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Abstract: Australian construction industry contributes around 18% of total greenhouse gas
emissions. In Australia alone, approximately 29 million m3 of concrete is used each year with a carbon
footprint of structural concrete ranging from 250 to 410 kg-CO,./m3. The main contributor to the high
carbon footprint of concrete is Portland cement, which has an embodied carbon of around
940 kg-CO,/t. The process of cement production, particularly the energy input and CO, release during
calcination, is responsible for a significant portion of the emissions associated with concrete
production. One potential approach to this issue is to use recycled or low CO, emission fuels. Here,
we present an optimisation method that allows us to calculate the potential benefits of such an
approach. We find that the approach does seem viable with a focus on the use of regenerative fuels
including biomass, waste timber and ethanol and waste stream materials such as tyre and residual oil
in the short term whilst green fuels such as hydrogen are being developed. In the long-term a
combination of hydrogen, ethanol and residual oil may be adopted to avoid dependence on a single
fuel type which may reduce the fuel related CO, emission by up to 16% and total cement industry CO,
emission by up to 1.3%. This approach could provide a valuable tool for policymakers seeking to
reduce the carbon footprint of the construction industry as a whole and could contribute to efforts to
reduce global CO, emissions.
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1. Introduction

Climate change is one of the biggest problems the world is facing. The Paris agreement (UNFCCC (1))
commits signatories to limit global warming to well below 2°C, preferably 1.5°C, compared to pre-
industrial levels. The Intergovernmental Panel on Climate Change (IPCC) has reported that there is
greater than 50% likelihood of global warming to reach or exceed 1.5°C in the near-term, even for the
very low greenhouse gas emissions scenario (IPCC, 2021 (2)). As a result, the climate change risks to
cities, settlements and key infrastructure will rise rapidly, especially in places with high vulnerabilities.
The population potentially exposed to a 100-year coastal flood is projected to increase by about 20% if
the global mean sea level rises by 0.15 m relative to 2020 levels. There is a direct relationship between
global surface temperature rise and the cumulative CO, emission. This emphasises the need for
reducing CO, emissions to contain global temperature rise.

The world’s total greenhouse gas (GHG) emission has increased by approximately 50% since 1990
(from 32.5 Gt-CO, in 1990 to 48.8 Gt-CO,, in 2020). Australia’s carbon dioxide emissions in 2021 was
391.19Mt-CO,e (Climate Watch (3)). The construction industry in Australia is responsible for
approximately 18% of total greenhouse gas emissions (Yu M, et al (4)). Therefore decarbonisation of
this sector needs to be prioritised to achieve the Net Zero goal by 2050. Concrete is the major
contributor to greenhouse gas emissions in this sector. A concrete mix typically consists of
approximately 12% cementitious material, 77% fine & coarse aggregates, admixtures, and water. The
carbon footprint of structural concrete is 250 to 410 kg-CO,./m? (AusLClI (5)). Portland cement is the
highest carbon footprint material in a concrete mix. The embodied carbon of Portland cement is
approximately 940kg-COy/t (AusLClI (5)). (vdz (6)) reported that approximately 26% of CO, emissions
relating to cement production is attributed to the fuels used in the calcination process and the Australian
Cement Industry presently uses 18% alternative fuels including wood waste, carbon powders, used oils
and solvents, as well as spent cell liners from aluminium production for reducing fossil fuelClick or tap
here to enter text.. In this paper, we analyse cement production processes with specific consideration
of energy input and the potential for including recycled and low CO, emission fuels to reduce the
emissions relating to fuels used in the calcination process by utilising a multi-objective modelling
technique.



2.  Fuel input in the calcination process

Portland cement is manufactured by combining precise proportions of oxides of calcium, silica, alumina,
and iron (Figure 1). The raw materials sourced from quarries is first crushed, ground and blended before
feeding into a kiln for calcination at high temperatures (1450°C to 1550°C) to form new chemical
compounds collectively known as ‘clinker’ (Kosmatka et al (7)). The clinker consists predominantly of
four compounds: tricalcium silicate (C3S), also known as alite, dicalcium silicate (C,S), also known as
belite, tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C,AF). Clinker after cooling, is mixed
with gypsum to control setting time and ground finely to produce Portland cement.
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Figure 1 Generic cement manufacturing process

Most modern cement manufacturing technology uses the dry process, in which grinding, and blending
are accomplished with dry materials. In this process the raw material mixture is fed from the upper end
and fuel is blown in by air blast at lower end of the kiln. Typically, 150kg to 350kg of coal is required to
produce 1.0 tonne of cement (Neville, A.M. et al. (8)).

