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Abstract

It has been estimated that cement production contributes around 8% of man-made CO, emissions
worldwide, and construction with concrete also consumes large quantities of natural aggregate. This
paper reviews peer-reviewed journal articles published from 2017 onwards on the carbon footprint and
properties of concrete containing agricultural waste ash as a cement substitute, and recycled concrete
aggregate (RCA), steel slag and ironstone as substitutes for natural coarse aggregate. The background,
processing and properties of six agricultural waste ashes and of these aggregates are described. When
agricultural waste ash was used as a cement substitute at 10-20%, the global warming potential
decreased by around 8-30%. However, when RCA was the only aggregate substitute, the global warming
potential changed by only -9% to +3%, because cement makes up 87-96% of the carbon footprint of
normal concrete. When ash and RCA were combined, the global warming potential decreased by around
7.6-29%, and the ash recovered much of the strength and durability lost through the use of RCA. Steel
slag aggregate generally increased strength, and ironstone combined with gravel reduced the amount of
granite used by half while maintaining more than 90% of the strength of the control, but there are few
data on the carbon footprint of these aggregates. More cradle-to-grave studies using local inventory data
from sub-Saharan Africa, and further research on steel slag and ironstone aggregates, are recommended.

Keywords: Agricultural waste ash; Carbon footprint; Ironstone; Life cycle assessment; Recycled
concrete aggregate; Steel slag

1 Introduction

Concrete is the most consumed construction material in the world, and cement clinker production
contributes significantly to industrial CO, emissions. Scientific literature has shown that replacing
some clinker with supplementary cementitious materials (SCMs) can reduce CO, emissions from ce-
ment production in a cost-effective manner [1]. Cement contributes roughly 87-96% of concrete's
total global warming potential (GWP), while the remaining contribution comes from other materials
and processes, including aggregates, mixing water and transportation [2]. The construction industry
is consuming large quantities of natural aggregate resources while also generating substantial
amounts of construction and demolition waste, much of which ends up in landfills [3].

Agricultural waste ashes, such as rice husk ash (RHA), palm oil fuel ash (POFA), sugarcane bagasse
ash (SCBA), corn cob ash, coconut shell ash and cassava peel ash, are rich in amorphous silica and can
therefore be used as pozzolanic materials to partially replace cement [4, 5]. Recycled concrete aggreg-
ate (RCA) is obtained by crushing demolished concrete and can be used to replace natural aggregate,
thereby reducing the amount of construction waste disposed of in landfills [6, 7]. However, both ma-
terials have drawbacks. The reactivity of agricultural waste ashes depends on the type of ash and the
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burning conditions, and these ashes are generally associated with lower early-age strength. Replacing
natural aggregate with RCA can reduce the compressive strength, stiffness (modulus of elasticity) and
durability of concrete [8, 9].

Coarse aggregate can also be substituted with industrial waste products or local rock sources. Steel
slag is produced at a rate of over 225 Mt annually and has been studied for use as a coarse aggregate
[10, 11]. Ironstone is found in large quantities in Nigeria and has recently been used with gravel to
reduce the quantity of granite in concrete [12].

The two materials can complement each other when incorporated into concrete. Ash can help fill
voids and improve the microstructure around the RCA, while RCA reduces the amount of natural
aggregate needed [13]-[14]. However, few studies have quantified the carbon emissions of such
concrete, and the different methods used make comparisons between studies difficult [7].

The aim of this review is to examine studies that have investigated the carbon footprint and
properties of concrete containing agricultural waste ashes, recycled concrete aggregate and other
aggregate materials such as steel slag and ironstone. Its objectives are to: (i) provide background
information on six agricultural waste ashes, how they are processed and their properties, as well as
the properties of RCA, steel slag and ironstone as aggregate materials; (ii) examine how the carbon
footprint of concrete is determined and why results differ from study to study; (iii) present the
properties of concrete containing these materials, used individually and in combination, such as
strength, durability and carbon footprint; and (iv) identify the factors that determine the carbon
footprint of concrete.

