synthetic media with a range of culture systems including closed photobioreactors and raceway ponds 
for a variety of locations outside Australia. Under optimised growth conditions in a tubular photobioreactor, 
Acién et al. (2012) found dried algal biomass production cost to be AU$ 89.77 –109.83. Ruiz et al. (2016) 
forecasted lower costs across a range of reactor setups and site locations, at AU$ 5.43 - 19.27 kg-1 of dry 
biomass. In comparison a more recent techno-economic analysis by Alavianghavanini et al. (2024) 
considering the data from Shayesteh et al. (2021) using raceway ponds and a nutrient-rich wastewater 
medium, dewatering the algal biomass via centrifuge to 100 - 200 g L−1 concentration rather than freeze-
drying found a production cost of approximately AU$ 2.76 - 12.40 (figures converted from US$). It is worth 
noting that further drying of the biomass may incur further costs in the case of the latter example cited 
here, however the downstream processing might not necessarily require a completely dried product or may 
involve additional post-harvest processing beyond simply drying. 

  

https://creativecommons.org/licenses/by/4.0/
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Table 14: Algal production (cultivation and harvesting) costs (CapEx + OpEx) using various cultivation systems.  

Growth system Biomass 
product 

Production cost per kg Currency 
(year) 

AU$ (2024) per kg1 Reference2 

min max min max 

Horizontal tubular 
photobioreactor 

Dry 
biomass 

56.40 69.00 € (2012) 89.77 109.83 
Acién et al., 
2012a 

Flat panel 
photobioreactor 

Dry 
biomass 

3.10 6.00 

€ (2016) 

5.43 10.51 

Ruiz et al., 2016b 

Vertically stacked 
horizontal tubular 
photobioreactor 

4.60 8.30 8.06 14.54 

Horizontal tubular 
photobioreactor 

4.80 8.90 8.41 15.59 

Raceway pond 4.00 11.00 7.01 19.27 

Raceway pond 
100-200 g 
L−1 paste 

1.80 8.10 US$ (2024) 2.76 12.40 
Alavianghavanini 
et al., 2024c 

1 Currencies were converted from original currency to AU$ using the data available at https://www.ato.gov.au/tax-

rates-and-codes/ and adjusted for inflation using the online calculator at https://www.rba.gov.au/calculator/ 

2 Culture media and species (where known) are:  

a: Trial culture of Scenedesmus almeriensis using ten 3 m3 tubular photobioreactors with synthetic growth media 

performed in Almería, Spain (Acién et al., 2012),  

b: Data on unspecified non-genetically modified organism (non-GMO) microalgae tested at AlgaePARC facility 

Netherlands with projections calculated for locations including The Netherlands, Canary Islands, Turkey, Curaçao, 

Saudi Arabia and south of Spain (Ruiz et al., 2016),  

c: Trial of Scenedesmus sp. grown in anaerobically digested abattoir effluent (wastewater) using open raceway ponds 

in Perth, Australia (Alavianghavanini et al., 2024). 

 

Rather than looking at production costs per kilogram of algal biomass, setup may be forecast on a surface 
area basis of infrastructure to be installed. Roles et al. (2021) have performed techno-economics evaluation 
forecasting associated with algal production oriented toward high density liquid fuel as the end-product. 
For a large-scale pond facility at approximately 500 hectares total area, forecasts found values 
approximately AU$ 560 ± 175k for expected Capital Expenditure (CapEx) and AU$ 36k ± 13k Operating 
Expenditure (OpEx) per hectare (US$ 2021 values have been converted and adjusted for inflation to AU$ 
2023 values). These figures also include harvest and liquid fuel extraction processes which account for 
approximately half the cost in some scenarios. Species used in the assessment were high-saline tolerant 
Dunaliella tertiolecta and Nannochloropsis oceanica and the assessment looked at 12 geographical 
locations across North and South America, Europe, Africa, the Middle East, India, Asia and Oceania. This 
study highlighted site location as one of the most important considerations due to growth rates depending 
on the environmental conditions such as solar radiation, temperature and evaporation. Again, this study 
has many factors which differ compared to an algal mining wastewater treatment process, however, may 
serve as a guideline to the types of factors and expense anticipated when looking at installing an algal 
culture facility (Roles et al., 2021). 

4.3 Market opportunities and economic potential for revenue generation from 
the use of algal biotechnologies at mine sites  

4.3.1 Algal product markets and value 

The global algae market is experiencing rapid growth, driven by the increasing demand for sustainable and 
versatile products across multiple industries. Algae are used in a variety of sectors, including food and 
beverages, nutraceuticals, animal feed, biofuels, cosmetics, and pharmaceuticals. Due to its diverse use, the 
exact size of the algae products market is difficult to estimate as a whole. (IMARK, 2024) valued it at AU$ 
2.9 billion in 2023 with an expected compound annual growth rate (CAGR) of 4.8% over 2024-2032 to AU$ 
4.5 billion, whilst (Markets and Markets, 2024a) reported a 2023 value of AU$ 8.0 billion with a growth rate 

https://www.rba.gov.au/calculator/
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of 6.4% to AU$ 11.0 billion in 2028 – a significant difference (Figure 29). Overall, the growth is fuelled by 
the rising consumer demand for natural and eco-friendly products, advancements in algae cultivation 
technologies, and the increasing focus on sustainability. Algae’s ability to produce high-value compounds 
such as omega-3 fatty acids, proteins, and biofuels positions it as a key player in the future bioeconomy, 
with significant opportunities for revenue generation in both established and emerging markets.  

 

Figure 29: Global algae products market forecast in AU$ billion (Adapted from Markets and Markets, 2024a). 

Mines have many opportunities to generate revenue from microalgae, but these options must be carefully 
evaluated. The opportunities with the highest feasibility include wastewater treatment and bioremediation, 
carbon capture and sequestration, and biofertiliser and soil amendment production. Other options, such as 
the production of high value bioproducts or commodity products such as biofuels can also be investigated 
based on the characteristics (composition, quality) of the algae biomass produced. Although these options 
could potentially generate higher revenues, technologies are more immature and higher risks (investments) 
are involved. Table 15 provides an overview of the various market opportunities, including possible revenue 
streams, market value, and looking into overall expected feasibility of algae cultivation within a mining 
context. The product market values are of the whole global markets, not only algae-based, unless 
specifically mentioned. 
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Table 15: Overview of algae-based products with potential application within mining contexts, with market values and estimated feasibility.  

Description Market size / Value1 Feasibility Reference 

Wastewater 
Treatment & 
Bioremediation 

Applying algae-based 
bioremediation or 
biosorption to remove 
heavy metals, 
nutrients, and other 
pollutants from mining 
wastewater. 

N/A 

High: established technology; regulatory pressures 
and environmental mandates make this a critical need 
for mining companies, and it could save on costly 
traditional wastewater treatment methods. 

 

Carbon Capture and 
Sequestration 

Utilising algae to 
capture CO2 emissions 
from mining 
operations. 

Australian Carbon Credit Unit (ACCU) 
Value: 34-75 AU$ ton-1 CO2 equivalent 

High: using algae to capture CO2 emissions is well 
established, with proper process design. Selling 
carbon credits or participating in carbon trading 
markets can provide significant revenue streams. 

Australian Government 
Clean Energy Regulator, 
2024a; Hatfield-Dodds and 
Boulus, 2023 

Soil Amendments  

Biofertiliser used as 
organic fertilisers in 
agriculture. 

Market size: AU$ 18.7 
billion (2023)* with 
CAGR of 10.3% (2024-
2033) 
 
* Microalgae-based 
fertiliser only 

45-90 AU$ kg-1 

High: demand for organic agricultural products is 
growing, making it an attractive market. Biofertiliser 
can also be used internally for mine site rehabilitation, 
supporting CSR profiles. 

Shivarkar, 2024; Research 
Nester, 2024b; Zou et al., 
2021 

Biostimulants can 
improve nutrient 
uptake by plants and 
soil structure and 
aeration, stimulating 
root growth. 

