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Utilising geopolymer as a construction material has gained institutional and commercial interest over the past decade, due

to its favourable emissions profile as an alternative to carbon-intensive Ordinary Portland Cement-based concrete, which

currently accounts for around 7% of global carbon emissions.
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1. Introduction

Industrial processes are one of the main sources of greenhouse gas (GHG) emissions, burning significant quantities of

fossil fuels and producing huge amounts of mass in situ GHGs in their operations. The cement industry is a major source

of GHGs, being responsible for 26% of industrial and 7% of global carbon emissions . Cement substitution in concrete

with alternative materials is a promising approach to reduce carbon emissions produced by the cement and concrete

industry. Various materials with pozzolanic property can replace cement in concrete, among them geopolymers, a material

first coined by Davidovits .

The term geopolymer refers to the formation of a structural material made through the dissolution and polymerisation of

source material high in reactive silica and alumina (Figure 1) . These materials are commonly precipitated through

highly alkaline activating solutions such as sodium/potassium hydroxides and silicates . When combined with

aggregates, a structural material with properties similar to concrete can be manufactured, with added advantages over

carbon emissions-intensive construction materials such as Ordinary Portland Cement (OPC) . That is because

geopolymer binders can be produced exclusively of recycled waste materials such as fly ash, which is a by-product of

coal-fired power plants with associated environmental and health hazards in several countries due to the large waste

stockpiles deposited into landfill . Increasing the application of geopolymer, and specifically fly ash, could have

significant environmental and societal benefits through a reduction in cement reliance and subsequent emissions savings,

as geopolymer technology can produce 10–64% less GHG emissions when compared to OPC concrete of the same

strength .

Figure 1. Geopolymerisation process for the fabrication of geopolymer cement/concrete. Different sources of siliceous

and aluminous materials are used for the production of geopolymers, the most common including fly ash, metakaolin,

silica fume, ground granulate blast slag, and other ashes such as volcanic and biomass ashes. Reprinted with permission

from ref. . Copyright 2016 Elsevier.
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Australia is currently one of the international leaders in geopolymer innovation . Research in Australian

universities and institutes focusing on the strength and durability properties of the material has been ongoing since the

turn of the millennium through studies undertaken by Van Jaarsveld  and Van Deventer . Furthermore, the market

presence of companies producing geopolymer indicates that Australia continues to be a global innovator in this field 

. Nevertheless, despite the abundance of geopolymer research undertaken in Australia, there persists a significant

underutilisation of fly ash, in particular, low-quality fly ash from sub-bituminous and brown coal, in the Australian market

when compared to other developed and developing countries . This poses a significant environmental issue when

coupled with Australia’s rising demand for concrete , as increased consumption of concrete without supplementary or

substitutional use of geopolymer will further increase the carbon footprint of Australia’s construction industry .

The commercialisation of the product is the key approach to increasing the utilisation of geopolymer. Nevertheless, there

are several challenges for the adoption of geopolymers in the construction industry such as (1) the material properties

(i.e., strength and durability), (2) economic factors, (3) social attitudes to the relatively unknown technology, and (4) the

regulatory environment. These factors are interconnected and can pose significant barriers to widespread adoption.

This article aims to provide a perspective of the current body of research in each of these four areas to identify the key

gaps in research and to determine barriers against the commercialisation of geopolymer in Australia. Based on these

analyses, effective and practical recommendations are proposed for future investigation avenues that may aid the industry

adoption of geopolymer. Although focused on Australia due to the significant research initiative but yet low utilisation of fly

ash and commercialisation of geopolymer concrete, this review is also applicable to other countries with low levels of fly

ash utilisation or where low-quality fly ash is abundant, such as China , as well as many international markets where

the substitution of OPC concrete with geopolymer could aid attainment of emissions reduction targets.

2. Challenges and Recommendations for the Adoption of Geopolymers as
Construction Materials

2.1. Material Properties

The geopolymer reaction process requires a source material high in reactive alumina and silica  to precipitate a

geopolymeric gel. Extensive research into both the suitability and availability of potential precursor materials has yielded

fly ash as the most appropriate geopolymer source material . There are two types of fly ash as classified by the

American Society of Testing and Materials  based on the composition of the material; Type F and Type C. Type F fly

ash is commonly derived from the burning of black coal, while Type C fly ash is commonly produced from sub-bituminous

and brown coal, being is considered a lower quality fly ash source based on current research. Many Australian sources do

not fit either category as their fly ash present low reactive SiO  + Al O  + Fe O  (<50%) or high SO  content (>5%) 

.

