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Abstract:  Globally, the manufacture of cement produces more greenhouse gas emissions than any other 
single product in the world, i.e. about 3 billion tonnes per year, or 8% of the world total. In Australia, 
production of Portland cement is responsible for more than 7.5 million tonnes of emissions, about 1.3% of 
national emissions. If the contribution of imported cements is included, this rises close to 10 million tonnes. 
In addition, cement production uses more energy than any other industry, accounting for 10-15% of the 
world’s total industrial energy consumption. A radical change is required in all sectors in concrete industry 
to achieve the new Australian target of 43% below 2005 levels by 2030 and net zero target in 2050. This is 
only possible through technological innovations. Both novel methods of low carbon concretes and 
performance-based design and construction techniques are essential to achieve the targets. This should 
cover both buildings and infrastructure projects. This paper covers some key innovations required to 
address that challenge.
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1. Introduction 
The Australian Government announced in November 2020 that it would aim for 43% emission reduction 
below 2005 levels by 2030 to be consistent with the goal of limiting global warming to 1.5oC over pre-
industrial levels (1).  Climate Council of Australia pointed out in a report in 2021 that this aim would not be 
possible without significant overshoot and subsequent drawdown (2). In concrete industry, cement 
production is accounting for 10-15% of the world’s total industrial energy consumption and releases more 
than 7.5 million tonnes of CO2 to the atmosphere. A challenge to bring carbon emissions down to 
decarbonize concrete industry is prevalent as demand for concrete will continue to grow with increasing 
population and economics. To achieve the new Australian target of emissions reduction in 2030 and net 
zero target in 2050, the industry requires a combination of strategies including development of innovative 
materials, performance-based design, and construction techniques. This paper presents some key 
technological innovations needed to support the implementation of such strategies.

2. Innovative concrete
Innovative concrete has the potential to revolutionalise the construction industry by making concrete 
structures more sustainable, durable, and cost-effective. Some new concrete products are introduced to the 
industry, such as eco-friendly concrete, high-performance concrete, bio-inspired concrete, self-healing 
concrete, and 3D-printed concrete for special components (3-5), which are designed to overcome some 
technical challenges and offer unique benefits over conventional concrete.

In general, innovative concrete materials are made more sustainable and cost-effective by incorporating 
supplementary cementitious materials such as fly ash, slag, and silica fume to reduce the use of cement. 
However materials such as fly-ash are produced from coal-fire plants which are going to be discontinued 
and calcined clay may be a good substitute. Other innovations are in making concrete more efficient by 
increasing its durability and optimizing mix design for its intended purpose, using recycled materials such 
as from construction demolition wastes to replace virgin materials, using renewable energy sources to 
reduce the carbon footprint of concrete production, and offsetting the carbon emission with the potential 
carbon absorption of concrete. 

Introduction of efficient materials such as high-strength concrete will allow the optimisation of element sizes, 
reducing the material requirements and the embodied energy. Nanomaterial technology has been used to 
create new multifunctional construction materials, helping to produce high-performance concrete (6). 
Graphene and graphene oxide (GO) are nanomaterials known to have the potential to improve mechanical 



properties and performance of structural concrete and also reduce the carbon emissions in concrete (7,8). 
Recent studies show that GO influences workability, mechanical properties and durability of cement based 
materials (9) , and GO-modified cementitious composites have improved compressive strength and elastic 
modulus of geopolymer concrete (10).

Promoting circular economy in the concrete ecosystem is an area of development. High-tech processes of 
upcycling wastes for use in concrete products has the potential to provide a cost-effective solution to 
excessive waste problems (11,12). The use of recycled materials and recovered resources will be included 
in specifications and therefore will be mandatory in projects in the future. As shown by various projects 
conducted by the authors, waste materials such as plastics, glass, rubber and even textiles and paper, can 
be used in concrete if their performance is verified. Accelerated methods have to be developed to validate 
the long-term durability of concrete incorporating these materials. There is still a gap between lab to field 
applications specially in structural concrete.

2.1 Incentives
Australia’s carbon credit is a scheme to incentivize innovations to reduce carbon emission for projects with 
approved Emission Reduction Fund methods. One Australian carbon credit unit (ACCU) is for one tonne of 
carbon dioxide equivalent (CO2-e) greenhouse gas that is not released to the atmosphere (13). Companies 
can sell AACU credits to the government or to other businesses to offset their emissions. 

