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Abstract: In light of the ambition for net zero emissions by 2050, the cement industry needs to estimate
embodied carbon (EC) for each cementitious and concreting material. However, obtaining reliable
information about the embodied carbon for concrete materials can be challenging due to varying data
sources and types of analysis used in life cycle assessments. This paper aims to analyse the availability
and reliability of data and tools related to embodied carbon of concrete materials in Australia.

The analysis includes reviewing data and initiatives from other regions, such as Europe, the UK, and the
USA. It also compares the availability of embodied carbon data for concreting materials in Australia and
compares embodied carbon calculators and databases. The analysis covers several criteria, such as the
A1-A3 stages of the life cycle, method of data analysis, availability for public use, and data availability for
Australian materials. The materials analysed include cement, aggregates, supplementary cementitious
materials, admixtures, and water. The findings of this paper could contribute to the development of more
accurate embodied carbon assessments and a sustainable concrete industry in Australia.
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1. Background, research needs and boundaries

The need to lower emissions has pushed the concrete sector to mitigate its carbon footprint UNFCCC (1),
Australian Government (2). As the most widely used construction material worldwide, the anticipated
demand for concrete is expected to grow, making it a priority material to decrease emissions significantly
Barcelo et al. (3), GCCA (4). One critical strategy to address this challenge lies in establishing a benchmark
for embodied carbon (EC) of concreting materials, which will provide a shift towards more sustainable
practices. This benchmark will also serve as a guide to decrease emissions across the industry, facilitating
the development of a marketplace for low-carbon construction materials and assisting in predicting the CO2
uptake by concrete structures, reports from IEA (5), VDZ (6), Vickers et al. (7).

By establishing a benchmark for EC, concrete and cement manufacturers can compare their emissions to
a baseline and work towards reducing their impact. However, developing an EC benchmark is a complex
task because concrete is a complex material consisting of various components, requiring different
production actions and processes, and includes significant regional variations. Thus, this benchmark should
be based on a credible and reliable Life Cycle Assessment (LCA) framework so that it would be accepted
and used in standards and by the concrete industry, Simonen (8), Pomponi & Moncaster (9), Litzkendorf
(10). Moreover, the need to establish the EC benchmark highlights the need to develop or choose a
nationwide database used as a credible base for the LCA framework.
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Figure 1. Stages of LCA framework, EN 15804 (11).



LCA is a complex framework that evaluates a product system's relevant inputs and outputs, including their
environmental impact throughout the life cycle, which includes five stages, see Figure 1, starting with the
cradle-to-gate product stage (A1-A3 stages), up to the life cycle beyond the end-of-life stage (D stage)
allotted for reuse and recycling potential, EN 15804 (11).

LCA of concrete involves the estimation of the environmental impacts of all the stages involved in the
production, use and disposal of concrete, including the extraction and processing of raw materials such as
cement, aggregates, and Supplementary Cementitious Materials (SCMs), the transportation of materials,
the construction process, and the end-of-life disposal of the concrete and can be based on different
methodologies and boundaries and can be estimated by using various tools and databases giving different
results which makes this task confusing and challenging.

Established boundaries for this paper encompass cement and concrete production during the cradle-to-gate
stages. This means that considered materials include cement, aggregates, supplementary cementitious
materials, admixtures, and water and do not examine other lifecycle stages, such as use or disposal. These
boundaries help focus on analysing the most carbon-intensive cement and concrete production stage,
Moncaster (12).

Another need is in deciding what methodology should be used for LCA, which highlights the need to
establish official requirements either in standards or guidelines that will eliminate discrepancies in methods
and, thus, in the results.

2. Overview of methods for estimating the EC

LCA is built on the Life Cycle Inventory (LCI), created from databases and datasets. Three broad
approaches are commonly used: Process-based LCA, Input-Output LCA, and Hybrid LCA. Each of the
approaches has its advantages and disadvantages.

The process-based method generally quantifies the processes involved in production from the “bottom up”.
The boundary of the considered system is within the direct production chain, processes shown in boxes
typically represent only one unit of measurement, and arrows indicate the production flow. For example,
considering Cradle-to-Gate stages for cement, a simplified process-based LCA could look as shown in
Figure 2, (a). However, the question is what methodology is used to estimate the data Figure 2, (b).
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(a) A schematic example of A1-A3 stages for cement, (b) Simplified steps of creating an LCA

Figure 2. Example of process-based LCA and steps of creating an LCA.

Using a simple summative approach, obtained functional units based on inputs and outputs within the
boundary multiplied by the amount of environmental impact generated during the production of an item can
show the embodied carbon associated with the production of an item, Suh & Huppes (13).