The properties of black coal fly ash (Type F)-based geopolymer material are appropriate for adoption in the construction

industry due to the high strength and durability achieved in previous studies. Therefore, initial steps to the

commercialisation of this type of fly ash have been taken through small-scale projects , such as precast elements

and in situ pavement works. The presence of these companies in the Australian market indicates that geopolymer

synthesised from Type F fly ash is likely commercially viable. The body of research relating to the properties of Type F fly

ash is extensive as shown by the early commercialisation efforts being undertaken.

Although brown coal makes up 40–55% of coal burnt in Australia, from which approximately 1–2 million tonnes of ashes is

generated per year (Figure 2) , the utilisation of brown coal fly ash in the construction industry is negligible . This is

predominantly due to the lower strength and durability achieved in select studies when compared to black coal fly ash-

based geopolymer, due to brown coal fly ash’s high CaO content, higher SO  content, and lower amorphous content,

which reduces reactivity . Despite these limitations to the materials adoption, Australian brown coal fly ash-based

geopolymers have shown promising strength results in several studies .
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Figure 2. Quantity of burnt coal by type (a), total ash generated (b), and total brown coal fly ash generated (c) in Australia

by year from 2010 to 2018. Data adapted from ref. .

The gap in research levels between brown and black coal fly ash-based geopolymer requires significant work to close.

Between 2010 and 2018, Australia utilised approximately 20–45% of total fly ash generated , which is below the 50–

60% rates of consumption in the US and India . The gap between Australia’s utilisation rate compared with that of India

and America is possibly due to the high amount of the less researched, lower quality fly ash from sub-bituminous and

brown coal sources. Common brown coal fly ash cannot currently be used in OPC concrete due to its mineralogy being

incompatible with the current Australian Standards , which hampers its utilisation and reduces the overall fly ash

utilisation of Australia. The development of geopolymer mixes with brown coal fly ash included as feedstock offers a

possible circumvention of this issue.

The early stages of research carried out in Australia on the strength and durability of brown coal fly ash-based geopolymer

can be classified into four steps, including:

Particle size analysis: Smaller fly ash particle size has been shown to increase reactivity, early age, and long-term

strength development of geopolymer .

Amorphous content: Acceptable ranges for bulk mix mineralogy related to amorphous silica, alumina, and calcium

oxide have been suggested . The amorphous content in the bulk mix is also linked to activator chemical

composition, with limits proposed by Dirgantara et al. .

Acceptable fly ash sources: Brown coal fly ash from the Loy Yang coal-fired power plant is reportedly the most optimal

for geopolymerisation among sources from the Australian state of Victoria  due to its chemical similarity to Type F fly

ash.

Additives: Blast furnace slag and Type F fly ash have been shown to improve geopolymer strength and durability while

lowering activator volume requirements when used as partial additives to brown coal-based geopolymer .

While outcomes have varied during initial brown coal fly ash-based geopolymer studies, promising results have shown 28-

day compressive strengths greater than 40 MPa and 1-day strengths greater than 30 MPa , similar to standard

strength OPC concrete. On the other hand, information about the durability characteristics (e.g., resistance to fire,

chemical attack) of the produced brown coal fly ash-based geopolymer is scarce. An initial investigation conducted by

Tennakoon et al.  indicated that the water-resistance of brown coal fly ash-based geopolymer is impacted by the level

of sulphate present in the mix. Nonetheless, further research is critical to understand the long-term stability of the

developed geopolymer products and allow their commercialisation.

While research into the material properties (in particular the strength properties) of geopolymer has gained attention from

academics, other areas require increased investigation to improve the utilisation and commercialisation of the technology.

Paramount among these issues is the lack of consensus as to the bulk mix mineralogy requirements of geopolymer, which

is especially critical for the less-understood field of brown coal-based geopolymer. While studies have proposed individual

mix designs that show promising strength and durability characteristics (Table 1), the development of bulk mix
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requirements would allow far easier analysis of different fly ash sources and their suitability regarding different strength

geopolymer designs, and it could pave the way for increased utilisation and commercialisation. Further testing and

verification of the bulk mix chemical limits suggested by Tennakoon et al.  shown in Figure 3 are recommended as an

initial step in this process.