All of the studies used in this review were peer-reviewed journal articles published from 2017
onwards. Articles were found using Google Scholar, ScienceDirect, SpringerLink, MDPI and Taylor &
Francis. The search was conducted in October and November 2026 using keywords such as rice husk
ash, palm oil fuel ash, bagasse ash, recycled concrete aggregate, steel slag, ironstone, carbon footprint
and life cycle assessment, and the reference lists of these articles were also searched to find
additional articles. Conference papers, theses, retracted articles and articles whose publication
details could not be verified were excluded.

2 Agricultural waste ash

Large quantities of crop wastes, such as husks, bagasse, shells, cobs and peels, are generated each
year. These wastes are either burnt on open ground or sent to landfill, which pollutes the air and
occupies land [15, 16]. When combusted, crop waste can produce ash with a high content of
amorphous silica [4, 17]. This silica reacts with the calcium hydroxide produced during cement
hydration to form additional calcium silicate hydrate (C-S-H), the main strength-producing compound
in concrete, so agricultural ash can be used as a partial replacement for cement [5, 17]. Under ASTM
C618 [18], a material is classified as a pozzolan if its combined Si0, + AL, O, + Fe,0, content is at least
70% and its strength activity index is at least 75%. The agricultural ashes reviewed in this section are
rice husk ash (RHA), palm oil fuel ash (POFA), sugarcane bagasse ash (SCBA), corn cob ash (CCA),
coconut shell ash (CSA) and cassava peel/pulp ash (CPA).

2.1 Rice husk ash (RHA)

Rice husk is the outer protective layer of the rice grain and is removed during milling. Global paddy
production in 2021/22 was around 714.2 Mt, which corresponds to about 142.84 Mt of husk, since 1
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t of paddy produces around 0.2 t of husk and 0.05 t of RHA [17]. Disposing of rice husk causes prob-
lems, and burning it in open areas produces low-quality ash while polluting the environment [16, 17].

Many researchers have investigated RHA because of its high amorphous silica content. Endale et al.
[17] found that Si0, exceeded 70% in all the studies they reviewed, reaching as high as 97%, with an
amorphous silica content of around 85-95%.

Several factors must be considered when producing RHA. Burning at 500-700 °C for about one hour
produces amorphous ash, whereas at temperatures above 800 °C the silica becomes crystalline,
which lowers its reactivity [16]. A study of different Nigerian rice varieties found that burning at 600
°C for 4 h produced better ash than burning at 400 °C for 6 h [19]. The ash is then milled to increase
its fineness; ground RHA typically has an average particle size of 6-10 um, with particles smaller than
45 pm, and milling for 80 min reduced the median size to 0.68 um [16]. Studies generally report 10-
20% as a suitable level of cement replacement with RHA [17].

2.2 Palm oil fuel ash (POFA)

Palm oil fuel ash is a waste product generated during the production of palm oil. During oil
extraction, the fibres, shells and empty fruit bunches are burnt as fuel in the mill boilers, and the
resulting ash is known as POFA. It is estimated that POFA makes up about 5% of the total residue
burnt [20]. POFA is typically discarded in open spaces next to palm oil mills or in landfills, which
harms the environment [20, 21].

Because of its high silica content, POFA can be used as a supplementary cementitious material that
takes part in the pozzolanic reaction. Alsubari et al. [22] showed that the calcium hydroxide content
decreased when heat-treated POFA was used in cement paste, indicating that the POFA was reacting
with the products of cement hydration.

POFA is produced in mill boilers operating at temperatures of about 800-1000 °C [20], and it must be
treated before use in concrete. It is first dried at around 105 °C for 24 h and sieved through a 300 um
sieve to remove larger unburnt material [20, 23]. The POFA is then milled until the particles are
smaller than 45 um [20]. Some researchers have also heat-treated POFA at around 500 °C for 60 min
to burn off any remaining unburnt carbon [20].

The chemical composition of POFA can vary greatly. Its SiO, content ranges from 42% to 70% and its
LOI is close to 10%, while its combined Sio, + A1203 + Fe203 content is often close to the ASTM C618
limit of 70%, so different POFAs have been classified as Class C, F or N [20, 23].