2.2 Concrete Mix Design 
The concrete mix design is the process for determining the proportions of various materials to produce a 
concrete mix with the desired characteristics for a specific application. Mix design methods of conventional 
concrete are well established; the process starts by setting either the target mean-compressive strength in 
the British DoE method, or the choice of slump and maximum aggregate size in the ACI Mix Design method 
(14). The mix design process of new and advanced forms of concrete containing SCMs, recycled wastes, 
fibre reinforcement, and other additives are not as standardized as the process of a conventional mix-design 
method. Mixture proportioning to achieve desired properties depends on the type and properties of concrete 
constituents, which are also varying from source to source. Innovations in this area are in using artificial 
intelligence with machine learning approach (15) and upscaling approach (16). 

2.3 Environmental Impact of Concrete 
Developing a system to assess and reduce the environmental impact of concrete and concrete structures 
is necessary (17), and should be done at all stages of its life cycle, from the extraction of raw materials, 
manufacturing, transportation, use, to disposal. The calcination and fuel combustion in the cement 
production process release significant amount of carbon emissions, which are estimated to account for 8% 
of global carbon emissions. Energy consumption, water consumption, and waste generation from the 
extraction, transportation and processing of raw materials for concrete production are other environmental 
issues causing depletion of natural resources, land degradation, and environmental pollution.  

Carbon capture technology has the potential to significantly reduce the carbon footprint of concrete through 
a process where CO2 from cement plants could be captured and absorbed back in the concrete and stored 
there permanently. Recent studies show that CO2 sequestration in concrete increases its compressive 
strength due to the formation of CaCO3 in nanosizes filling pores in the concrete (18) 

While the main focus has been on reducing the environmental impact of concrete in the production phase, 
it is also important to assess environmental impacts in the lifetime of the concrete structure.  A database for 
life-cycle assessment such as AusLCI (19) provides life-cycle inventory data and tools for assessing product 
performance against the embodied carbon of material, energy, transport, processing, and waste treatment.

Because of rapid development of economy and construction, the quantities of construction and demolition 
wastes (CDW) rapidly increase. Thus, efficient upcycling of CDW with recycled concrete aggregates is a 
promising solution for the construction industry in acting against the climate change (20). However there 
are several barriers for the effective use of these aggregates. Owing to lower density, higher water 
absorption, lower overall strength of aggregates due to two interfaces with old and new mortar, new concrete 
incorporating recycled CDW exhibits lower strength and also other key structural governing criteria such as 



inferior shear due to lower aggregate interlock, codes of practice and guidelines around the world have 
severely limited the replacement of CDW in concrete. The present guidelines in Australia recommend 
around 30% replacement without affecting the mechanical properties (21). Carbonated recycled aggregates 
(CRA) have demonstrated excellent properties compared to RA (22). Once CO2 diffused into cement matrix 
attached to the Recycled Aggregate, CO2 reacts with calcium oxide in the form of calcium hydroxide to form 
calcium carbonate. In addition to that, it also reacts with hydrated calcium silicate (CSH) forming calcium 
carbonate. This procedure will allow a higher percentage of recycled aggregates to be used without affecting 
the performance including the aggregate-interlock action. As mentioned earlier, several cement companies 
are working on carbon capturing technologies to reduce the atmospheric pollution from cement production. 
The authors are working on using this captured CO2 for recycled concrete aggregates and also for carbon 
curing of precast concrete components.

3. Performance-based design
As new materials and construction methods are developed and demand for sustainable, resilient, and high-
performing structures and systems continues to grow, performance-based design is becoming increasingly 
important. .In addition, complex projects such as high-rise buildings, bridges, and infrastructure systems, 
traditional prescriptive design codes may not fully address all aspects of the design. The performance-based 
design approach allows for more innovative and efficient designs that can better meet performance 
requirements of specific projects including energy efficiency, occupant comfort, and maintenance. It also 
enables integrating sustainable design principles including ecological, economic, and social factors to 
ensure that the structure can operate efficiently and effectively for its lifespan.  The performance-based 
design approach can also help to identify potential safety and performance issues early in the design 
process, allowing for adjustments to be made before construction begins. Innovations in this area are 
presently focused around fire-safety design, occupant comfort, and earthquake-resistant structures. To 
promote innovations in materials development and construction techniques, more work is required to 
establish performance-related criteria that are commonly-accepted and adoptable for industry practices.