Figure 3. Chemical composition diagram with red markers indicating suggested brown coal geopolymer bulk mix

chemistry. Reprinted with permission from ref. . Copyright 2015 Elsevier.

Table 1. Summary of recent research activities on utilising brown coal fly ash-based geopolymer in Australia.

Approach Results Ref.

Brown coal fly ash sourced from Victorian
sources used as feedstock in geopolymer

mixes with varying amounts of black coal fly
ash and blast furnace slag also incorporated

into select mixes. Low heat curing was
performed, and samples were tested at one

day.

Brown coal fly ash shown to have poor strength characteristics when
used as the sole feedstock; however, with black coal fly and blast

furnace slag included to target specific Si/Al ratios, 25–35MPa
strength mixes were recorded

[24]

Australian brown coal fly ash used together
with black coal fly ash and slag to determine
the bulk mix mineralogy and links to strength

Black coal fly ash and slag as supplementary feedstocks increased
the compressive strength. High sulphate contents in brown coal fly
ash were shown to have an adverse effect on strength development.

Brown coal fly ash sources judged as acceptable or not based on
mineralogical properties, with these tests easily applied to other fly

ash sources to judge acceptability for geopolymerisation.

[25]

Study using various brown coal fly ash from
Victorian sources to develop a geopolymer

mix. Altered activator quantities and different
fly ash proportions were analysed, and brown
coal fly ash was used as the only feedstock

with heat curing performed

High-strength geopolymer was synthesised (up to 50MPa). The
activator molarity was found to be important, as was the reactive
elements in the fly ash when compared to the unreactive fly ash

particles.

[17]

Attempts to synthesise low strength brown
coal fly ash-based geopolymer bricks for use
in low-risk applications. Brown coal fly ash

used as the only feedstock

Bricks consistently reached strengths of 23MPa, showing suitability
for low-strength applications. The particle size and mineralogy of fly

ash were shown to be important factors in final strength
development.

[23]

Brown coal fly ash was used in a particle size
research project relating to geopolymer

strength.

The brown coal fly ash used differed from most Australian sources
and was closer in mineralogy to common Type F fly ash. Smaller

particle size was found to increase the strength through increased
reactivity of the feedstock and activating solution.

[27]

Brown coal fly ash was used as the sole
feedstock to develop a geopolymer mix.

Particle size variance was analysed for its
effect on strength

The brown coal fly ash used differed from most Australian sources
and was closer in mineralogy to common Type F fly ash. Significant
strength was recorded (134 MPa) with smaller fly ash particle sizes.

[28]

Low calcium brown coal fly ash sourced from
two separate locations in the storage ponds of

an Australian power plant (Loy Yang) was
used to manufacture geopolymer mortars.

The mortars with the two types of brown coal fly ash both presented
similar compressive strength at 28 days (23–24 MPa). However, one
type of fly ash displayed an increase in strength development over

time, while the other displayed a decrease.

[33]

Geopolymer mortars were made with brown
coal fly ash sourced by the Yallourn power

station in Australia.

The mortars presented strengths varying from 12 to 16 MPa. The
obtained low strengths were associated with the low alumina content

coupled with the high unburnt carbon content in the fly ashes.
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Current research has centred around the use of liquid-activating solutions such as sodium silicate and sodium hydroxide;

however, the liquid nature of these additives poses a barrier to commercialisation. Unlike concrete, water is not consumed

in the geopolymer process , and thus, the addition of water through these liquid activators serves only to provide a

medium for dry precursor material dissolution and the precipitation of a geopolymer paste. Due to the detrimental impact

of water on geopolymer strength and durability , further study is recommended into the use of dry activators, such as

sodium silicate and sodium hydroxide in powdered form. This would have the effect of more easily controlling the water

content of geopolymer mixes in addition to potential physio-mechanical improvements on liquid-activated geopolymers as

suggested by Abel-Gawwad and Abo-El-Enein , and while issues with the dissolution of the activator components may

arise, this method requires further research prior to discounting. The use of dry activators would also allow for a “just add

water” mix to be manufactured and batched , which is a critical component in the commercialisation of the product, as

requiring specialised and corrosive chemicals such as sodium hydroxide to be poured into the mix on-site is both

dangerous and impractical, and it would likely reduce the market for geopolymer powders being sold to the public by

hardware stores due to the need for additional liquid activator purchases. For these reasons, increased understanding as

to the validity of dry activator use is imperative to the commercialisation of geopolymer.