2.3 Sugarcane bagasse ash (SCBA)

Sugarcane bagasse is the material left behind when the juice is extracted from sugarcane. It is
typically burnt as fuel in the boiler houses of sugar factories, and the leftover material is known as
sugarcane bagasse ash. Burning one tonne of bagasse produces between 25 and 40 kg of ash, and
China alone produces between 1.25 and 2 Mt of SCBA each year [15]. Most SCBA is used as fertiliser
or sent to landfill [15, 24]. Research into SCBA as an alternative binder has also been carried out in
Nigeria because of the high price of cement [25].

SCBA has gained research interest because of its high amorphous silica content [5]. However, ash
taken straight from the sugar mill, where it is burnt under uncontrolled conditions, can contain less
than 50% amorphous silica, so it may need further processing [15].
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The boiler houses of sugar factories burn bagasse at temperatures of 550-1000 °C, and burning
above 800 °C or for long durations produces crystalline silica [15]. When the ash was re-calcined at
600-900 °C for 90 min, the highest pozzolanic activity was obtained at 700 °C, and above this
temperature the silica converted to cristobalite [15]. Grinding is also key to increasing the pozzolanic
activity of SCBA. Raw SCBA has a particle size of about 107.9 um, much larger than that of cement
(23.32 um), and ball milling for 60 min produced the greatest increase in surface area [24].

Various chemical, mineralogical and physical tests are used to determine how pozzolanic SCBA is. For
SCBA from Ethiopia, XRD showed a large amorphous region at 15-30° 26 together with quartz and
cristobalite, and SEM images showed porous particles [26]. Prabhath et al. [24] classed their pro-
cessed SCBA as a Class F pozzolan and reported that processed SCBA exceeded the 75% strength
activity index, whereas raw SCBA did not.

2.4 Corn cob ash (CCA)

Corn cob is the central core that remains after the kernels have been removed from the maize ear.
More than 5 million tonnes of maize cobs are generated annually in Nigeria, and, like other agro-
wastes, they are disposed of by open burning, discarded on farmland or sent to landfill [27]. Other
maize residues have also been investigated in Nigeria; Adeniji and Ayegbusi [28] characterised corn
sheath ash, obtained from the leaves surrounding the cob, using X-ray fluorescence to assess its
suitability as a supplementary cementitious material.

Research into CCA as a cementitious material has gained attention because of its high silica (SiO,)
content of between 45% and 64% [29, 30], which allows it to be used as a potential pozzolanic
material to lower the cement content of a mix.

CCA can be processed in several ways, which determine its characteristics. Fadele and Otieno [30]
produced CCA either by burning in a drum furnace at around 700 °C or by pyrolysis followed by
calcination at 800 °C for at least 2 h, and then milled it in a vibratory disc mill, producing D50 values
of 12.41 pm and 6.11 um respectively.

The composition of CCA depends on its source and how it is burnt, and the ash typically contains high
amounts of K,0 [29, 30]. XRD analysis by Fadele and Otieno [30] showed that their CCA was mostly
crystalline, with an amorphous content of only 1.9-2.4% compared with 58% for fly ash, and the
authors concluded that CCA behaves more as a filler than as a pozzolan.

2.5 Coconut shell ash (CSA)

Coconut shell is the hard, woody layer that surrounds the edible part of the coconut. Of the estimated
50 billion coconuts harvested each year, 85% of the shells are regarded as waste [31]. In Nigeria,
coconut shell has been studied both as an ash to partially replace cement and as a lightweight coarse
aggregate. Adeniji et al. [32], for example, used coconut shell to partially replace coarse aggregate,
with RHA partially replacing cement, in reinforced concrete exposed to a chloride environment.

CSA has been classified as a Class N pozzolan, which means it can be used to partially replace cement
[33]. Using CSA as a partial cement replacement has also been shown to reduce the embodied carbon
of concrete [31, 34].

CSA is produced by washing and drying coconut shells, which are then burnt and ground into a fine
powder. Joshua et al. [33] washed and air-dried coconut shells obtained from Badagry, Lagos, then
pulverised them, burnt them above 700 °C for 3 h and sieved the ash through a 75 pm sieve.
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The chemical composition of CSA varies between sources. In a review of several studies, Bheel et al.
[35] found that CSA can contain 37.9-44.05% Si0,, 14.6-24.12% A1203, 8.17-15.48% Fe,0, and 3.25-
4.98% CaO, with an LOI of 6.51-11.94% and a specific gravity of around 1.33. Optimum replacement
levels of 10% for strength [34] and 20% when strength and global warming potential were

considered together [31] have been reported.