Australia’s annual cement demand is 11.7 million tonnes (Mt). Almost 60% of the cement is
manufactured in domestic integrated manufacturing plants, 40% of cement is produced using imported
clinker at grinding facilities and 5-10% cement is directly imported (CCAA, n.d.-a (9)). The majority of
CO, emission associated with cement production is attributed to the fuel combustion for heating the kiln
for clinker production and CO, released during the calcination process. On an average, the calcination
process requires approximately 4,780 megajoules per tonne (MJ/t) energy input (Kosmatka S et al. (7)).
Australian kilns are among the most efficient kilns in world requiring only 3,445 MJ/t clinker (vdz (6)).
Accordingly, Australian domestic cement manufacture would require approximately 24 million
gigajoules (GJ) of energy input for producing 7Mt cement (60% of total demand of 11.7Mt). The
Australian cement industry emits approximately 255 kg-CO,, /t of clinker (26% of total CO, emission)
from the fuels combustion which may be reduced if fossil fuel is replaced with green fuels such as
hydrogen.

3.  Alternative fuels for the calcination process

The global cement industry achieved 22% CO, reduction per tonne of cementitious materials and
improved energy efficiency by 19% from 1990 to 2020 by reducing the fossil fuel consumption by 17%.
The cement industry has increased the proportion of alternative fuels by almost 10 times compared to
1990 and has reduced CO, per tonne of cementitious material from 756 to 593 kg-CO,/t (GCCA (10)).
This is consistent with the Australian cement industry which uses 18% alternative fuels.



As mentioned in Section 1, the Australian cement industry uses wood waste, carbon powders, used oils
and solvents and spent cell liners from aluminium for clinker production as alternative fuel. However,
expanding the alternative fuels to align with global practice is possible. Table 1 provides an overview of
fossil fuels, biomass and alternative fuels being used globally for cement production and highlights the
scope for improving the alternative fuels and biomass uptake to further reduce the cement industry
carbon footprint.

Table 1: Fuels being used by the cement industry globally.

Fossil fuels Alternative Fuels Biomass Waste
Coal 48% | Refuse-derived fuel 28% | Dried sewage sludge 8%
(RDF) including plastics
Petroleum coke 34% | Impregnated saw dust 10% | Wood, non-impregnated 16%
saw dust
Heavy fuel 4% | Waste oil 6% | Paper carton 2%
Diesel oil 1% | Tyre 19% | Animal meal 20%
Natural gas 10% | Solvent 9% | Animal bone 2%
Lignite 3% | Mixed industrial wastes 14% | Agricultural, organic, 32%
diaper waste
Other fossil fuels based 12% | Other 20%
waste and mixed fuels

Source: GCAA (10)

An analysis of the Australian National Waste Database-2020 (Nyunt P. et al (10)) is given in Table 2,
which reveals that Australia generates approximately 62 Mt of waste stream material, which may
potentially be used as fuel.

Table 2: Potential fuel sourced from waste stream materials.

Year Type

Total Quantity
(tonnes)

2018-2019 | Biosolids 3,354,764
2018-2019 | Qils 1,407,952
2018-2019 | Organic solvents 34,168
2018-2019 | Tyres 898,980
2018-2019 | Food organics 8,859,611
2018-2019 | Garden organics 7,925,807
2018-2019 | Other organics 3,436,722
2018-2019 | Timber 4,609,475
2018-2019 | Paper & cardboard 14,108,998
2018-2019 | Plastics 5,249,692
2018-2019 | Textiles, leather & rubber (excl. tyres) 1,246,019
2018-2019 | Bagasse 10,722,735
2018-2019 | Cotton gin trash 52,675

Total 61,919,004

Source: Nyunt P, et al (11)

Refuse-derived fuel (RDF) is produced from various types of waste such as municipal solid waste,
industrial waste or commercial waste including non-recyclable plastics (not including PVC), paper
cardboard, labels, and other corrugated materials. Based on the data presented in Table 2, there is
potential for using up to 24 Mt RDF, 20Mt biomass (comprising of food organics, garden, other organics
and cotton gin trash), 4.6 Mt waste timber, 0.9 Mt tyre waste and 10 Mt of bagasse as fuel. Bagasse is
residual fibrous pulp left after extracting juice from the sugarcane. It is noted that biomass, timber, and
bagasse are regenerative fuels that store CO, during their growth phase and release CO, when burnt
as fuel. Bagasse (as biomass) and ethanol (as liquid fuel) are produced from sugarcane that may be
grown specifically as regenerative fuel. Approximately 30Mt of sugarcane is grown in Queensland and
Northern New South Wales (NSW) which may be expanded or redirected as fuel for cement plants
located in this area (ABS (12)).