Another issue hindering the utilisation of brown coal fly ash is the increased absorption of liquid activator due to a higher

percentage of unburnt wood particles found in brown coal fly ash compared to black coal fly ash . These particles do

not add to the geopolymerisation process despite absorbing the activating solution, which reduces the proportion of

activator available for the geopolymerisation process and increases the required amount of liquid activator. This issue

culminates in increases to the water/solid ratio of the mix and lowered durability and strength characteristics . To

alleviate this issue and precipitate increased investment in the brown coal fly ash-based geopolymer sector, future

research should investigate methods of fly ash pre-treatment that may reduce the activator absorption of these unburnt

particles  to allow for increased reaction in the geopolymer matrix and to further assess the suitability of brown coal fly

ash as a geopolymer precursor material. Xing et al.  suggested methods to reduce the proportion of unburnt particles in

fly ash sources include sieving, electrostatic separation, and froth flotation; however, these alternatives need increased

exploration to determine their economic viability.

Given the vast reserves and low cost of brown coal fly ash in Australia , increasing the utilisation of this material

provides clear advantages for the commercialisation process through lower material cost when compared to black coal fly

ash. Lower strength has been shown as a clear issue with brown coal-based geopolymers in Australia ; however,

this should not preclude its use in the construction industry; short term future research should centre around non-

structural applications for brown coal-based geopolymer with low strength requirements, which is a field shown to be

promising by initial testing completed by Khodr et al. . Research should also continue into mixes using a blend of brown

coal and black coal fly ash’s for higher strength applications, as suggested by Tennakoon et al. . The testing and

knowledge gained during lower-level structural utilisation in the short term can increase the likelihood of higher-level

structural geopolymer made from brown coal fly ash being developed. As an example, concrete additives such as black

coal fly ash and blast furnace slag, currently accepted as advantageous to concrete properties, were once believed to be

only viable in small amounts . It is suggested that a similar material development process can be mirrored in brown

coal fly ash technology. Table 1 summarises some of the recent research activities on the utilisation of brown coal fly ash-

based geopolymer in Australia.

2.2. Economic Factors

The economic constraints to the commercialisation of geopolymer are of paramount importance due to the fact that there

will be hardly any adoption of geopolymer concrete on a meaningful scale unless it becomes financially competitive with

OPC concrete. The body of literature for the economic factors surrounding geopolymer commercialisation is currently

lacking. Research into the financial viability of geopolymer may not be solely performed by researchers, as companies

can conduct independent cost–benefit analysis prior to undertaking any new business venture or operation. However,

increased financial research may be a precipitator to more businesses paying attention to geopolymer as a potential

sustainable structural replacement for traditional OPC concrete.

The supply chain for geopolymer, or lack thereof, is one of the most critical elements of an economically appealing

geopolymer mix. In Australia, due to the large distances between major cities and the distance from overseas chemical

producers, the minimisation of transport costs is extremely important. Increases in shipping and transit distances increase

both the financial and environmental cost of geopolymer, lowering the commercial viability as well as the core advantage

of geopolymer: its reduced emissions profile when compared to OPC concrete. As such, the need for financial analysis

based on a predominantly local supply chain is extremely pertinent.
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The current body of research on the economic factors affecting geopolymer in Australia has largely taken similar

approaches, which comprise the estimation of the material, transport, mixing, and placing costs via a compilation of

inventory data. McLennan et al.  considered four mix designs taken from past studies that yielded strength similar to the

OPC concrete tested and estimated their total mix design costing, with comparisons made to the cost of OPC concrete.

Figure 4 shows the estimated cost and associated GHG emissions of the potential geopolymer mixes. The results

indicated that geopolymer has costs ranging from 7% cheaper to 39% more expensive than OPC concrete in Australia

with the critical cost factors found to be black coal fly ash, sodium silicate, and transport costs.