2.6 Cassava peel/pulp ash (CPA)

Cassava is one of the most widely cultivated root crops in tropical areas, and large quantities of
cassava peel and pulp are generated as waste when it is processed into food products. Nigeria
produced approximately 63 Mt of cassava in 2021, making it the largest producer in the world with
roughly 20% of global production [36]. Cassava processing centres in Nigeria are estimated to
produce about 40 Mt of waste each year [37], much of which is left in the open to degrade, causing
harm to humans and the environment [38]. Cassava peels make up roughly 20-35% of the mass of
the tuber, and disposing of this waste by burning or landfilling results in emissions of roughly 195-
361 kg CO, per tonne [39].

Reported values of SiO, + Al,O, + Fe, 0, range from 65.6% to 88.6% depending on the study, so many
cassava peel ashes can satisfy the 70% requirement for a pozzolan [39]. In Nigeria, Adeniji and Ayeg-
busi [28] characterised cassava pulp ash using X-ray fluorescence to classify it as a supplementary
cementitious material, and Adeniji and Ayegbusi [40] investigated the use of cassava pulp ash, corn
sheath ash and ground granulated blast furnace slag as cement replacements in self-compacting
concrete (SCC).

CPA is produced by air-drying the peels, burning them, and then grinding and sieving the ash.
Burning temperatures of 500-850 °C have been used, with 700 °C commonly adopted, and the ash
has been sieved to between 75 and 150 pm [39].

The composition of CPA varies depending on its source. The specific gravity of CPA ranges from 1.74
to 2.53, its K, 0 content can be as high as 13.1%, and it slows the setting of cement paste [39]. Its high
potassium content may increase the risk of alkali-silica reaction, which has not yet been well invest-
igated [39].

3 Recycled and alternative aggregates

Aggregate makes up most of the volume of concrete. Approximately 12 billion tonnes of concrete are
used worldwide each year, and 70-80% of this by mass is natural aggregate [10]. Using recycled or al-
ternative aggregates can therefore help to conserve natural resources and reduce the amount of
waste sent to landfill.

3.1 Recycled concrete aggregate (RCA) from construction and demolition waste

Construction and demolition (C&D) waste is created when new buildings are constructed or existing
structures are renovated or demolished. Over 35% of the total waste created in the European Union
is C&D waste, amounting to around 1000 Mt per year, or about 2.2 t per person [6]. A significant por-
tion of this waste is sent to landfill, with approximately 60% estimated to be disposed of in this way
[41]. In Nigeria, concrete, reinforcement and timber form the largest share of construction waste, at
about 15-20%, and Lagos, which accounts for approximately 60% of the construction work in
Nigeria, has five landfill sites that accept C&D waste [42].
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Using RCA in concrete has many benefits, as it reduces the use of natural aggregates and sends less
waste to landfill, although transport distances affect how environmentally friendly it is [43].

RCA is produced by crushing concrete, removing any unwanted materials and sieving the recycled
concrete into different aggregate sizes. RCA has old cement mortar attached to the natural aggregate,
which weakens the aggregate, and many methods have been researched to improve it. Heating the
RCA to 300-500 °C, accelerated carbonation, polymer impregnation and coating with pozzolanic
slurries can all reduce the effect of the old mortar [44].

Because of the attached mortar, RCA absorbs more water than natural aggregate. Coarse RCA from
concrete waste had an average 24-hour water absorption of 4.9% and a saturated surface-dry density
of 2442 kg/m?3, compared with a water absorption of 1.0-2.5% and a density of 2600-2700 kg/m?
for natural limestone aggregate [6]. Standards such as EN 206 limit the use of recycled aggregate, for
example by requiring a Los Angeles coefficient of no more than 50 and restricting the replacement of
natural aggregate to 50% in dry conditions and 30% in more aggressive exposure classes [6].