AU$ 6.5 Billion (2024) with CAGR of 
12.0% (2024-2029) 

Medium-High: growing drive for organic farming as 
well as maximising crop returns is driving the interest 
in biostimulants, making it an interesting market. 

Markets and Markets, 
2024b; 
Ferreira et al., 2021 

Biochar effective in soil 
enhancement and 
pollution remediation. 

Market size: AU$ 11.9 
million (2023) with 
CAGR of 14.1% (2023-
2033)  

451-2257 AU$ 
ton-1 

High: although revenue streams might be limited, 
pressure from government and local communities is 
high to restore lands post mining closure. Algae could 
be a cheaper option compared to others, with added 
benefit of potential carbon credits. 

Fact.MR, 2023a 



 
  

97 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 Report Project 3.15| Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

Description Market size / Value1 Feasibility Reference 

Dust Suppressant: 
Algal biomass or 
derived biopolymers 
could be formulated 
into biodegradable 
dust suppressants. 
These materials are 
capable of retaining 
moisture and binding 
dust particles. 

Market Size AU$ 11.6 Billion (2022) with 
CAGR of 5.5% (2023-2033) 

Medium: local application within mining contexts 
would replace need to purchase external products 
and/or reduce water usage and environmental impact 
of current solutions. Regulatory limitations would 
need to be investigated, and production costs would 
need to be low to be able to compete with current 
solutions. 

Fact.MR, 2023b; Adams, 
2022; Wang et al., 2023 

Animal Feed  

Livestock feed added 
to the feed of livestock, 
such as poultry, pigs, 
and cattle, a valuable 
supplement to 
traditional feed. 

AU$ 6.5 Billion (2023)* with CAGR of 
4.1% (2023-2030) 
 
* Microalgae-based animal feed only 

Medium: growing demand for sustainable feed 
options can make this a lucrative market, and 
although the technology is established, product 
quality (presence of toxic elements), production costs, 
and regulatory requirements need to be considered. 

Persistence Market 
Research, 2024 

Aquaculture Feeds: 
Nutrient-rich feed for 
fish and shellfish, 
improving growth, 
health, and 
sustainability in aquatic 
farming systems. 

AU$ 421 Million (2023)* with CAGR of 
7.5% for 2024-2034 
 
* Microalgae-based aquafeed only 

Medium-high: microalgae-based aquafeed is 
becoming a promising and sustainable solution for the 
aquaculture sector. Not only does it support in 
meeting the escalating demand for fish protein, but 
also reduces the environmental footprint of 
aquaculture operations. 

Choudhury, 2024 

Pet Food: offering 
proteins, omega-3 fatty 
acids, and antioxidants 
that support the health 
and well-being of pets. 

AU$ 3.6 million (2023)* with CAGR of 
5% (2024-2033) 
 
* Microalgae-based petfood only 

Medium-high: The pet food market is shifting towards 
more sustainable, natural ingredients, creating 
interesting opportunities with potentially higher 
prices compared to livestock feed. Consumer 
acceptance will be crucial to increase market size. 

Choudhury, 2021 

Specialty Feeds: feeds 
for specialty markets, 
such as feed for bees 
or other insects. 

N/A 
Low: high risk, low volume market. Could be 
considered in a biorefinery as side product.  
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Description Market size / Value1 Feasibility Reference 

Biopolymers and 
nanomaterials  

Nanocellulose: used in 
high-value applications 
such as bio 
composites, packaging, 
electronics, and 
medical materials due 
to its strength, 
lightweight properties, 
and biodegradability. 

AU$ 642 million 
(2023) with CAGR of 
21.3% (2024-2036) 

AU$ 3010 - 
15,051 ton-1 

Low: Specific algal strains rich in cellulose would need 
to be identified and optimised for production in 
mining environments, and extracting nanocellulose 
can be technically challenging, where the cost of 
advanced processing technologies could be a barrier 
to scalability. 

Research Nester, 2024c 

Polyhydroxyalkanoates 
– PHAs: Derived from 
algal biomass, to be 
used as biodegradable 
alternatives to 
conventional plastics. 

AU$ 140 million 
(2023) with CAGR of 
15.9% (2023-2028) 

AU$ 6-11 kg-1 

Medium-Low: although the demand for bioplastics 
will increase significantly, also driven by policy 
changes, the production technology from algae is still 
immature and not yet market ready.  

Markets and Markets 
2024d; Berry et al., 2022 

Alginate: food additive 
(stabiliser, thickener, 
and emulsifier in 
various food products). 

AU$ 1.4 billion (2023) with CAGR of 
5.7% (2024-2036) 

Medium-low: although the market is growing, only 
specific algae can be used for alginate production, 
which could not be compatible with cultivation within 
mining contexts. 

Research Nester, 2024a 

Algal Pigments 

Astaxanthin: This high-
value antioxidant is 
used in aquaculture 
and animal feed (46.4% 
of total market), but 
also for dietary 
supplements, 
nutraceuticals, and 
cosmetics. 

AU$ 3.5 billion (2023) 
with CAGR 17.1% 
(2024-2030) 

AU$ 2,257 – 
9,030  kg-1, 
depending on 
purity and 
source 

High: growing demand for astaxanthin is being fuelled 
by its increasing use various industries. Residual 
biomass can be sold as fertiliser, further improving 
economic feasibility. Largest growth is expected in 
Asia-Pacific region. 

Grand View Research, 
2024b; Banerjee and 
Ramaswamy, 2022; Panis 
et al, 2016 

Beta-Carotene: Used in 
food colorants, 
nutritional 
supplement, cosmetics, 
animal feed. Algae 
constitute of 33.9% of 

AU$ 768-907 million 
(2023) with CAGR of 
4.8-7.1% for 2024-
2030 

AU$ 450-4500 
kg-1 depending 
on purity and 
source 

Medium-Low: could have economic potential if 
premium quality can be obtained. Especially 
interesting in hypersaline mine waters. There would 
be the need to compete with synthetic beta-carotene 
– although demand for natural sources is on the rise. 
Regulatory constraints could also have an impact. 

Research and Markets, 
2023a; Research and 
Markets, 2024; Research 
and Markets, 2023b 
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Description Market size / Value1 Feasibility Reference 

the beta-carotene 
global market (2023). 

Chlorophyllin: food 
colouring, cosmetics, 
nutraceuticals, and 
pharmaceuticals, 
particularly for its 
antioxidant and anti-
inflammatory 
properties. 

AU$ 411 million 
(2023) with CAGR of 
7.94% 

AU$ 54-298 kg-

1 (depending 
on purity) 

Medium-low: Although strain requirements are 
broad, extraction and processing are complex and 
costly, especially in remote locations. Market is small 
and price is lower compared to other product such as 
lutein or beta-carotene. 

Verified Market Reports, 
2024; Karan et al., 2023 

Phycocyanin: for use in 
dietary supplements, 
nutraceuticals, 
therapeutic products, 
and food colour 
processing. 

AU$ 1.1 billion (2022) 
with CAGR 7% (2023-
2033) 

AU$ 288-864 
kg-1 or even 
higher 
(depending on 
purity) 

Medium-high: Phycocyanin can collect high prices 
(depending on purity), and production is well 
established. Cultivation conditions (water and 
environmental) however will have a large impact on 
product yields.  

Markets and Markets, 
2024a; Rito-Palomares et 
al., 2001 

Lutein: used in food 
and beverage industry 
as natural colorant and 
in dietary supplements 
for its antioxidant 
properties. 

AU$ 558 million 
(2023) with CAGR of 
5.6% 

AU$ 753-1806  
kg-1 

Medium: Production will have specific strain 
requirements, possibly requiring amendments to 
mine water for cultivation. Processing and extraction 
methods are complex and expensive, and remote 
location of mining operations could present logistical 
challenges. Stringent regulatory standard will need to 
be complied with. 