Figure 4. Cost and greenhouse gas (GHG) emission per tonne of different geopolymer mixes in comparison with Ordinary

Portland Cement (OPC). Reprinted with permission from ref. . Copyright 2011 Elsevier.

This holistic approach to geopolymer cost estimation was mirrored by Chan et al. , who included a 20-year life cycle

analysis to compare OPC and geopolymer costs, which included hypothesised capital outlay requirements to set up

geopolymer batching plants. For the analysis, a general equation was developed comprising the capital cost, costs related

to manufacturing, material variability, lifelong operations, maintenance, disposal, and environmental taxes, in addition to

the residual value of the material (for further details on the equations, see ref. ). The study found that OPC was around

18% cheaper than geopolymer of the same strength, with the geopolymer cost increases coming predominantly from

higher source material price compared to OPC concrete. Both studies indicate that lowering the cost of geopolymer

precursors, particularly sodium hydroxide and sodium silicate, can greatly improve the financial viability of geopolymer.

The economic factors explored in the past Australian studies contained gaps that new research should fill. The most

glaring issue in the research base is the age of the literature; the results reported in Chan et al.  and McLennan et al. 

are now 6 and 10 years old, respectively. It is probable that the figures for material and transport costs have changed due

to market forces and inflation. A study updating researchers and industry as to the current cost of geopolymer in Australia

is vital to shedding light on the current viability of the technology, as continued investigation into the material properties of

strength and durability is rendered largely mute unless the forecast cost of geopolymer can be reasonably competitive to

OPC.

Another limitation to past research is the lack of clarity over what quantities and materials are estimated in the quoted

costs of geopolymer. Chan et al.  did not provide details of the mix designs used to form cost estimates, making a

comparison to other past and future reported figures difficult. Confidence in the cost estimates of geopolymer can only be

achieved when a “standard” strength bulk mix design is agreed upon as discussed in the previous section. Until a

consensus relating the chemistry of the mix designs with all source materials added to the final strength of geopolymer

can be found, the economic analysis will present a high level of uncertainty.

Mix design uncertainty also impacts the development of supply chain forecasts. Past research into the costs of Australian

geopolymer assumes all fly ash sources, the locations of which are shown in Figure 5, are acceptable as geopolymeric

material. This assumption is not accurate with current geopolymer understanding. In the Australian state of Victoria, where

several coal power stations in the LaTrobe Valley burn brown coal from similar geography, the resulting fly ash varies

greatly in chemistry  due to the mineralogical variances between the coal seams these stations excavate from .

As such, and with a mind to the minimisation of transport costs as discussed previously, a database of acceptable fly ash

sources should be compiled through chemical testing or cross-referencing with past experiments to allow for more

accurate transport costs and supply chains to be developed between these source locations and nearby high-concrete

usage areas. Continued economic research acting under the assumption that all Australian fly ash deposits are

acceptable source locations risk underestimating the cost of geopolymer, as transport costs will likely be undervalued in

some cases. An important caveat to this current issue in the literature is the theory that with increased research and

practice comes a likely increase in utilisable fly ash sources.
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Figure 5. Locations of fly ash sources in Australia.

The past geopolymer cost analysis has been compared to the current cost of a similar strength OPC concrete. While the

current prices of concrete indicate that geopolymer is in most cases less cost-effective than OPC of similar strength, past

reports have not included any contingency for cost increases due to a reduced domestic supply proportion of cement or

future governmental prices or taxes on carbon emissions. Australia has increased the proportion of clinker imported,

which is the base material used to make cement, steadily over the past 7 years, putting upwards pressure on cement

prices through increased transport costs exacerbated by rising demand due to the construction boom occurring in parts of

Australia . With demand expected to continue to grow due to high population growth and large infrastructure projects

being undertaken , this price rise is expected to continue, which may make geopolymer more cost-effective in

comparison as time goes on. Similarly, a price or tax on carbon for high-emission producers as debated in the 2019

Australian federal election and adopted in Canada, Japan, and parts of the European Union may also increase the cost of

cement in Australia due to the significant carbon footprint of concrete production . Both factors may contribute to

concrete price rises, and as such, any future economic research of geopolymer should include sensitivity analysis to

determine the effect of possible concrete cost increases on the economic viability of geopolymer.