Hydrogen is produced by electrolysis which requires energy input. Depending on the source of energy
input, the hydrogen is colour coded as green, blue, grey, brown, black, turquoise, purple, pink, red and
white (H2 Bulletin (13)). The embodied carbon of hydrogen varies from 2.9 to 70 kg-CO../kg. An
average embodied carbon of 29.41 kg-CO,./kg for hydrogen has been considered for the modelling.
Figure 2 shows the calorific value and embodied carbon of alternative fuels (fuels other than fossil fuels)
and Figure 3 shows the effect of replacement of coal with an alternative fuel on embodied carbon in the
fuel mix. This binary analysis indicates that a significant reduction in embodied carbon of fuel mix may
be achieved by reducing the fossil fuels use.
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Figure 2: Calorific value (Hydrogen Tool (14) and embodied carbon (GGCA-Cement CO2 and Energy
Protocol, Version 3.1(15)) of alternative fuels
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Figure 3: Effect of replacement of coal with alternative fuels on embodied carbon of fuel mix



4. Multi-objective modelling for the fuel mix design including alternative fuels.

Multi-objective optimization modelling utilises multiple mathematical objective functions for developing
an optimum solution. The objective functions may be on opposite sides of an equation and may have
multiple Pareto optimal solutions. Without ignoring the supplementary subjective preference
information, all optimal Pareto distribution solutions would be considered similarly reliable. Constraints
are added for solving the multi-objective model. A constraint is a circumstance of an optimization
problem that the solution needs to satisfy. There are three types of constraints viz. equality, inequality,
and integer constraints. The set of candidate solutions determined as feasible solutions should satisfy
the constraints. Two different algorithms can be utilized for solving the optimization model. The first
method uses an algorithm that provides the exact optimum values such as branch and bounds and the
second method uses Meta-Heuristic algorithms such as knitro, genetic, antlions, etc. These algorithms
are applied considering the complexity of the multi-objective functions.

For maximising the calorific value and minimising the embodied carbon of fuel mixes, a multi-objective
model has been developed using General Algebraic Modelling System (GAMS) (GAMS (16)). GAMS is
a high-level modelling language used for mathematical optimization. It allows users to define complex
mathematical models and solve them using a variety of optimization solvers. GAMS is particularly useful
for problems involving linear, nonlinear, and mixed-integer programming, as well as for problems with
multiple objectives or constraints. It provides a range of tools for creating, analysing, and visualizing
models, including a powerful modelling language, a built-in algebraic modelling system, and a variety
of solvers. It allows users to divide complex problems into smaller sub-problems and solve them in
parallel, which can greatly improve performance and reduce computation time.

As shown in Figure 2, there are waste stream materials and green fuels which have similar or higher
calorific values and similar or lower embodied carbon. It is possible to design the fuel mixes by
maximising the calorific value and minimising the embodied carbon. This will minimise the fuel demand
as well as embodied carbon of the fuel mixes.

GAMS modelling was carried out for maximising calorific value and minimising the embodied carbon of
fuel mixes, considering various fuel combinations and fuel availability both in short to medium term and
long-term scenarios. In short to medium term scenario, it is assumed that ethanol and hydrogen will be
available to cement industry in very limited quantity. However, in the long term their production will ramp
up and will be available as required.

The following objective functions and constraints have been considered in GAMS modelling for
maximising the calorific value and minimising the embodied carbon of the various fuel mixes:

e Obijective function -1: maximise calorific value of the fuel mix.
n
Calorific Value Zl(p(i) * y(i)) = Maximum Value
1=
e Objective function -2: minimise embodied carbon of the fuel mix.
n
Embodied Carbon = 'Zl(p(i) * z(i)) = Minimum Value
=]
e Constraints:
o 2p(i)=1
o Fuel demand < Quantity of the fuel available = p(i) x T/y(i) < AQ(i)
o Minimum replacement by alternate fuel >5% =2 p(i) > 5%

Where, T= total energy demand (GJ) = 24,000,000 required to produce 11.7 Mt of cement,
i = alternative fuel id, AQ= maximum quantity of fuel available (Mt), p=percentage of an alternative
fuel in the fuel mix, y=calorific value of the alternative fuel (GJ/t) and z=embodied carbon of
alternative fuel (t-CO,./GJ).