For example, the EC of cement is a sum of the EC of processes and materials used, starting from sourcing
the raw materials, their delivery and production, including burning in kilns and further milling, mixing with



additives, storing etc. Process-based LCA’s benefit is in the possibilities of considering the minor details,
however as argued by some, the drawback of this approach is the inability to account for second and third-
party inputs such as machinery used for manufacturing and all the other services supporting the production
of concrete, Vickers et al. (7), Crawford et al. (14).

The Input-Output (I0) approach allows accounting for the second-and third-party inputs that can be
unavailable in the Process-based approach and recently have been combined into Environmentally
Extended Input-Output (EEIO) analysis, Mattila (15). The EEIO method includes 10 analysis that accounts
for monetary exchange between different economic sectors and uses a top-down approach for accounting
for the economic data and, secondly, the environmental flows of goods or services defined in environmental
flow, Crawford et al. (16).

However, it is often argued that 10-based methodology is a complex system that may provide unreliable
values due to the comprehensive approach of considering broader categories, making it challenging to verify
the acquired data and may decrease credibility, Vickers et al. (7), Crawford et al. (17), Teh et al. (18).
Nonetheless, there is a third Hybrid method that integrates Process-based and IO methodologies together,
where the limits of the process-based are addressed by incorporating the 10 data Crawford et al. (17), Teh
et al. (18).

It should be noted that EPDs compiled using the Process-based LCA approach and relevant international
standards are the most common by a wide margin. However, in various countries, including Australia, there
is a noticeable lack of alignment on the appropriate methodology and the appropriate database for the
environmental impact assessment of building materials; thus, the same material can have different
environmental impacts according to different EPDs Vickers et al. (7), Moncaster & Pomponi (9), Pan & Tang
(19). In addition, the problem is exacerbated by the need for more data on some categories of building
materials. Nevertheless, the growing interest in assessing EC in cement and concrete materials resulted in
various incentives worldwide.

Overview of initiatives from other regions.

The European Union (EU) has been leading in addressing the issue and established several regulations
and initiatives, such as Construction Product Regulations (CPR) and Environmental Product Declaration
(EPD) scheme Lutzkendorf (10). CPR includes environmental requirements, such as reducing their carbon
footprint, and EPD rules provide standardised methods for assessing the environmental impact of
construction products, including cement in concrete, EN 15804 (11), EN 16757 (20). Although there is no
stringent requirement of a particular methodology in these standards, implementation of a process-based
method meets the requirements creating a transparent framework, where in the absence of the necessary
data, other methods can be used if appropriate justification is provided. In addition, EN 14040 states that
there is flexibility in the choice of method for LCA. Besides, such organisations as the European Cement
Association have already set their targets for reducing the carbon footprint of cement production.

Some initiatives in the UK include the promotion of sustainable construction practices launched by the local
government and supported by the Green Construction Board driving forward the “Low Carbon Construction
Action Plan” and the UK Concrete Sustainable Construction Strategy aimed at “delivering a sustainable,
zero carbon built environment” HM Government (21). The Concrete Centre, a trade organisation
representing the concrete industry, has developed several initiatives to address the EC of cement and
concrete materials. These include practical guides and a tool to compare concrete frame options' cost and
embodied carbon, Jayasinghe et al. (22), the concrete centre (23). However, the information on EC is
typically privately owned and thus not publicly available. There are some initiatives to build a national
database, BECD (24), IMPACT (25); however, the Inventory of Carbon and Energy (ICE) published in 2011
(26), is the most common choice for the estimation of EC and evaluation of LCA, despite the limitations.
Moreover, the ICE has been used in various research from different regions in the world despite the
difference in the location of materials and, therefore, their different life cycle data, which highlights the
challenge of finding the appropriate data and the lack of credible databases for many regions in the world.

There has been a growing interest in assessing EC in cement and concrete materials and a spur of a more
sustainable construction industry in the USA. One of the latest initiatives announced by the Biden-Harris
administration under the Federal Buy Clean Initiative includes improving data transparency through



reporting GHG using EPDs, to stimulate the development of construction materials with lower emissions,
the Federal Buy Clean initiative (27). Various agencies and organisations, including the US Green Building
Council and the United States Environmental Protection Agency, also support the initiative to reduce
emissions, encouraging to use of low-carbon building materials and propelling construction products and
materials with lower carbon emissions, highlighting the need for the transparency of emission data
associated with the construction industry and assisting with its verification, LEED rating system (28), Inflation
Reduction Act (29).

However, based on the overview of EPDs of various types of cement provided by Anderson & Moncaster
(30), it is possible to say that there is still a considerable variation in data even for a more specific material
such as CEM | that typically contains min 95% of Clinker according to EN 197 (31). This points out again
that there are variations in the data regarding concrete materials' EC. Therefore, it is essential to rely on
data sources that are available locally, to select a national database, and to standardise the methods used
to determine EC using LCA for better accuracy.