Similar to the static cost estimations used in past research for concrete, the cost of geopolymer has not included

sensitivity analysis for forecasted future price changes in Australia. Geopolymer represents a promising field that in the

best-case scenario, will rival concrete as a construction material with a far better emissions profile, and the price for

geopolymer components will adjust due to heightened demand. At the current time, black coal fly ash comes with

associated costs ; however, brown coal fly ash is without a well-established cost. Future research needs to provide

price estimates for both of these vital precursor materials based on expected future demand and supply, and it needs to

use these values in sensitivity analysis to better estimate the forecasted price of geopolymer mixes in Australia and more

accurately guide the emerging industry as to the economic viability. The geopolymer feedstock base, if limited only to

high-quality black coal fly ash, will likely experience a higher rate of price increase, as the supply of these ashes will be

shared with the OPC industry, and their demand is expected to increase . This potential price issue further highlights

the need for brown coal fly ash-based geopolymer research to allow more fly ash sources to supply the fledgling

geopolymer market and reduce upward pressure on geopolymer prices.

The economic feasibility of using recycled materials in geopolymer is a field that also needs further investigation to aid the

commercialisation of geopolymer products. For example, an increasing body of research is focusing on the use of

recycled alkaline sources as the activating agent in geopolymer mix design, such as calcium carbide residue from the

acetylene production process . Cost and life-cycle analyses in Thailand demonstrate that the alkali-activated high-

calcium fly ash mortars with recycled calcium carbide residue can be cost-effective compared to Portland cement

materials, in addition to presenting good engineering performance (Figure 6). Nevertheless, while the increased usage of

recycled materials to replace the emissions and cost-intensive activators currently used  is likely beneficial for the

emissions profile of geopolymer, the costs of these recycled materials and their impacts on the economic viability of

geopolymer mix designs in Australia are largely unknown.
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Figure 6. Cost analysis of alkali-activated high-calcium fly ash/recycled calcium carbide mortars as commercial repair

materials. PCC—Portland cement concrete; CRM—Conventional repair materials; FA—Fly ash; CCR—Calcium carbide

residue; SS—Sodium silicate; SH—Sodium hydroxide. Reprinted with permission from ref. . Copyright 2020 Elsevier.

While it is foreseeable that continued rising costs of concrete in conjunction with improvements relating to the material

properties of geopolymer may see geopolymer become cost-competitive with OPC concrete, there still may not be the

required incentives for the construction industry to adopt the new technology. Geopolymer concrete manufacturing is

capital intensive processes requiring significant investment in plant, equipment and supply chains, and geopolymer will

likely need to exhibit a lower cost with comparable material properties for the construction industry to switch their

operations and capital into this new material. Rising emissions are not purely the construction industry’s responsibility, and

as such, federal or state governments may consider subsidising the initial capital outlay required to set up the requisite

infrastructure to create a cost-competitive geopolymer mix. Public money assisting in efforts to “green” heavy emitting

industries is not a new concept and reflects the fact that organisations should arguably be rewarded for reducing large-

scale emissions, and thus providing an otherwise unrewarded benefit to the national and global population through

reduced global warming.

2.3. Social Attitudes

Geopolymer technology provides a significant opportunity to meaningfully reduce the carbon emissions produced by the

construction industry through the replacement of current high-emission OPC concrete utilised worldwide. However, the

broad commercialisation required to realise this opportunity hinges on the societal attitudes towards this new and largely

unknown construction material. While the material properties and economic factors are the most important barriers to

commercialisation, the public perception of the technology may greatly impact the prevalence of geopolymer in the short

term while a convincing body of evidence proving geopolymers strength and stability is compiled.

The key challenge geopolymer technology must overcome regarding social attitudes is to be seen as a safe alternative to

OPC concrete, which is a universally trusted construction material. OPC concrete is the most consumed manufactured

material in the world , and its widespread and long-term use has created trust in its use as a construction material, as

previous concrete structures provide evidence regarding its structural safety. This implicit trust in concrete based on years

of use is not something that geopolymer can replicate in the short to medium term, and as such, future geopolymer

structures will be more scrutinised by both regulatory bodies and the public compared with OPC structures.