3.2 Steel slag aggregate (SSA)

Steel slag is formed when impurities in the molten steel react with flux materials such as lime,
forming a molten layer that cools and solidifies. With 1878.5 Mt of crude steel produced in the world
in 2022, over 225 Mt of steel slag is thought to be created each year [10]. In Nigeria, Ife Iron and Steel
produces hundreds of tonnes of steel slag every year [45].

Steel slag has been studied as a substitute for natural coarse aggregate. Concrete produced with steel
slag aggregate tends to have a higher density and improved strength and durability compared with
concrete produced with natural aggregate, but it has lower workability [10].

The main drawback of steel slag is its volume instability. Because steel slag contains free lime (Ca0O)
and free magnesia (Mg0), it can expand when these compounds hydrate; CaO and MgO expand by ap-
proximately 98% and 148% respectively on hydration. Expansion caused by MgO can continue for
many years [10]. To combat this, steel slag must be treated before it is used as aggregate. The
potential expansion of steel slag aggregate can be tested using ASTM D4792 [46].

Steel slag aggregate is usually denser and harder than natural aggregate. Steel slag has a density of
3000-3900 kg/m?, compared with 2400-2800 kg/m? for granite, and its main oxides are Ca0, Sio,,
iron oxides and MgO [10]. Adeniji et al. [11] found that their steel slag aggregate had an SiO, content
of 34.125%, a specific gravity of 3.07, a bulk density of 1680 kg/m?, an ACV of 21.28% and an AIV of
8.37%, all of which were within the acceptable limits for use in structural concrete.

3.3 Ironstone aggregate

[ronstone can be described as a sedimentary rock with a high content of iron oxides, and abundant
quantities of it are found in Nigeria. The Agbaja ironstone, located in Kogi State, is known to be the
largest iron ore deposit in Nigeria, with reserves of 1250-2000 Mt [47]. Since the ironstone contains
a high amount of phosphorus, it is hard to refine into steel, which is why it has remained largely
unused as an iron ore [47]. A large quantity of this material is therefore available and could be used
as an alternative to the crushed granite normally used as coarse aggregate.

Adeniji et al. [12] studied hybrid coarse aggregates in which 0-100% of the granite was replaced with
ironstone and gravel at intervals of 25%. A total of five mixes were designed for a target strength of
20 MPa with a water-cement ratio of 0.50. The aggregates were analysed for particle size distribu-
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tion, specific gravity, bulk density, aggregate crushing value and aggregate impact value, and their
chemical and mineralogical composition was determined using SEM/EDX. Apart from this study, few
journal articles published since 2017 have looked into ironstone as a coarse aggregate, so little is
known about the durability, long-term behaviour and carbon footprint of this material, which is a
clear gap in the literature.

4 Carbon footprint

Most of the carbon footprint of concrete comes from the cement used in it. The production of cement
contributes around 8% of global anthropogenic CO, emissions and 36% of construction-related emis-
sions [48]. It is estimated that calcination contributes around two-thirds of the greenhouse gas (GHG)
emissions from cement, with the rest coming mainly from fuel combustion [48]. Using cleaner fuels
will not prevent the emissions from calcination. Therefore, replacing part of the clinker with
supplementary cementitious materials such as agricultural waste ash is one of the most direct ways
of reducing the carbon footprint of concrete.

Nigeria is currently the leading cement producer in Africa [49], with a production capacity of 58.9 Mt
per year shared among at least 12 cement manufacturers across the country [50]. If Nigeria continues
with its current practices, GHG emissions from its cement industry could increase nearly threefold by
2050 compared with their 2015 value. The key strategies identified for limiting this growth are
energy efficiency, reducing the amount of clinker used in cement production and controlling demand
[49].

According to ISO 14067, the carbon footprint of a product is the sum of the GHG emissions and
removals in a product system, expressed in CO, equivalents (CO,-eq). It is based on a life cycle assess-
ment (LCA) that uses climate change as the single impact category [51].