Markets and Markets, 
2024c 

High-Value 
Bioproducts 

Omega-3 Fatty Acids: 
can be used in 
nutrition but also for 
aquaculture and pet 
food industries. 

AU$ 3.9 billion (2023) 
with CAGR of 7.9% 
(2024-2030) 

AU$ 150 – 452 
kg-1 depending 
on 
concentration 
and purity 

Medium: large and growing market is of interest, 
however strain specificity, cultivation requirements for 
high product yields, and product extraction 
requirements could make production economically 
unfeasible.  

Grand View Research 
2024c 

Biofuels 

Biodiesel: Produced 
from algal lipids, it is 
considered a promising 
alternative to fossil 
fuels. 

AU$ 13.8 Billion 
(2023), CAGR 10.1% 
(2023-2030) 

US$ 0.85 - 1.00 
L-1 

Medium-Low: generating renewable energy can 
create a profitable market, especially with increasing 
demand for sustainable energy sources. Although 
converting algae into biofuels is technologically 
feasible, it is currently not cost-competitive with fossil 

Grand View Research 
2024a; Branco-Vieira et 
al., 2020 
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1Market values are of total global product market (not only algae-based), unless mentioned otherwise. N/A = not available; ACCU = Australian Carbon Credit Unit; CARG = 
Compound annual growth rate. 

 

Description Market size / Value1 Feasibility Reference 

Bioethanol: Another 
biofuel option from 
algae, used in blending 
with gasoline. 

AU$ 0.80 - 1.10 
L-1 

fuels. Cost reductions could be accomplished by 
integration within a biorefinery value chain as well as 
scaling up production, and policy changes can also 
further support feasibility. 

Bio-Crude Oil: 
concentrated, synthetic 
bio-oil substitute for 
petroleum crude oil, 
which is produced 
using thermochemical 
conversion of biomass.  
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The most immediate and logical application of algae-based processes for mine-sites both prior and post 
closure, is the treatment of wastewaters resulting from mining activities, such as AMD and pit lakes. 
Regulatory pressures and environmental mandates make this a critical need for mining companies, and 
combining this need with revenue generating activities would increase economic feasibility. Most apparent 
co-applications would be carbon capture (inherent to most algae processes), and production of at least one 
product for revenue generation. The type of water used, the types of algae strains, as well as the way in 
which algae are used (active or passive microalgae treatment) will determine the biomass quality, which in 
effect will determine possible product options. Soil amendment production (either as biofertiliser or bio-
char), are interesting options for further exploration due to their direct applicability on site to meet further 
targets of mining sites for land rehabilitation and ecosystem restoration. 

4.3.2 Technology and policy strategies to support algae product commercialisation  

Current production costs for many algal products, particularly fuels, remain higher than prevailing market 
prices, posing a significant barrier to direct market entry. While smaller niche markets may offer cost-
competitive production scenarios, their limited size cannot accommodate the ambitious, large-scale targets 
associated with algae implementation in mining operations. This discrepancy risks creating an oversupply, 
which could destabilise market dynamics. As a result, identifying viable pathways to market becomes a 
critical factor, ensuring that production aligns with demand and supports the sustainable growth of algae-
based solutions in the mining sector. 

Various studies have underscored that for bulk algae products to become cost competitive, multi-product 
biorefineries will allow compensation of current production costs to achieve profitability (Rajesh Banu et 
al., 2020). For example, Karan et al. (2023; 2022) investigated the techno-economic potential of multiple 
biorefinery options (4 product: chlorophyllin, lutein, protein, and biofuel feedstock, and 2 product: protein 
and biofuel), demonstrating a competitive bioproduct valuation in line with current market prices – 
something unachievable when targeting the individual components as sole products. Kruger et al. (2022) 
and Wang et al. (2022a) both found that integrated production of various biofuels, thereby valorising 
various fractions of the algae biomass, could reduce the minimum fuel selling price to market competitive 
values. Ruiz et al. (2016) aptly illustrated how the compounded market value of algae biomass increased 
the biomass market price to potentially cost-competitive numbers. Karan et al. (2022), however, also 
underscored that improving cost-competitiveness will also rely on incremental optimisations of biological 
and operational systems, as well as favourable financial and policy conditions, and not in all cases will a 
biorefinery approach increase revenue.  

Within a mining context, the selected product, or suite of products produced will be leading in determining 
the best way to market. Keeping the production costs as competitive as possible will be leading in achieving 
market access, and would be driven by technical refinement, improving production processes and 
productivities, supported by favourable policy advances and financing options. However, the largest 
benefits will most likely result from the adaptation of a multi-product biorefinery approach. Such an 
approach could potentially even be centralised, linking multiple co-located mines to a centralised 
conversion plant with various processing options (Klein et al., 2023). This would also help avoid 
overwhelming markets with a single product, offering a diverse portfolio of bioproducts to consumers.  



 
  

102 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 Report Project 3.15| Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 

 

Figure 30: Evolution of production costs through various stages of refinement and improvement, compared to ever 
increasing market prices. 

 

4.3.3 Linking potential algal producers with end-user markets 

There is a broad spectrum of end-users that could benefit from algae production at mining sites, with the 
mining industry itself being a primary beneficiary. Algae-derived products, such as biochar, can be locally 
applied for mine site rehabilitation, enhancing soil quality and stability. Additionally, algae's dust 
suppressant properties offer practical applications for controlling dust in mining areas. The carbon credits 
generated from algae cultivation could be used by mining companies to offset their emissions or sold to 
create additional revenue streams. 

Beyond internal uses, the success of linking algae producers with end-user markets hinges on identifying 
industries with a growing demand for sustainable, bio-based products. Strategic partnerships with sectors 
like agriculture, energy, and pharmaceuticals, which are increasingly shifting toward green alternatives, can 
maximise the economic potential of algae cultivation. 

The Centre for Solar Biotechnology at UQ, Murdoch University, and CSIRO have extensive industry and 
researcher networks with diverse capabilities, which can play a crucial role in integrating algae production 
into various value chains. These networks, coupled with collaboration across industries and research 
institutions, can attract governmental support, especially from those seeking to meet sustainability and 
emissions targets. Focusing on high-value markets, supported by innovation and strong partnerships, will 
be critical to fully realising the market potential of algal products in the mining context. 

The challenges will be largely dependent on the final proposed use of the biomass (product), and 
associated markets, as well as locations. When used for consumer goods, products derived from algae 
grown in post-mining contexts will face strict regulatory scrutiny, particularly regarding the potential 
presence of heavy metals or other contaminants. Obtaining necessary certifications for safety and 
environmental standards could be challenging and time-consuming. Furthermore, market acceptance 
would face the same scrutiny, as end-users may be unfamiliar with or sceptical of algae-based products 
derived from mining contexts, particularly concerning quality, safety, and sustainability. Furthermore, 
depending on the application of the algae biomass, establishing a reliable and integrated supply chain 
between algae producers at mine sites and end-user markets could be complex seeing the generally remote 
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nature of mine sites. Local application of the end-products would remove this complexity but would 
require all downstream processing to be located on site, rather than at a centralised location. 

Industrial integration for algae cultivation at mining sites can be achieved by creating symbiotic 
relationships with nearby industries that generate resources critical for algae growth. For instance, power 
plants and manufacturing facilities generating flue gas enriched in CO2 can capture and supply CO2 to feed 
algal systems, reducing their own carbon footprint while supporting algae cultivation. Wastewater 
treatment plants, agricultural operations, and aquaculture facilities can provide nutrient-rich waste 
streams, like nitrogen and phosphorus, that are essential for algal growth. In return, algae can assist in 
purifying wastewater, producing biofertilisers for agriculture, or generating biofuels for energy use, 
creating a circular economy model. These integrated operations can reduce waste, improve resource 
efficiency, and create economic value across multiple sectors. 