Current and previous geopolymer research has, for good reason, focused largely on developing the understanding of the

mechanical properties of the material, namely the strength and durability characteristics. While geopolymer synthesised

from brown coal fly ash still has significant research required in this area, the infant commercialisation of black coal fly

ash-based geopolymer  provides a need for thought to be given as to how the general public will accept a new

construction material in more mainstream use, especially in high rise and major infrastructure projects, where trust in

structural stability is paramount in users’ minds. At present, there has been no meaningful research into how geopolymer

would be viewed and accepted by the general public as a structural material. This is understandable given the fledgling

stage of the market; however, continuing to ignore this potential barrier to commercialisation may prove detrimental to the

adoption of geopolymer technology in the near future.

The importance of social acceptance for new construction technologies should not be underestimated. Lehmann 

suggested that changing ingrained behaviours and preferences is the biggest barrier to the adoption of new technologies,

and this may be especially true in the case of geopolymer, as attempting to replace such an implicitly trusted material
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such as concrete represents a significant shift in societal preferences. The magnitude of this barrier can be estimated

through analysis of the high-rise timber structure movement and the impact that societal attitudes have had in preventing

this environmentally friendly technology from achieving widespread adoption. High rise wooden structures made from

Cross-Laminated Timber (CLT) have been seen by some as a low emissions alternative to concrete, and they have been

shown to possess comparable strength at a lower weight; however, widespread adoption has been hindered significantly

by social acceptance of the material, especially in regions where existing large buildings are almost exclusively made out

of concrete . The similarities between CLT and geopolymer in terms of societal attitudes are clear, with both

technologies benefitting from a greater interest by consumers in environmentally conscious building technologies and

practices , and public reluctance to preference CLT structures based on the perceived safety advantages of concrete

 is likely to be mirrored in the commercialisation of geopolymer.

Future research into this area is recommended to investigate and quantify how social attitudes can impact the

commercialisation process in Australia, which is likely through surveys on construction companies and the general public

to gauge the appetite for a new construction material. Future research should yield estimates into the commercial

timelines available for the emerging industry, as a societal lag in accepting the material will likely create a period between

when companies begin to make structural and commercially viable geopolymer mixes, and when these mixes are used in

high rise and large-scale infrastructure projects.

Targeted marketing techniques may prove important in this regard, as highlighting the similarities between geopolymer

and concrete to construction firms and the general public may lessen the negative social reactions restricting widespread

adoption. This strategy of reducing the perceived differences to traditional concrete has been implemented by businesses

through the naming of “E-crete” geopolymer  and “Earth Friendly Concrete” products  (Figure 7). Marketing may also

help the commercialisation effort by showcasing the small scale pours already being undertaken in Australia and

worldwide.

Figure 7. Use of geopolymer precast panels, named as “Earth Friendly Concrete”, in the construction of a wharf on the

Brisbane River at Pinkenba, Queensland. Reprinted with permission from Wagners . Copyright 2021 Wagners.

2.4. Regulatory Environment

The choice of construction materials in practice is heavily reliant on the regulatory environment, in particular the governing

standards relating to required strength and durability. The Australian construction industry adheres to Australian Standards

(AS) throughout design and construction works, and current standards have detailed and easily replicable instructions for

the specification and installation of structural concrete elements through AS3600-2018  and AS1379-2007 . Cement,

the precursor material to concrete, also has detailed and narrow chemical composition ranges specified through AS3972-

2010 . The highly standardised nature of the cement and concrete regulatory environment in Australia gives clear

guidelines to suppliers and construction companies, in addition to allow organisations to reliably forecast and estimate

projects based on cost and material choice with the knowledge that there is very little probability that the material will fail

to perform to expectations.

The current regulatory standards for the specification and synthesis of geopolymer is minimal. The overarching Australian

Standards do not yet contain specific sections or clauses related to geopolymer, meaning its use in the Australian

construction industry requires case-by-case approval. The most common precursor to geopolymer, fly ash, has a

regulatory document for its specification, AS3582.1:2016 . This standard details the selected minimum and maximum

chemical and material properties; however, it only relates to the use of fly ash as a partial substitute to cement in the

production of traditional concrete, and the inclusion of fly ash is limited to 10% of the mass in various cement types as per

AS3972-2010 .
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Other regulatory publications relating to geopolymer have been developed, indicating an emerging field of research.