According to ISO 14040 and ISO 14044, an LCA has four steps: goal and scope definition, life cycle
inventory, life cycle impact assessment and interpretation [52, 53]. EN 15804 breaks down the life
cycle of a construction product into modules A1-A3 (raw material supply, transport and manufactur-
ing, known as the product stage), A4-A5 (transport to site and construction), B1-B7 (use stage), C1-
C4 (end-of-life stage) and D (benefits and loads beyond the system boundary). An LCA that covers
only the product stage is called a cradle-to-gate analysis. One that covers all stages from raw material
extraction to disposal is known as a cradle-to-grave analysis, and one that also includes the reuse of
the material after disposal is a cradle-to-cradle analysis [53]. However, an assessment limited to mod-
ules A1-A3 can miss 30-40% of a building's GHG emissions [54].

The emission factors used by Kurda et al. [2] for the main raw materials, 0.898 kg CO,-eq/kg for CEM
I, 0.029 kg CO,-eq/kg for coarse natural aggregate and 0.005 kg CO,-eq/kg for coarse RCA, show why
cement makes up such a high percentage of the carbon footprint of concrete. Kurda et al. [2] found
that their reference concrete had a carbon footprint of 362 kg COz—eq/m3, and cement made up 87-
96% of the GWP of their mixes.

Although most studies reported emissions per 1 m? of concrete, comparing carbon footprints without
considering compressive strength can be misleading. A lower-strength mix may emit less CO, per cu-
bic metre but require a greater volume of concrete to carry the same load, making it appear more
environmentally favourable per cubic metre than it really is when compared with a stronger mix [7].
Strength-normalised indicators help address this limitation, with CO, intensity (CI) and eco-strength
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efficiency (1) being commonly used measures [55, 56]. The two indicators are reciprocals of each
other and are calculated as follows:

E
r=% M
p=k @

Here, CI represents CO, intensity, expressed in kg CO,-eq m~3 MPa™%, while 1 represents eco-strength
efficiency, the reciprocal of CI. E denotes emissions per cubic metre of concrete produced (kg CO,-eq
m~%), and f, is the compressive strength of concrete or mortar (MPa), typically measured at 28 days or
later.

Most studies assigned zero upstream environmental burden to agro-waste ash and RCA when treat-
ing them as waste materials, accounting only for the processing and transportation associated with
their use in concrete. However, when a supplementary cementitious material is treated as a co-
product rather than a waste, assigning it a share of the emissions from its original production process
can substantially increase its estimated carbon footprint. For example, Kurda et al. [3] reported fly
ash global warming potential values ranging from approximately 0.009 kg CO,-eq/kg with no alloca-
tion to 4.18 kg CO,-eq/kg under mass allocation. Clearly stating the allocation approach is therefore
important because different methods can produce results that are difficult to compare directly.

Studies have also used different inventory datasets to estimate emissions from cement production
and electricity consumption. Local or generic inventory data can lead to substantial differences in
reported emissions. Therefore, absolute carbon footprint values should be compared with caution,
while percentage changes relative to each study's own reference mix can be useful for comparing the
reported benefits of different replacement strategies.

Concrete can absorb CO, throughout its lifetime through carbonation, and this can help counteract
some of the emissions produced during cement manufacture. From 1930 to 2019, cement materials
are estimated to have sequestered 21.02 Gt of co,, which is about 55% of the process emissions over
that period [57]. Recycled aggregate stored under natural conditions for a few months sequestered
5.4-12.6% of the CO, released in producing the cement it contained [58]. Carbonation can also affect
the properties of concrete; Ikumapayi et al. [59] found that accelerated carbonation improved the
compressive strength, flexural strength and water absorption of concrete.

5 Results and discussion

In this section, the results obtained from each of the reviewed studies are discussed. The results for
each agricultural waste ash are discussed first, followed by those for recycled and alternative
aggregates, concrete that contains both agricultural waste ash and recycled concrete aggregate, and
the factors that control the carbon footprint. Tables have been created to show what each author
found, including the replacement percentage used, the strength, the durability and the carbon
footprint. Where n.r. is shown, the value was not reported.