4.3.4 Carbon credits 

Australian mining companies must reduce carbon emissions as part of national and international climate 
commitments, with specific reduction pathways established through the Safeguard Mechanism and 
investor expectations. The Safeguard Mechanism applies to large industrial emitters, including mining 
companies, that emit over 100,000 tons of CO2 equivalent (CO2-e) per year. This mechanism sets baselines 
for emissions and requires companies to reduce emissions or purchase carbon credits if they exceed their 
baselines. The general target aligns with 4.9% reduction per year until 2030, and net-zero by 2050, but 
company-specific targets can vary. In some of the survey responses, it was mentioned that some mining 
companies are currently purchasing carbon credits to meet regulations.  

The potential carbon credits achievable from algal CO2 capture at mine sites could be significant, depending 
on the scale of the operation, the efficiency of the algae in sequestering CO2, but will be impacted 
(reduced) by the algae production process itself. During growth, algae can capture and sequester 
approximately 1.8 kg of CO2 kg-1 of dry algae biomass produced (Souza et al., 2024) – thus an algae system 
producing 1,000 metric tons of dry algae biomass annually could theoretically capture 1,800 metric tons of 
CO2 per year. This calculation, however, does not consider the (indirect) CO2 emissions associated with 
energy requirements for construction and operation of an algae production facility, nor that associated 
with the supplied nutrients. These could however lead to the whole algae production process being a 
carbon source rather than a carbon sink (Zhang et al., 2023b). Therefore, efforts should focus on improving 
the energy efficiency of microalgal systems, such as the use of solar energy, but also nutrient recycling from 
waste streams, to reduce the carbon footprint of microalgal cultivation, helping it become carbon neutral 
or negative, to be able to generate value from carbon credits. A detailed LCA study would be warranted to 
estimate the actual carbon credit of the algal process. 

The ‘value’ of captured CO2 depends on the carbon credit price, which can vary widely. In Q1 2024 the 
market value of Australian Carbon Credit Units (ACCUs) was approximately AU$34 per metric ton of CO2-e 
(Australian Government Clean Energy Regulator, 2024a). This value is expected to rise, driven by strong 
demand from both government initiatives and commercial buyers who need to meet compliance 
obligations as more companies adopt net-zero commitments and seek carbon offsets as part of their 
strategies (Goliya, 2023; Moore, 2023). As of such, Ernest & Young expects the prices of ACCUs to double to 
approximately AU$75 before 2035 (Hatfield-Dodds & Boulus, 2023). This would put the theoretical 
potential revenue (before considering process-related emissions, i.e. assuming the use of carbon-neutral 
electricity sources to power the algae process) from carbon credits for an algae production facility 
producing 1,000 metric tons of biomass per year at AU$61k-135k annually. This benefit is in addition to the 
consequence of not taking any action to reduce emissions, which would require purchasing of ACCUs 
available on the market to compensate for exceeding the baseline or incur significant financial penalties of 
AU$275 per metric ton of excess emissions (Australian Government Department of Climate Change, Energy, 
the Environment and Water, 2024).  

There are however also other factors influencing carbon credit generation which need to be considered, 
first and foremost the proposed use of the biomass. Most products from microalgae, such as food, feed, 
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and fuels, would re-emit the captured CO2 to the atmosphere during use and degradation, and as such 
the CO2 captured during production would not qualify for carbon credits. Long-term sequestration products 
from algae are few, however some are very applicable within the current context of mining. The use of 
algae as a feedstock for biochar production and subsequent soil amendment could entrap carbon in a 
stable form for decades if not centuries, with the added benefit of the immobilisation of heavy metals 
(Heilmann et al., 2010; Sayre, 2010) and opportunities for mine site rehabilitation. Such a product could be 
co-produced with other high-value products to ensure economic feasibility. 

Emissions Reduction Fund (ERF) ACCU method opportunities 

To access carbon markets, a microalgae-based entity would need to register a method with the ERF to 
receive an ACCU for each metric ton of CO2-e either permanently stored in a (a) product or (b) prevented 
through the displacement of fossil fuel combustion. Both carbon abatement approaches have been 
considered. 

Permanent carbon storage 

Sequestered carbon must be stored for at least 25 years to be considered as permanent carbon abatement 
(Carbon Farming Initiative Act 2011 (Australian Government, 2011)). This requirement would prevent 
Australia’s Clean Energy Regulator (CER) issuing ACCUs for carbon captured in many microalgae-derived 
products such as animal feeds, biofertilisers, biostimulants, biodegradable bioplastics, biofuels, essential 
oils, and pigments. 

Opportunities may be present to propose and develop a CER registrable method for obtaining ACCUs from 
downstream products of microalgae processing that capture carbon for more than 25 years. Until 
technologies are commercialised for processing biomass into cost-competitive non-degradable plastics, 
graphite, or construction materials, activated carbon represents the most likely target product that can 
satisfy CER permanency requirements.  

The Australian Government’s Department of Climate Change, Energy, the Environment and Water 
(DCCEEW) currently has no methods available for crediting ACCUs for the processing of biomass to achieve 
permanent carbon abatement (Personal communication by email from the Department of Climate Change, 
Energy, the Environment and Water (DCCEEW), 18th March 2024). It indicated, however, that a framework 
exists for the proposal of such methods.   

Fossil fuel displacement 

The processing of harvested biomass into renewable fuels would provide access to proposed microalgae 
cultivation system’s opportunity to access the ERF is limited to its Industrial and Commercial Emissions 
Reduction (ICER) Method (Australian Government Clean Energy Regulator, 2021). The ICER provides a 
mechanism for issuing ACCUs to activities that reduce “energy emissions (emissions from the combustion 
of fuel and consumption of electricity) and industrial process emissions produced by existing emissions-
producing equipment.”1 The downstream processing of microalgae to produce biofuels for use in existing 
emissions-producing equipment represents an eligible activity for generating ACCUs or Safeguard 
Mechanism Credits (SMC; see below) within this method. 

 

 

 

 

 

1  The CER’s Carbon Credits (Carbon Farming Initiative— Facilities) Methodology Determination 2015 (Australian 
Government Department of Climate Change, Energy, the Environment and Water, 2016) provides a similar method. 
Projects previously registered under this method can transfer to the ICER. 
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The implications of the Safeguard Mechanism on product prices 

Australia’s Safeguard Mechanism legislation was enacted to reduce carbon emissions at industrial facilities 
that produce more than 100,000 metric tons of CO2-e per year, defined as Safeguard Mechanism Facility 
(SMF). The legislation obliges an SMF to reduce its historical baseline emissions or offset its emissions 
(highest level of emissions for a specific period) 4.9% per year until 2030 (Australian Government 
Department of Climate Change, Energy, the Environment and Water (DCCEEW), 2024). If an SMF cannot 
achieve its required emissions reduction, it can offset these by purchasing ACCUs from the Government at 
a fixed price of AU$75 plus Consumer Price Index (CPI), increasing with CPI plus 2% each year from 
2023/2024. 

An SMF can apply for Safeguard Mechanism Credit Units (SMCs) when their emissions are below their 
baseline in a particular financial year or below the net baseline at the end of a multi-year monitoring period 
(Australian Government Clean Energy Regulator, 2024b). As for ACCUs, each SMC represents one metric 
ton of CO2-e. An SMF may choose to sell SMCs to other SMF, surrender them to stay within their baseline 
requirements, or retain them for future use until 2030. An SMF will accrue SMCs rather than ACCUs when it 
uses renewable fuels to reduce emissions below its required baseline. 

To enforce the Safeguard Mechanism obligations, a SMF is penalised AU$275 per metric ton of excess 
emissions each year, “charged at one-third of the maximum civil penalty to a maximum of 150,000 penalty 
units” (Australian Government Department of Climate Change, Energy, the Environment and Water 
(DCCEEW), 2024). Though the Government says it is confident there will be sufficient ACCUs and SMCs 
available at this price through to 2035, it remains possible that the industry could either become excluded 
from accessing ACCUs or that there simply will not be sufficient credits available. If this were to occur, the 
use of microalgae biomass to offset or reduce emissions is worth up to AU$275 per metric ton of CO2-e 
abatement. 