4. Construction Technologies
New rapid construction methods are essential to reduce the Carbon Emissions during construction. For 
example, Shotcrete is a reliable and efficient construction technique that can provide a cost-effective 
solution for many construction applications. It can be used to create strong and lasting structures by spraying 
concrete or mortar onto a surface with a pressure gum making the process faster and more efficient. Other 
key technologies are summarised below.

4.1 Circular economy for prefabricated and modular construction
A circular economy is a model that focusses on reducing, reusing, and recycling materials to make products 
more efficient and cost-effective. Australia is progressing into the global transition to a more circular 
economy as a way to reduce waste, emissions, pollution, and landfill, and develop a nature-positive 
economy (23). 

Modular construction enables more flexibility in design and helps to create new and innovative designs that 
can influence the choice of materials, and where and how they are sourced. It also allows for careful 
management of the construction process to reduce the amount of energy and labour used. Modular 
components can also be designed to be recyclable and reusable, thus adding benefits to sustainability by 
reducing waste and adding value to the products. Construction time on-site is significantly reduced bringing 
carbon emissions savings.

ARC Centre for Advanced Manufacturing of Prefabricated Housing (ARC CAMPH) led by the first author, 
Prof Mendis, have developed novel methods (24) for these types of modular construction including light-
weight concrete to reduce the weight for lifting and transportation. Co-author Prof Kumar has designed 
many modular structures, including the 44 story Latrobe Tower in Melbourne, introducing innovative 
techniques. 

A circular economy in prefabricated and modular construction has been gaining much attention in recent 
years. It is a way to create structures that are efficient and cost-effective and still provides a sustainable 



solution that minimises the impact on the environment.  Regulatory barriers associated with prefabricated 
and modular construction have been addressed in an interim report by Advanced Manufacturing Growth 
Centre (25).

4.2 Use of Digital technologies
Digital technologies such as artificial intelligence, virtual reality, and augmented reality can help to 
revolutionise construction industry, from the design phase to the construction, operation, and end-of-life 
phases of projects. Furthermore, digital technologies can help create a more collaborative environment 
between stakeholders, enabling them to make decisions quickly and effectively.  One of the most commonly 
used digital technologies in construction is Building Information Modeling (BIM), which enables the project 
team to work collaboratively for more efficient planning and design of a project. This technology helps to 
ensure that the structure is constructed accurately and efficiently, reducing the potential for costly mistakes 
and delays. 

Common problems experienced by the industry are time and cost overruns, which are mainly due to rework, 
poor planning, documents delivery and approval, constructability issues, resources and weather condition. 
A study by third-author (26) presented case studies of some construction projects which indicated that most 
of these problems could have been prevented by the use of BIM.  

Automation and robotics can help to reduce costs, improve efficiency and accuracy, and increase customer 
satisfaction. This technology can be seen developed and used in manufacturing and construction sectors 
in Australia.

5. Conclusions
The sustainability of the cement and concrete industry is important for all stakeholders. The industry plays 
a vital role in the built environment. Many of the raw materials used such as lime, clay and aggregates are 
non-renewable, and the production process is energy-intensive which adversely impacts the environment. 
To address this, sustainability initiatives to decarbonise concrete industry including the use of materials with  
low embodied energy, performance-based design procedures  to optimise the structures, renewable energy 
sources, and more efficient production techniques are needed. For the industry to remain sustainable, 
stakeholders must work together to implement policies and initiatives, and establish guidelines for 
responsible and ethical practices in regards to carbon emission, waste generation, and environmental 
issues. Standards and specifications are also a key to introducing novel low carbon concretes to the 
construction industry. A sub-committee under BD2 (Australian Concrete Code Committee, AS3600) will be 
identifying the clauses relevant to the introduction of recycled materials in concrete structures and preparing 
a guideline, which will be very useful for the industry.
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