5.1 Agricultural waste ash

Table 1 shows the chemical compositions of the ashes from the studies that were analysed. Most of
the ashes achieved a value above 70% for SiO, + Al,0, + Fe,0,, which is the minimum required by
ASTM (618, although some were only just above this value. CCA varied the most, with the sample
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from Supi¢ et al. [29] achieving only 55.04%, while Fadele and Otieno [30] found that their ash only
met the requirement when it was burnt at 800 °C. Many of these ashes also had a high K,0 content,

which could cause alkali-silica reaction [26, 29]. This shows that where the ash comes from and how

it is burnt and ground play a big part in its quality. Figure 1 compares the combined SiO, + Al,0, +

Fe,0, content of each ash with the ASTM C618 minimum of 70%.

Table 1. Chemical composition of agricultural waste ashes (%).

Ash Study Si0, AlLLO, Fe,O, Cao K,0 LOI Si0,+Al,0,+Fe,0, 2
70%?

RHA Almutlagah etal. [60] 79.86 n.r 0.15 1.11 3.23  13.49 >80.01 Yes
POFA Wietal. [61] 7090 5.63 3.51 378 566 10.10 80.04 Yes
POFA Akeke et al. [62] 62.80 4.60 3.02 7.60 n.r. 9.42 70.42 Yes
SCBA Seyoum et al. [26] 65.06 10.88 4.08 114 6.60 475 80.02 Yes
CCA Supié et al. [29] 45.76 591 337 14.08 13.10 240 55.04 No
CCA Fadele and Otieno 63.68 4.42 4.05 237  11.22 n.r. 72.15 Yes
(800°C) [30]

CCA Fadele and Otieno 59.37 2.79 2.62 1.26  15.83 n.r. 64.78 No
(700°C) [30]

CSA Joshua et al. [33] 66.32 8.79 5.35 6.25 326  4.28 80.46 Yes
CSA Shanmuga Priya and 49.44 1832 345 2.21 n.r. n.r. 71.21 Yes

Padmanaban [63]
CPA Obute et al. [64] 51.76 1132 786  6.89 6.43 n.r. 70.94 Yes
CPA Awolusi et al. [65] 39.26 1698 14.76 5.03 436 n.r. 71.00 Yes
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CPA — Obute et al. [65] A%

CPA — Awolusi et al. [66] AR

0 20 40 60 80
Si0, + Al,0, + Fe,0, (%)
* Al,0O4 not reported; value is SiO, + Fe,O, only.

Figure 1. Combined SiO, + Al,03 + Fe,03 content of the agricultural waste ashes in Table 1 compared with the ASTM
€618 minimum of 70%.

5.1.1 Rice husk ash

Rice husk ash (RHA) has been studied extensively due to its high amorphous silica content. The
burning method can significantly influence its carbon benefit: one study found that at 20% cement
replacement, RHA produced using a fluidised-bed combustor reduced CO,-equivalent emissions by
24%, whereas RHA from a grate furnace achieved only a 7.7% reduction [66]. Ro et al. [67] found that
using RHA to replace 15% of the cement decreased the CO,-eq emissions of the binder by 15% and
reduced the chloride penetration charge by about half, although the 28-day strength was around 15%
lower. In Nigeria, Adeniji et al. [32] showed that when RHA was used to replace cement and coconut
shell was used to replace coarse aggregate, the compressive strength decreased as the replacement
level increased. However, the 10% mix achieved a 28-day compressive strength of 16.09 MPa and
lowered the corrosion rate of the reinforcement from 18.52 mm/year in the control sample to 6.17
mm/year, while at 15-20% the corrosion rate was higher. The results reported for RHA are
summarised in Table 2.

Table 2. Reported results for concrete and mortar containing rice husk ash.

Study Replacement studied Strength Durability and other  Carbon footprint
properties
Adeniji et al. RHA (cement) + Strength fell with Corrosion rate n.r.
[32] coconut shell (coarse replacement; 16.09 18.52 » 6.17 mm/
aggregate), 0-20% MPa at 10% (28 d) year at 10%
Almutlagah et  20%, as received and Untreated RHA below Heat of hydration n.r.
al. [60] re-burnt 75% SAI 185.5vs 249.3]/g
Ro etal. [67] 15% 28-day strength ~ 15%  Chloride charge = -15% CO,-eq
lower halved (binder)
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Study Replacement studied Strength Durability and other  Carbon footprint
properties