4.4 Business case for innovation and development of the most promising 
algae-based technologies 

A business case for the establishment of algae production within the context of Australian mining sites will 
consist of many economic, environmental and social aspects, which are heavily dependent on location, site, 
strain, cultivation technology, scale and end-product(s). In these early exploratory phases, establishing a full 
business case is unfeasible, however some general extrapolations of the most feasible options can be made 
based on the outputs of this report. In this chapter, the possible project objectives, approaches and 
business opportunities are briefly described, and crucial questions that need to be answered to establish 
the full business case are identified. 

4.4.1 Problem definition 

Mining operations pose substantial environmental challenges. Operations may generate mine water of a 
quality that prevents its use for agricultural purposes or poses an environmental threat to local water 
sources. Depending on the extraction method used, mineral targeted, and local geology, the produced 
water may contain concentrated salts, heavy metals, acids, and other pollutants. Additionally, mining can 
lead to the degradation of landscapes and ecosystems, disrupting natural habitats. The industry also 
contributes to elevated CO2 emissions and associated effects on climate change. Furthermore, the 
environmental damage and future loss of livelihood opportunities associated with inevitable mine closures 
can have serious socioeconomic consequences for local and First Nations communities. These 
environmental as well as socioeconomic issues require attention, during operation, but also post mine 
closure.  

Within Queensland alone, the Government estimated that rehabilitating the states mines will cost more 
than AU$10 billion (Queensland Treasury, 2021). Until recently, the rehabilitation process was not viewed 
as an opportunity to achieve post-mining economic objectives. Mine rehabilitation was largely regarded as 
an obligation to rectify environmental disturbance, with governments and mining companies placing an 
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almost singular emphasis on defining and meeting environmental completion criteria (Everingham et al., 
2018). But given mine closure invariably involves the ongoing human and economic occupation of former 
mine sites (Harvey, 2016), a narrow focus on achieving environmental outcomes inadvertently threatens to 
diminish the economic and social fabric of post-mining regional communities. New algal technology 
solutions represent an opportunity to leverage the rehabilitation process to achieve economic activity and 
social outcomes that continue beyond mine closure in addition to environmental benefits. 

A range of problems for which algae technologies could provide potential solutions are listed in Table 16. 

Table 16: Overview of rehabilitation concerns in mining contexts 

Rehabilitation 
problem 

Description 

Saline water-
filled voids 

Open-cut mining operations create final deep voids that gradually fill via rainfall capture and the 
ingress of naturally saline groundwater. Unless sustainable desalination methods are developed, 
voids may gradually increase in salinity due to evaporative water losses combined with the 
continuing ingress of saline ground water. 

The authorisation to retain final voids is not expected to apply to future mining approvals. Some 
mines have restrictions on the area of final voids, and this may oblige these operations to partially 
backfill these pits unless their retention can be demonstrated to be in the public interest. 

Tailings dams Containing waste materials after the washing and processing of extracted minerals and metals, 
tailings dams present problems such as potential contamination with toxic materials and metals; 
instability caused by the presence of fine, chemically reactive materials; a lack of soil quality and 
structure for supporting vegetation establishment.  

Brine ponds The use of reverse osmosis to treat mine water especially during the dewatering of underground 
mines produces brine. Brine is either pumped into existing water filled voids, thereby 
exacerbating salinity challenges or evaporated in expensive brine ponds. The industry lacks a 
sustainable solution for brine management. 

Sloped fragile 
landforms 

Open-cut mining methods produce spoil dumps that mining operations attempt to reshape into 
sustainable sloped landforms. The establishment of vegetative groundcover on these fragile 
slopes is critical to the achievement of stable rehabilitated landforms. Many open-cut mines 
report that this outcome is often challenged by a significant topsoil deficit relative to 
rehabilitation requirements. 

 

4.4.2 Solutions to problems 

Algae-based technologies have the potential to provide innovative and sustainable solutions for the mining 
industries. They enable effective CO2 sequestration by capturing and storing carbon dioxide, can be used 
for the treatment of contaminated waters from mining operations and to produce products that could be 
used within mining-rehabilitation contexts (e.g., biofertiliser and biochar). Furthermore, algae-based 
processes facilitate the creation of other products, such as biofuels, bioplastics, derived from harvested 
algal biomass, which could lead to additional revenue generation. 

 

4.4.3 Approaches to implement solutions 

Implementation of the algae within a mining context will involve various phases, starting with site selection 
and definition of the site-specific objectives. This will then help to identify the most feasible technologies 
that could be implemented, and subsequent due diligence will determine economic, social and 
environmental opportunities as well as risks. Figure 31 shows a proposed flow-chart detailing the 8 
anticipated phases needed for full project realisation.  
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Figure 31: Flow-chart for anticipated phases moving towards full project realisation of algal technologies. 
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4.4.4 Risks associated with solutions versus not doing anything 

When developing and implementing algae technologies in mining contexts, several risks need to be 
considered. Evaluating how these risks compare to the benefits, as well as to the risks associated with 
alternatives or inaction, is crucial in assessing the project's impact and feasibility. Initially, the risks of 
implementing algae-based solutions include technical challenges related to scaling up algae cultivation and 
processing, which could hinder project success. These challenges are compounded by the high capital 
investment required for research and development, infrastructure, and potential uncertainty regarding 
regulatory approvals and market acceptance. 

On the other hand, the risks of inaction are significant. Continued environmental degradation, water and 
soil contamination, persistent CO2 emissions contributing to climate change, and loss of biodiversity and 
ecosystem degradation are notable concerns. Besides obvious environmental concerns, additionally, failing 
to act could have significant associated financial risks (e.g., fines), as well as negative socioeconomic 
impacts on local and First Nations communities. All in all, these could lead to legal and reputational risks for 
mining companies due to environmental non-compliance and community conflicts. As the specifics of a 
project are defined, these risks will become clearer, thereby supporting the business case for implementing 
algae technologies in mining contexts. 

In Figure 32 an overview is provided of the anticipated risks associated with implementation of algae-based 
solutions in mining environments, as well as the risks of inaction. Ultimately, while implementing algae-
based solutions carries risks, inaction poses significant environmental, financial, legal, and social risks, 
making the case for pursuing innovative algae technologies in mining contexts. 
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Figure 32: Risks of action vs. risks of inaction across technical, financial, environmental, regulatory and indigenous 
rights categories.  

4.4.5 Potential business value created from solutions 

As identified in Chapter 4.1, there are notable environmental, economic and social benefits which could 
potentially result from the application of algae within mining contexts. Focussing on the specific business 
value that could potentially be generated, this will be highly dependent on mine site, strain, cultivation 
method and other process and product considerations. The possible product portfolio as shown in Chapter 
4.3 is large, ranging from high volume-low value biofuels to high-value bioproducts with significantly 
smaller markets and higher production costs. The economic business value that could be generated can be 
estimated in three phases: Primarily it could be driven by revenue generation from produced products, 
where production costs and the product price will be the main drivers. Secondly, with the proper process 
and product considerations, and based on the life cycle assessment of the process, carbon credits can be 
generated for the process that can be sold in carbon markets or used to offset the company’s emissions, 
potentially leading to cost savings. Finally, costs savings on rehabilitation could also be significant, 
depending on mine site location and existing rehabilitation plans. Further project specification and 

Inaction could result in reputational 
damage and strained relationships with 

Indigenous communities due to 
unaddressed land rights, cultural concerns, 
and missed revenue-sharing opportunities. 

Scaling up algae cultivation and processing 
could face technical difficulties such as 
controlling environmental factors (e.g., 

water quality, temperature) and 
maintaining consistent yields. 

Technical 

High capital investments for infrastructure, 
research, and development, as well as 
operational costs, may lead to financial 
risks, especially if market acceptance or 

revenue generation is delayed. 

Financial 

Mismanagement of algae cultivation could 
lead to unintended human, animal or 

environmental health impacts, such as 
short term cyanotoxin exposure, invasive 

species or nutrient imbalances. 