The input data and result of the modelling is summarised in Table 3. The effect of mixing alternative
fuels on fuel demand and embodied carbon is given in Figure 4. It may be seen from Figure 4 that for




Fuel Mix-1 which includes 10% of biomass and waste timber as alternative fuel, the fuel demand and
embodied carbon increases by 3.2% and 1.0% respectively due lower calorific value and higher
embodied carbon of biomass and timber. It is noted that biomass and waste timber are sourced from
the flora which absorb CO, during their growth phase and release CO, during the burning process for
heating, therefore their net emission is expected to be zero. These fuels are considered as regenerative
fuels and may be grown as part of the low carbon fuel strategy for mixing with coal. Moreover, use of
these materials as fuel will avoid their diversion to landfill and saving associated greenhouse gas
emission.

Table 3 GAMS modelling results.

Optimum fuel Mix composition for the minimum embodied carbon (%) Calorific Embodied
value of carbon of Fuel Embodied|

Total fuel Coal Biomass | Timber Tyre Residual Ethanol Hydrogen fuel mix fuel mix demand carbon
demand=24 MGJ oil
Fuel Mix
composition (%) | P1 P2 P3 P4 P5 P6 P7 (GJH) (t-CO2e/GJ) ® (Mt-CO2e)
%J"/’{)iﬁc e 25.82 16.01 1955 | 32.28 39.47 26.95 120.21
(Et“é‘g’;i(‘;‘j)ca’b"” 0.096 0.1 011 | 0.085 0.074 0.074 0.029
Short to Medium Term
Sﬁf.i?ﬁ,'f’(m) 1.00 0.20 0.20 0.20 0.20 0.05 0.05
Coal 1.000 25.820 0.096 | 929,512 2.304
Fuel Mix-1 0.900 0.050 0.050 25.016 0.097 | 959,386 2.328
Fuel Mix-2 0.631 0.050 0.050 | 0.269 26.750 0.094 | 897,196 2.256
Fuel Mix-3 0.302 0.050 0.050 | 0.269 0.329 31.243 0.087 | 768,172 2.088
Fuel Mix-4 0.246 0.050 0.050 | 0.269 0.329 0.056 31.306 0.086 | 766,626 2.064
Fuel Mix-5 0.050 0.050 0.050 | 0.221 0.329 0.050 0.250 54.626 0.070 | 439,351 1.680
Long Term
S‘L’.aairl:it:;e(m) 1.00 0.20 0.20 010 | 02105 0.10/0.2
Fuel Mix-6(a) 0.675 0.050 0.050 0.225 25.265 0.092 | 949,931 2.208
Fuel Mix-6(b) 0.339 0.050 0.050 0.561 25.650 0.085 | 935673 2.040
Fuel Mix-7 0.447 0.329 0.225 30.563 0.084 | 785263 2.016
Fuel Mix-8(a) 0.056 0.329 0.112 0.501 77.714 0.053 | 308,825 1272
Fuel Mix-8(b) 0.050 0.050 0.050 0.850 106.790 0.037 | 224,740 0.888
Fuel Mix - 1 (Coal + Biomass + Timber) Fuel Mix — 6(a) (Coal + Biomass + Timber + Ethanol@0.2Mt)
Fuel Mix - 2 (Coal + Biomass + Timber + Tyre) Fuel Mix — 6(b) (Coal + Biomass + Timber + Ethanol@0.5Mt)

Fuel Mix - 3 (Coal + Biomass + Timber + Tyre + Residual oil) . . .
Fuel Mix - 4 (Coal + Biomass +Timber + Tyre + Residual oil + Ethanol) Fuel Mix ~ 7 (Coal + Residual Oil + Ethanol@0.2M{)

Fuel Mix - 5 (Coal + Biomass + Timber + Tyre + Residual oil + Ethanol + Fuel Mix — (a) (Coal + Residual oil + Ethanol + Hydrogen@01Mt)
Hydrogen) Fuel Mix — 8(b) (Coal + Residual oil + Ethanol + Hydrogen@02M:t)

Used tyres and residual oils have higher calorific value and lower embodied carbon as compared to
coal (Figure 2), therefore their use may potentially reduce the quantity and embodied carbon of the
process fuel. If used tyres and residual oil are added to the fuel mix (Fuel Mix-3), the fuel demand and
embodied carbon are expected to reduce by 17.4% and 9.4% respectively. It is noted that use of waste
stream materials viz. used tyres and residual oil will avoid their diversion to the landfill and may
potentially be considered as carbon credit.