Analysis and comparison of the data available in Australasia

Narrowing down the analysis and discussion to the Australasian region and specifying the data about EC
of concreting materials, it is possible to find three primary sources of EC: Australian Reports, Databases
and Australian EPDs. Data provided in reports is based on different parameters; some provide information
about the average EC of clinker, others give the average of cement, and some have not been updated
recently, which makes a comparison of these values inappropriate CIF (32), VDZ (6), ASA (33). The
comparison of the data of cement EC from databases and reports are presented in Figure 2.
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Figure 2. EC of cement from databases

As can be seen, the values of EC in Figure 2 differ from source to source due to different methodologies
used for the estimation of the EC, as was noted in the section “Overview of methods for estimating the EC”,
highlighting the challenge in the decision-making of what value to choose for LCA. Moreover, the following
can be found to analyse the EC of General Purpose cement containing at least 87% of Clinker produced in
Australia and New Zealand based on third-party verified and published EPDs, see Figure 3.

Firstly, an extensive range of values and data can be seen in the figure. The significant difference in
presented data is based on whether the clinker is imported or produced locally. Cement manufactured by
Producers 1 and 5 is from local clinker, producers 6 and 7 make some of their cement from local clinker,
GP cement with EC=0.696 t CO,/t and EC=0.758 with EC=0.827 t CO,/t correspondingly. Moreover,
Producers 1 and 7 based their estimation of EC mainly on the analysis of their production. Other producers
use imported clinker to some extent. It is important to note that while each manufacturer follows the

same standard, EN 15804, and Product Category Rule (PCR) for determining the EC reported in the EPDs,



the major reason for the differences reported in the EC for different cement suppliers is likely to be due
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Figure 3. EC of Cement that contains min 87% Clinker, based on Australasian EPDs

Nonetheless, it should be noted that all manufacturers rely on databases to some degree, and they can be
distinguished into two groups. The first group is an LCI database (AusLClI, Ecolnvent, GaBi, etc.), commonly
used to undertake LCIA and produce LCA reports and EPDs. Designers use the second group for materials
selection (The GreenBook, ICE etc.). Further examination and comparison of these databases may yield a
degree of consensus. Identifying discrepancies and proposing a widely applicable database that can help
avoid inconsistencies may be feasible. The preliminary analysis of these discrepancies is summarised in

Table 1.
Table 1. Comparison and analysis of EC Databases
Name Type Stages Method Price Origin Notes
- transparent
EPIC database | A1-A3 hybrid free Australia |- uses AusLCl and official Australian
reports for EEIO
The Generally . |- includes several inventories (EpiC,
Greenbook database | A1-A5 hybrid $ Australia ICM, ICE and others)
provides data about OPC and GP
rocess- cement:
AusLCI database | A1-A3 pb free Australia |- at plant,
ased .
- for the Australian average,
- for imported clinker
- counts only CO2, NH2 and N20
ICM 2D(§=11t3base Cradle- process- - hybrid of AusLClI and 10 data from
(University of database | to-Point | based and free Australia Australian national SUT from ABS
Y of Sale hybrid - AusLCl was integrated with
NSW) )
Ecoinvent dataset.




Name Type Stages Method Price Origin Notes

. ) process- by - integrated Ecoinvent database
GaBi database | A1 -C4 based request Germany |_ no AU concreting materials
- provides a database search for a
Ecoinvent database | A1-A3 process- $ Switzerland ‘guest” mode that mostly describes
based unit processes
- no AU concreting materials
- transparent, widely used and
process- accepted

based free The UK. specifically for the UK

- no AU concreting materials

ICE (UK) database | A1-A3

- a renewed version of ICE (the UK)

ICE DB.V?"O’ database presumabl - provides an online calculator for
2019 (Circular A1-A3 y process free The UK
and tool concrete
Ecology). based

- no AU concreting materials

Databases used for comparison include those more often referred to in EPDs published on the EPD-
Australasia website and in various publications, Rodrigo (37), Moncaster et al. (9), Robati et al. (38). Most
databases are publicly unavailable and require a fee, which puts a natural barrier to broader use and
integration into the industry. Several Databases, such as GaBi and ICE, have no Australian data, thus
probably inappropriate to use for critical components of concrete production. Lastly, Australian-based
databases and the Greenbook database use different methodologies, thus providing different values for EC
of concreting materials. In some cases, databases do not provide any data for other concreting components,
such as Fly Ash or Admixtures.

To understand the differences and challenges of using databases that provide EC for Australian-based
materials, a further comparison of the data is provided in Table 2.