Health, safety and 
environment 

Uncertainty in obtaining regulatory 
approvals for the integration of algae-

based technologies with mining operations 
may delay project implementation and 

increase compliance costs. 

Policy and 
regulation 

Projects may face challenges if not properly 
aligned with land rights agreements and 
revenue-sharing models with Indigenous 

communities, potentially leading to 
community conflicts. 

Traditional 
Owners 

Implementing algae-based solutions Inaction 

Mining companies may face fines for non-
compliance with environmental regulations 

and incur costs related to environmental 
degradation, rehabilitation, or carbon 

pricing mechanisms. 

Continued degradation, including water 
and soil contamination, CO2 emissions, and 

biodiversity loss, would lead to long-term 
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Failure to comply with evolving regulations 
on emissions and environmental protection 
could lead to penalties and legal liabilities. 

Risks 

Missed opportunity to trial innovative 
technology targeted toward mine-site and 
wastewater remediation and intellectual 

property (IP) development. 
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development would be needed to accurately quantify the potential business values of various process 
options. 

4.4.6 Economic opportunities for local (including First Nations) communities 

Algae-based projects within mining contexts can create significant socioeconomic opportunities by 
generating employment in algae farming, bioreactor maintenance, and product processing. These 
initiatives offer the potential for training programs that build local expertise in algae technologies, 
contributing to workforce development. Early engagement with local and First Nations communities is 
critical, ensuring that these stakeholders are involved from the beginning. This helps build trust and fosters 
transparency. Establishing good processes through regular dialogue, co-designing the project alongside the 
community, and respecting traditional ecological knowledge are essential for ensuring cultural 
appropriateness and project success. 

Collaborative efforts, such as revenue-sharing models, can ensure mutual benefits, with local and First 
Nations communities receiving a share of the financial returns from algae production. This not only boosts 
local economies but also builds long-term partnerships. By incorporating these elements into algae-based 
projects, companies can foster stronger relationships with Indigenous groups, ensuring that both economic 
and cultural objectives are met. 

4.4.7 Potential paths to market 

To ensure the successful commercialisation of algae-based products from mining contexts, a comprehensive 
path to market is required, incorporating research, product development, partnerships, compliance, and 
marketing efforts. 

 

1. Through Market Research and Analysis conduct thorough research to identify industry demand for 

algae-based products and potential customers. This could include sectors such as biofuels, 

agriculture, or plastics manufacturing. Understanding market trends, regional markets, competitors, 

and potential demand will allow for better-targeted products and strategies that address specific 

industry needs and opportunities. 

2. With Product Development and Testing, develop the algae-based products to meet industry 

standards and customer expectations. Rigorous testing will be essential to ensure the products meet 

performance requirements, are scalable, and comply with necessary industry regulations. Testing also 

ensures that products meet environmental and safety standards, essential for building trust and 

credibility in the market. 

3. Commercial Partnerships will play a crucial role in facilitating market entry. Forming strategic 

alliances with established companies in target industries can accelerate product distribution and 

provide access to established networks and infrastructure. Partnerships in biofuel, agriculture, or 

manufacturing can enhance market penetration and help overcome initial barriers to entry. 

4. Regulatory Compliance is another key factor. Ensuring that algae-based products comply with 

relevant environmental, health, and safety regulations is crucial for obtaining necessary certifications 

and licenses to operate in various industries, such as agriculture and biofuels. 

5. Finally, Marketing and Sales efforts should focus on promoting the environmental and economic 

benefits of the algae-based products. Effective marketing strategies highlight the sustainable 

advantages of the products, targeting eco-conscious customers and industries seeking greener 

alternatives. Building sales channels, including direct sales, online platforms, and partnerships, will 

facilitate broader market reach and consumer engagement. 

 

This integrated approach can ensure that algae-based products can successfully reach and thrive in various 
markets, supported by research, strong partnerships, and regulatory compliance. 
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Business Case Summary 

As we conclude this chapter on business case development, it is important to note that each mining site will 
have different requirements, environmental conditions, and objectives, and hence will need a tailored 
business case. At this stage, developing a detailed business case is not feasible due to the many unanswered 
questions related to site-specific factors, available resources, and regulatory considerations. However, the 
key questions outlined here will provide essential guidelines for what must be understood to form a solid 
business case: 

 

1. Define Project Scope and Objectives 

• What are the primary objectives of algae cultivation at the mining site? (e.g., CO2 sequestration, 
wastewater treatment, biomass production for biofuels, etc.) 

• Is the project aimed at post-mine rehabilitation, ongoing operational support, or both? 

• Are there specific sustainability goals or regulatory requirements that the project needs to meet? 

 

2. Site and Resource Availability 

• What is the location and size of the mining site where algae cultivation is proposed? 

• What resources are available at the site that could support algae cultivation? (e.g., CO2 source, mine 
water and other water sources, land area, sunlight, renewable energy (electricity)) 

• Are there any constraints or limitations at the site (e.g., climate, infrastructure, proximity to 
markets)? 

 

3. Technology  

• What algae cultivation technologies are being considered? (e.g., open ponds, photobioreactors, 
floating bioreactors) 

• What integration is being planned with other processes at the mining site or nearby industries (e.g., 
using mine wastewater, capturing flue gases)? 

 

4. Market Analysis 

• What are the target markets for the algae products? (e.g., biofertilisers, biofuels, bioplastics, 
nutraceuticals, animal feed) 

• What is the estimated demand for these products in Australia and globally? 

• Who are the potential customers or end-users, and what are their purchasing criteria? 

 

5. Financial Projections 

• What are the initial capital expenditures (CapEx) and ongoing operational expenditures (OpEx) for 
the project? 

• What revenue streams are expected from the sale of algae-derived products? 

• What potential financial incentives or subsidies for sustainable or renewable energy projects in 
Australia are available and could be applicable? 



 
  

112 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 Report Project 3.15| Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

• What potential financial credits (such as wastewater treatment credit, carbon credit) could be 
applicable? 

 

6. Regulatory and Compliance Considerations 

• What are the regulatory requirements for algae cultivation and product sales in Australia? 

• Are there specific environmental or safety regulations that must be adhered to? 

• Is the project eligible for carbon credits or other environmental certifications? 

 

7. Risks and Mitigation Strategies 

• What are the main risks associated with the project (e.g., technical, financial, market)? 

• How do you plan to mitigate these risks? 

• What are the risks of not implementing the algae cultivation project, particularly in terms of 
environmental impact or regulatory compliance? 

 

8. Social and Community Impact 

• How will the project benefit local communities, including First Nations communities? 

• Are there opportunities for local job creation or partnerships with local businesses? 

• What are the potential social risks, and how will they be addressed? 

 

9. Sustainability and Environmental Impact 

• How will algae cultivation contribute to the sustainability goals of the mining operation? 

• What are the expected environmental benefits (e.g., reduction in carbon footprint, water 
treatment)? 

• How will the project be monitored and reported in terms of environmental performance? 

 

10. Strategic Partnerships and Collaboration 

• Are there opportunities for collaboration with research institutions, government bodies, or other 
industries? 

• How will partnerships enhance the project’s viability and success? 

• What are the potential synergies with other industries (e.g., agriculture, aquaculture)? 

 

11. Pathways to Market 

• How will the algae products be processed and brought to market? 

• What distribution channels and logistics are required? 

• What is the go-to-market strategy for different product lines? 
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12. Long-term Vision and Scalability 

• What is the long-term vision for algae cultivation at the site? 

• Are there plans for scaling the project to other sites or increasing production capacity? 

• How will the project evolve in response to market changes or technological advancements? 
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5. Research gaps and opportunities for potential 
Stage 2 project scope 

5.1 Research gaps 
Based on the Stage 1 review and stakeholder engagement, several research gaps have been identified as 
described below. 