VicRoads, Victoria’s chief road authority, has specified geopolymer as an acceptable alternative for concrete in works

requiring a non-structural material within the following standards :

Section 701—Underground stormwater drains;

Section 703—General concrete paving;

Section 705—Drainage pits;

Section 708—Steel beam guard fence; and

Section 711—Wire rope safety barrier.

The strength requirements based on these standards range from 20 to 32 MPa, and the fly ash precursor used in the

production of the geopolymers specified must adhere to the chemical and material parameters set out in AS3582.1. These

VicRoads standards also require 80% of the mix to be fly ash and set out a high-level mixing and placement methodology

to be followed during the geopolymer pour.

Independent research is also underway in the development of a set of geopolymer standards. Mendt et al.  presented

an update on attempts to formalise a handbook detailing the specifications and construction requirements of geopolymer

in conjunction with the Ash Development Association of Australia.

The current standardisation research and regulatory environment in Australia represent many barriers to

commercialisation. Due to a lack of clear and regulatory approved standards guiding mixing and placing techniques,

chemical and material property stipulations, and durability testing methods, new entrants to the geopolymer supply market

need to conduct independent literature reviews and testing, which are both very time-consuming processes. Companies

currently supplying geopolymer are also hamstrung by the key standard organisation in Australia, Standards Australia,

which is not yet recognising geopolymer as a construction material in its own right, and thus, current avenues for sale are

largely centred around VicRoads projects and isolated private pours .

The development of new construction material standards is a very long process, as there must be adequate regulatory

confidence in both the technology and the compiled standards to ensure safe production of the new material. While a

comprehensive geopolymer standard setting out the design process for high-strength geopolymer structural elements to

rival AS3600 is likely to take many years to compile, there are shorter-term regulatory actions that can increase the rate of

commercialisation in Australia. VicRoads’ standard sections have allowed for geopolymer to be used in construction

works, and the use of low-strength geopolymer in a low-risk environment should be encouraged through an update to the

following regulatory documents, to bring the Australian Standards in line with those adopted by VicRoads:

AS3727.1: Pavements—Residential; and

AS3500.3: Stormwater drainage.

If these standards can be amended to include geopolymer as an acceptable low-strength construction material, this could

incentivise new companies to enter the market throughout Australia, instead of geopolymer adoption being kept largely in

Victoria due to VicRoads’ regulatory leadership.

Current concrete Australian Standards rely on a prescriptive approach, which details chemical and material property limits

for the individual components used in the concrete mix to achieve the desired strength or use. Due to the extreme

variability in fly ash mineralogy from different sources , the utility of developing a set of geopolymer standards

through a similar prescriptive approach is low, as although many different fly ash types may be acceptable as geopolymer

precursor materials by changing the overall mix design, a prescriptive standard would eliminate many fly ash sources that

did not “fit the mould”. This is an issue that plagues current commercialisation efforts, as although the VicRoads standards

allow for geopolymer use in certain construction projects, the fly ash must still adhere to the chemical and material

properties set out in AS3582.1. This prescriptive method is a short-sighted approach, as fly ash is only one component in

the geopolymer process, and many fly ashes’ mineralogy is different to the requirements set out in AS3582.1, which have

been shown to produce adequate strength geopolymer .

The altering of the prescriptive method found in current Australian Standards to a performance-based standard, which

accepts the use of geopolymer mixes based on their past performance instead of fly ash mineralogy, would increase the

number of fly ash sources available to geopolymer suppliers, and it would be expected to lower the cost of production and
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incentivise future commercialisation. However, if a prescriptive approach must be set, another alternative practice may be

to set chemical limits not on the fly ash, but on the bulk mix design instead, such as amorphous content minimums for key

chemical components such as SiO , Al O , and CaO as suggested by Tennakoon et al. . This method would

acknowledge that geopolymer mixes can contain multiple types of fly ash or other additives such as Granulated Blast

Furnace Slag, and it would also have the desired effect of increasing the number of acceptable fly ash sources available

to suppliers.

Figure 8 presents a summary of the recommended pathways discussed in this work for the commercialisation of

geopolymer cement/concrete in Australia.

Figure 8. Summary of recommendations for adoption of geopolymers as a construction material in Australia.
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