Ethanol could be used in conjunction with biomass and timber as low emission fuel because ethanol is
a by-product of sugarcane and is considered as a regenerative fuel. Sugarcane may be farmed specially
for fuel purpose. The bagasse can be used directly as fuel. However, sugarcane juice may be processed
to manufacture ethanol (may be of lower purity) for using as fuel. The Fuel Mix - 6(a) in Figure 4 shows
that the embodied carbon of the fuel mix is reduced by 4.2%, if 22.5% of ethanol in conjunction with
10% of biomass and waste timber is added to the fuel mix. However, Fuel Mix-6(b) shows that the
embodied carbon of the fuel mix is reduced by 11.5% if ethanol is increased to 56%. Therefore, ethanol
fits well in a fuel decarbonation strategy.

Hydrogen is a new alternative fuel, which is being developed as a low emission industrial fuel due to its
high calorific value and low embodied carbon (Figure 2). Hydrogen is considered a good alternative fuel
for replacing coal in the long term when hydrogen is produced at commercial scale.
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Figure 4: Effect of adding alternative fuels on fuel demand and embodied carbon.

It may be seen from the Figure 4 that by even by adding a low quantity of hydrogen in the fuel mix (refer
Fuel Mix-5), embodied carbon of the fuel mix reduces by 27%. Hydrogen will become even more
effective in reducing the embodied carbon when green hydrogen becomes available for fuelling cement
kilns.

It is envisaged that a single fuel may not be the best option for servicing the cement industry due to
high supply chain related risks and more than one fuel needs to be considered as part of the fuel
strategy to mitigate this risk. Fuel Mix - 8(a) and Fuel Mix - 8(b), comprising of coal, residual oil, ethanol,
and hydrogen have been designed to support this strategy. Since these mixes comprise of fuels sourced
independently from waste stream material (residual oil), agriculture-based product (bagasse and
ethanol) and manufactured fuel (hydrogen), the supply chain related risk appears to be minimal and
therefore appears to be suitable future fuel mix for decarbonising the cement industry process fuel.

The Fuel Mix - 8(a) comprising of 33% residual oil, 11% ethanol and 50% hydrogen may reduce the
embodied carbon of the fuel mix by 44.8%. However, the embodied carbon of the fuel mix gets reduced
by 61.5% if hydrogen is increase to 85% (refer Fuel Mix - 8(b)). The Fuel Mix - 8(a) and Fuel Mix - 8(b)
may potentially reduce the calcination process related fuel emission by 11.5% and 16% respectively.
Considering that the cement industry is responsible for 6-8% of total CO, emission, these fuel mixes
may reduce in cement industry total emission by up to 1.3%.

5. Conclusions

We can see from the above analysis that:

e |tis possible to reduce the process fuel emission of clinker production by replacing fossil fuels with
alternative fuels sourced from biomass and waste stream materials.

e Use of higher calorific value fuel mix reduces the total fuel demand which may potentially reduce
greenhouse gas emission associated with transportation and storage.

e Tyres, residual oil and ethanol have higher calorific value and lower embodied carbon and may be
used for replacing fossil fuels in the short to medium term. These fuels may potentially reduce the
greenhouse gas emission associated with landfills.

e The use of biomass, timber, waste tyre, residual oil and ethanol may be increased while green
fuels such as hydrogen are being developed at commercial scale to reduce the carbon footprint of
process fuel.

e Hydrogen appears to be very effective in reducing the total fuel demand as well as embodied
carbon of the fuel mix.
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Strategically, a combination of hydrogen, ethanol and residual oil should be considered for the
clinker production process design to reduce dependence on a single fuel.

If a combination of coal, residual oil, ethanol, and hydrogen is used to replace the fossil fuels, the
clinker production process fuel related CO, emission may be reduced by 16%. This will result in
up to 1.3% reduction of CO, emission of the cement industry.
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