1. Strain selection and cultivation optimisation: In general, only a few algal species have been 
cultivated for mass production and the algae culture field has not yet developed as much as 
agriculture. More research is needed to identify and optimise algae strains that are particularly 
effective at thriving in the (waste) waters associated with mining sites. These are characterised by 
elevated levels of heavy metals and other contaminants, as well as varying pH and salinities, all of 
which can significantly impact algae growth.  

2. Product development and application: There is a need to expand research into the specific 
applications of algae-derived products in the mining context. For products such as biochar or algae-
based dust suppressants, understanding the long-term impacts and effectiveness of these 
applications in real-world scenarios will be critical for broader adoption. Furthermore, for products 
targeted for food, feed or nutraceutical use, the implications of contaminants on the product quality 
need to be investigated to ensure product quality and safety. 

3. Process development: Based on choices of mine site, strain and product, process design and 
development will be a crucial aspect in being able to define optimal production conditions. 
Furthermore, co-production of multiple products to generate multiple income streams will also be 
an important aspect to increase value, and production at scale (pilot) and modelling will be important 
to determine facility and production costs needed to drive further development.  

4. Environmental impact assessment: Comprehensive studies are needed to evaluate the 
environmental impacts of large-scale algae cultivation at mining sites, including potential risks of 
introducing non-native species, nutrient runoff, and the ecological balance of rehabilitated sites. 

5. Costs, revenue and economic viability: Research into the economic models that can support the 
integration of algae cultivation within mining operations is essential. This includes assessing market 
demand, production costs, and the potential for generating revenue through carbon credits and 
products, as well as assessing the economic benefits of implementing the solution and the economic 
risks associated with not implementing such solutions.  

6. Regulatory frameworks: Understanding applicable government, industry and societal regulations for 
implementing algae on mine sites will be crucial to support industry to identify regulatory barriers 
and opportunities. 

 

5.2 Opportunities for potential Stage 2 project scope 
Based on the Stage 1 review and stakeholder engagement, several opportunities and potential activities 
have been identified for the scope of a potential Stage 2 project as detailed below. 
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Characterisation of mine water samples: Water samples from mine 
sites can be characterised for various water quality parameters (e.g., 
pH, elemental analysis, electric conductivity) and evaluated together 
with other mine site characteristics (e.g., location, volume, surface 
area) to identify promising sites for the collection of water for 
microalgal bioprospecting and exploration of algal technologies.  

 

Metagenomic analysis of algae at mine sites: Water samples from 
mine sites can be sampled using strategies that maximise microalgae 
diversity and recovery. Metagenomics can be used to identify native 
microalgae in mine water samples to guide the selection of strains 
from algal culture collections. 

 

Microalgae isolation and identification: Microalgal strains can be 
isolated from mine water samples and identified based on 
deoxyribonucleic acid (DNA) sequencing to generate a strain collection. 
The identity of the algae can be linked to associated mine-water 
properties to use as resource for exploring various mine site 
applications.  

 

High-throughput growth optimisation: Using a unique high-
throughput microalgae growth optimisation robot, growth parameters 
can be optimised for isolated strains to identify the best microalgae 
production conditions for scale up. Focus can be e.g., on target 
conditions and contaminants present in selected mine waters (e.g., 
specific heavy metals, acidic, saline).  

 

Direct microalgal contaminant removal from mine water: Apply 
simulation-guided systems optimisation to model complex interactions 
between environmental variables at mine sites and selected algae 
strains. Selected algal strains can be cultivated in mine water, and the 
removal of targeted contaminants such as heavy metals or salts 
optimised.  

 

Indirect biotechnical mine water treatment with microalgal biomass: 
The treatment of mine water using bioprocesses that utilise algal 
biomass as a carbon and electron source can be explored with 
laboratory-scale bioreactors. The performance of the process(es) for 
removing oxyanions (e.g., sulfate, nitrate, selenate) and metals can be 
evaluated under various operating conditions for process optimisation.  

 

Mine waste stabilisation with algal biomass: The stabilisation of 
selected acid generating mine wastes with algal biomass can be 
explored using laboratory-scale microcosm or column studies. The 
performance of the application can be evaluated based on the ability 
of the algal biomass to suppress AMD formation. 



 
  

116 
 

 
Stage 1 Report, Project 3.15  | Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 Report Project 3.15| Algae-based technologies for improved environmental outcomes and sustainable post-mining futures 

 

Dust suppression with algal biomass: The potential to use algal 
biomass or algae-based products to suppress dust at mine sites can be 
explored using laboratory-scale wind-tunnel experiments with mine 
site soil samples. The performance of the algal amendments can be 
compared against commercially available dust suppressants. 

 

Mine site rehabilitation with algal biomass: The potential to use algal 
biomass as a fertiliser and biostimulant in mine site rehabilitation can 
be explored using laboratory- and bench-scale studies. The evaluation 
can include e.g., the amendment of soil and/or mine waste from 
selected mine sites, and determination of the effect of algal biomass 
on seed germination and plant growth.  

 

Bioeconomic survey and product option analysis: The composition of 
the biomass of algal strains isolated from mine sites can be analysed to 
explore options for value generation, either as whole biomass, or 
biorefined products (e.g., aquafeeds, biofertilisers, proteins, omega-3 
rich oils, pigments, biochar, and renewable fuel). 

 

Process design and techno-economics: Based on the algal strain 
choices and potential mine site topology, the best options (e.g., 
raceway ponds, (floating) photobioreactors for algae cultivation at 
selected mine sites can be determined. A techno-economics 
assessment and sensitivity analysis can be performed to determine 
production costs for various options, including multiple-product 
biorefinery options.  

 

Nutrient waste stream inventory: Industries near mine sites can be 
identified for potential supply of other waste streams rich in nutrients 
and CO2 to support algae growth, and industrial ecology in which the 
waste from one industry becomes a feedstock for another.  

 

Life cycle assessment for selected algal technologies: Life cycle 
assessments can be performed for selected algal technologies, e.g., 
focusing on carbon, and linking to potential financial benefits resulting 
from generated carbon credit units. 

 

Regulatory constraints: A database of relevant regulatory frameworks 
can be scoped and generated, and their potential constraint for 
commercialisation pathways assessed, including possible limitations for 
cultivation at mine sites, but also product quality and regulatory 
requirements, water use limitations, and occupational health and 
safety.  
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Engagement with First Nations communities: While building trust and 
strengthening relationships between the CRCTiME project and First 
Nations communities, the ideas on integrating algae-based 
technologies for improved environmental outcomes and sustainable 
post-mining futures can be respectfully presented to traditional 
owners. Moreover, it can be established what good economic, social, 
and environmental outcomes would look like and what the preferred 
local microalgae projects might be as well as what is to be avoided. 
Moreover, steps can be taken to ensure benefit sharing is agreed, 
captured and reflected for the community.  

 

Identification of pilot-scale test work opportunities: 

Based on the Stage 1 and 2 outcomes, potential site(s) and 
technology(ies) can be identified for pilot-scale demonstration test 
work. The identification can be done in consultation with industry 
partners. Moreover, opportunities can be identified for engaging with 
local communities near the potential pilot-scale demonstration sites. 

 
 

 

The most promising opportunities for potential Stage 2 project scope will be further discussed and 
developed in consultation with industry and government stakeholders and CRC TiME to refine the Stage 2 
proposal. 
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6. Conclusions 

This report covers a review of algae-based technologies that help to mitigate the environmental impacts of 
mining during operations and after closure and to enable the creation of algae-based supply chains. Based 
on the literature review and stakeholder engagement conducted as part of the Stage 1 of this project, 
several conclusions can be drawn as outlined below. 

Mine site environmental challenges 

• Environmental challenges at mine sites include physical disturbance of land, energy consumption 
and air emissions, the generation of mining and metallurgical wastes, and mine water. Moreover, 
the loss of valuable land and water assets can notably impact the long-term sustainability of local 
communities. 

• Mine water pH can vary from acidic to alkaline, with differences in the concentrations of sulfate, 
metals, and metalloids across different types of mines. 