Table 2. EC of Concreting materials from Australian Databases

Embodied carbon of a material, kg CO2-e/kg
Name of Database ;
Cement, Coarse Fine .
GP/PC GGBFS FA SF Aggregates | Aggregates Water | Admixtures
EPiC (16) -/11.3 - - - 0.036 0.024 0.0013 -
The Greenbook (35) -/11.15 0.092 | 0.004 | - 0.036 0.024 0.0010 -
AusLCl (35) 0'&?%‘;}?{;’3 0195 | 0.020 | - 0.01 0.004 | 0.0004 .
0.925/0.974
ICM (36) (GP cement) 0.215 | 0.019 | - 0.0129 0.005 - -

As seen in the table, there is a variation in the data and a lack of specific information related to some
concreting materials, making it challenging to assess EC entirely based on Australian data.

However, it is important to note that The Greenbook database includes other databases, such as EPiC and
ICM. Some similarities can be found in the data, such as values of EC for Coarse and Fine aggregates. Still,
there is no evidence that AusLCl is used the Greenbook database.

On the other hand, AusLCI provides most of the data and has the latest update, which is publicly available,
does not require any fee, and is often used for establishing Australian EPDs regarding concreting materials.
It is mainly process-based; thus, it represents the most credible data providing the required transparency
for broader applications; plus, the industry's current use of this database shows some level of gained
credibility.



Having a high-quality, credible, easy-to-use and relevant database is essential and is the critical basis for
any tool or calculator, but it is also important to have a credible and accessible tool to estimate EC during
the A1-A3 stages. Thus, narrowing further the analysis, the overview and comparison of EC tools are

provided in Table 3.

Table 3. Comparison of EC tools

Name Type Stages Method Price Origin Notes
EPIC Tool A1-C4 hybrid free Australia - no Sydney in choice of cities (for
online tool)
- project includes walls, floors and
roofs
- based on EPiC database
- plug-in for application
The footprint tool A1-C4 process- $ Australia - uses the Greenbook database
Calculator based
Infrastructure tool A1-A3 process- $ Australia - Uses AusLCI database, included
Sustainability based in the tool
Materials
Calculator
EtoolLCD tool A1-C4 process- $ Australia - Demo is available by booking
based - uses AusLClI, Ecoinvent and other
regional LCI
Embodied tool supply process- $ Australia - No information was found
Carbon chain based
Explorer emissions
(ECE)
SimaPro tool A1-C4 process- $ Netherlands | - more suitable for Windows OS
based - uses AusLCl database, ecoinvent
and others
- possible to get a trial for 30 days
TINSW tool A1 —-A3 process- free Australia - uses AusLCl database,
CERT based - available free for use
EC3 calculator | A1-C4 process- free | Washington | - uses EPDs,
lculat based State - provides range of EC per 1 m3 of
caiculator material
GCCAEPD tool A1-D process- $ Europe - uses local data
3.2 based

All considered tools except EPiC require a fee, putting a natural barrier for the industry to implement the
use of EC tools on a daily basis. EPIiC database uses a hybrid methodology for estimating EC, which the
industry does not accept widely, Vickers et al. (7). Thus, choosing and evaluating EC for concreting
materials during the A1-A3 stages is challenging because if to use data from EPiC databases, the value of
EC will be significantly higher than the EC of EPDs in Australia and the average mentioned in the reports.

Another point is that applying “closed” databases and tools may impose difficulties in standardising the
approach. Presumably, each database will use a different source of input data and a different methodology
in applying the data. Further, the methods will be kept commercially in confidence, which means it is difficult
to determine how the EC has been determined. Thus, this brief analysis also points to the need for a
credible, publicly available, easy-to-use calculator for estimating the EC of concrete for the A1-A3 stages of

LCA.



3.

Conclusions

In summary, this paper provided a brief overview of the current need in research for establishing an EC
benchmark based on an overview of worldwide incentives, analysis and comparison of Australian data and
tools for estimating LCA and included several points:

4,

To facilitate a decrease in carbon footprint, one of the strategies in the concrete industry is to
establish an Embodied Carbon (EC) Benchmark

To establish an EC benchmark, it is essential to make decisions based on credible and transparent
data

The need to decrease emissions by 2050 initiated a substantial number of incentives worldwide
focused on providing more transparent and credible data regarding estimating EC of construction
materials, including concreting components.

Using regional data for estimating EC is important as it will provide a more explicit outcome.
Databases used in Australia are based on different methodologies. They, therefore, provide
different outcomes for the same materials, highlighting the need for standardisation of methods and
the need to choose a core database that could be used nationwide.

There is a lack of Australian data regarding some concreting materials, such as Fly Ash, Ground
Granulated Blast Furnace Slag and Admixtures.

Finally, there is a challenge in acquiring a reliable, easy-to-use and publicly available tool to
estimate the EC of concreting materials in the A1-A3 stages.
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