Benefits from algal technologies at mine sites 

• Integrating algae into mining scenarios offers significant benefits by combining ecological 
restoration with economic value generation. 

• Algae cultivation can treat mine water and sequester carbon dioxide, and algal biomass supports 
mine waste stabilisation and dust suppression and improves plant growth when used as fertiliser 
and biostimulant. Thus, the application of algae at mine sites accelerates ecological recovery while 
reducing environmental impacts, such as pollutant levels and greenhouse gas emissions. 

• Moreover, algal biomass can be used as a raw material to produce bioplastics, biofuels, pigments 
and animal feeds. Algal cultivation may also be complementary to other water uses for mutual 
benefits, such as aquaculture which may use algae as feed and provide nutrients for algal 
cultivation. Hence, algae-based technologies create sustainable business opportunities, turning 
post-mining land into economically productive ecosystems. 

• This dual approach not only enhances rehabilitation outcomes but also ensures long-term 
sustainability for mining sites through the development of business opportunities for ongoing value 
generation beyond mine closure. Algal cultivation at mine sites may create jobs and offer 
opportunities to engage Traditional Owners and other local communities.  

Selection of algal species and cultivation, harvesting and processing technologies 

• Various micro- and macroalgae have been detected and identified in mine waters, indicating that 
their cultivation at mine sites should be possible if suitable growth conditions are provided. 

• Algal growth requires sunlight and essential macro- and micronutrients. 

• Depending on mine water quality, pre-treatment of mine water may be required to adjust pH, to 
remove toxic elements, suspended solids, sulfate or salts, and/or to add nutrients to support algal 
growth. 

• The selection process of algal species and cultivation systems for implementation in mine sites can 
include 1) reviewing mine site characteristics and aim for algal processes, 2) the selection of algal 
species based on their growth rate and suitability to the mine site conditions and application, 3) 
identifying possible mine water treatment or amendment needs, 4) the selection of algal 
cultivation systems, 5) the selection of algal harvesting and processing systems, 6) the verification 
of algal end-products in terms of yield, quality and suitability of biomass residue for other 
applications, and the market price of the products and 7) the optimisation of the process.  

• The growth rate of algae is a key factor influencing the time required for scaling up algal cultivation. 

• Large-scale microalgal cultivation can be carried out in open raceway ponds, closed 
photobioreactors, floating photobioreactors or biofilm-based algal turf scrubbers. Macro-algal 
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cultivation systems can utilise free-floating algae, or biomass adhered to the bottom of the water 
body or solid substratum, e.g., using rope or raft systems.  

• Microalgal harvesting methods include centrifugation, tangential flow filtration, forward osmosis, 
flocculation, bioflocculation, dissolved air flotation, electroflotation and magnetic separation. 
Macroalgal harvesting can be conducted either manually with cutting tools or through mechanical 
harvesting using amphibious vehicles, boats, land-based long-armed vehicles equipped with suction 
apparatus, rotating mowers, cutters, rotating blades and dredgers. 

• Whole algae biomass can be used as is for several applications (e.g., feeds supplements, fertilisers), 
however, cell rupture is required for the extraction of some valuable components (e.g., oils, 
proteins, pigments). Cell disruption can be carried out through mechanical, chemical, enzymatic, 
thermal, electrical or other emerging technologies. 

Regulatory and other constraints for the application of algal technologies 

• Regulatory requirements that need to be considered if planning algal cultivation and use at mine 
sites include 1) land use agreements (e.g., Indigenous land use agreements and mining lease 
commercial conditions), 2) environmental permits and compliance (e.g., water use license, waste 
management and rehabilitation requirements), 3) health and safety standards for occupational, 
algal process and product safety, and 4) biodiversity and ecosystem protection (e.g., non-invasive 
species and ecosystem monitoring).  

• Mine rehabilitation guidelines provide a framework for the systematic recovery of ecosystems, 
including the stabilisation of mine waste, restoration of vegetation, and improvement of water 
quality.  

• The assembly of a regulation database, consisting of government, industry and societal regulations 
that impact algae biomass production, processing and products specifically at mine sites could 
support industry to identify regulatory barriers and opportunities. 

Business case for the application of algal technologies at mine sites 

• The application of algal technologies at mine sites offers significant economic, social, and 
environmental benefits, all of which can be quantified through various metrics. 

• Estimates of algal production cost vary with various growth systems and geographic locations, 
typically being in the order of 10-100 AU$ kg-1 of dry algal biomass. 

• The global algae markets are rapidly increasing with a value of US$1.9-5.3 billion in 2023 and 
estimated annual growth of approximately 5-6%. The market size and value of algal products vary 
widely depending on the application. 

• For bulk algae products to become cost competitive, multi-product biorefineries will allow 
compensation of current production costs to achieve profitability. Additionally, algae production 
costs can be reduced through technical refinement, policy optimisation and scale. 

• Algal cultivation can enable industrial ecology and symbiotic relationships with nearby industries, 
where CO2 emissions and nutrient rich wastewater streams from these industries can support algal 
growth while the algae purify the exhaust gases and wastewater. 

• A business case for the establishment of algae production within the context of Australian mining 
sites will consist of many economic, environmental and social aspects, which are heavily dependent 
on location, site, algae strain, cultivation technology and end-product(s). 

• The implementation of the algae within a mining context will involve various phases, starting with 
site selection and definition of the site-specific objective, which will inform the selection of the 
most feasible technologies that could be implemented, followed by due diligence to determine 
economic, social and environmental opportunities as well as risks. 

• To ensure the successful commercialisation of algae-based products from mining contexts, a 
comprehensive path to market is required, incorporating market research and analysis, product 
development and testing, commercial partnerships, regulatory compliance, and marketing efforts. 
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• Key considerations for a solid business case for algal technologies include: 1) defining project scope 
and objectives, 2) site and resource availability, 3) technologies, 4) market analysis, 5) financial 
projections, 6) regulatory and compliance considerations, 7) risks and mitigation strategies, 8) 
social and community impacts, 9) sustainability and environmental impacts, 10) strategic 
partnerships and collaboration, 11) pathways to market, and 12) long-term vision and scalability. 

Knowledge gaps and opportunities for potential Stage 2 project scope 

• A few examples of research gaps for mine site algal technologies include: 1) strain selection and 
cultivation optimisation for mine water conditions, 2) product development for various 
applications, 3) process development, 4) environmental impact assessment, 5) cost, revenue and 
economic viability assessment, and 6) increasing the understanding on regulatory frameworks. 

• Based on the research gaps, opportunities for the potential Stage 2 project scope include the 
characterisation of mine water samples, metagenomic analysis of algae at mine sites, the isolation 
of algal strains from mine water, and the high throughput growth optimisation of algal strains. 
Moreover, the use of algal biomass for direct or indirect mine water treatment, mine waste 
stabilisation, dust suppression and mine site rehabilitation can be explored. Further study could 
also include a bioeconomic survey and product option analysis, process design and techno-
economic analysis, nutrient waste stream inventory, life cycle assessment of selected algal 
technologies, development of a database on regulatory constraints, engagement with First Nations 
communities and identification of opportunities for possible pilot-scale test work.  
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Appendix A 

Engaged stakeholders 

Alcoa 

BHP 

ChemCentre 

Department of Biodiversity, Conservation and Attractions, Western Australia 

Department of Environment, Parks and Water Security, Northern Territory 

Department of Water and Environmental Regulation, Western Australia 

Energy Australia 

Environment Protection Authority, Tasmania 

Evolution Mining 

Fortescue 

Heidelberg Materials 

Mine Land Rehabilitation Authority, Victoria 

MRIWA 

Pershke Consulting Pty Ltd 

Queensland Mine Rehabilitation Commissioner 

Regional Economic Solutions Pty Ltd 

Rio Tinto 

South 32 

 

In addition to the above stakeholders, 13 other government agencies, mining or consultancy companies 
and universities were contacted without response. 