Sudrez Silgado  RHA blends (Colombia) n.r. Economic Environmental

etal. [68] advantages advantages

Xietal. [69] Optimised mixes, 40— Target strength met Higher cost -12.2t0-17.5kg

Oztiirk et al.
[56]

Rigon et al.
[66]

Fernando et
al. [70]

Huetal. [71]

Passuello et al.
[72]

60 MPa

Database, > 1000
mixes, RHA + other
pozzolans

20% (fluidised bed /
grate furnace)

Fly ash-RHA alkali-
activated concrete

15% (improved
burning)

RHA-derived activator
(alkali-activated
binder)

Eco-strength efficiency
assessed

n.r.

n.r.

Higher mortar strength

n.r.

+65% cost
efficiency

Still beneficial
when transported >
400 km

Activators 74% of
emissions

Better sulfate
resistance

n.r.

C0,-eq/m*

~ -25% CO,

-24% / -7.7%
CO,-eq

+12% GHG vs
Portland cement
concrete

Lower CO, and
energy

> 70% lower GWP
than Portland
cement

5.1.2 Palm oil fuel ash

Palm oil fuel ash (POFA) is associated with some of the largest published reductions in concrete’s

carbon footprint. Replacing 0-40% of cement with POFA in M60 high-strength concrete lowered CO,

emissions by 9-37%; at the optimum replacement level of 20%, compressive strength increased by
5% and flexural strength by 25% [73]. A mixture containing up to 60% POFA and 10% limestone
powder satisfied the ACI 363R requirements for high-strength concrete, lowered CO, emissions by

44-62% compared with cement concrete of similar strength, and cut heat generation by
approximately half [74]. The use of POFA can also increase durability. Concrete with 20% POFA had a
chloride penetration charge of 276.3 C, while that of the control was 731.7 C, and its water

permeability was approximately 50% lower [23]. The results reported for POFA are summarised in

Table 3.

Table 3. Reported results for concrete and mortar containing palm oil fuel ash.

Study Replacement Strength Durability and other Carbon footprint
studied properties
Umer et al. [75] 10-25% POFA + Up to +26% (10% n.r. Lowest
jute fibre POFA + 0.10% fibre) embodied
carbon at 25%
POFA
Menaka and 0-40% (M60), +5% compressive, n.r. -9 to-37% CO,

Bhuvaneshwari
[73]

Sanit-in et al. [74]

https://doi.org/10.643

optimum 20%

Up to 60% POFA +
10% limestone
powder

88/ire1725111

+25% flexural at
20%

Met ACI 363R high-
strength
requirements

ISSN 2456-8880

Heat generation % halved
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Study Replacement Strength Durability and other Carbon footprint
studied properties
Amran etal. [23] 20% n.r. Chloride charge 276.3 vs n.r.
(review) 731.7 C; water
permeability =~ 50%
lower
Hamada et al. [21] High-volume Best strength at 20- n.r. n.r.
ultrafine POFA 40%
Wietal. [61] Micro-POFA in Optimum 10% n.r. n.r.
mortar

5.1.3 Sugarcane bagasse ash

A study in Pakistan found that 10% SCBA was the optimum replacement level for strength. SCBA also
reduced alkali-silica reaction expansion, and the mix containing 15% SCBA recorded the lowest CO,
emissions [76]. The overall environmental impact of mortars containing 20% SCBA decreased by
14% when cured at 21 °C and by 31% when cured at 45 °C. Curing at the higher temperature also
produced higher strength [77]. In Nigeria, however, untreated SCBA lowered the compressive
strength of M15 concrete at every replacement level, from 25.93 MPa to 18.96 MPa [25], which shows
that SCBA needs to be treated before it is used. The results reported for SCBA are summarised in
Table 4.

Table 4. Reported results for concrete and mortar containing sugarcane bagasse ash.

Study Replacement studied  Strength Durability and other Carbon footprint
properties

Ullah et al. [76] Various levels Optimum 10% Reduced alkali-silica  Lowest CO, at 15%
reaction expansion

Olopade and Untreated SCBA, 25.93 - 18.96 MPa as n.r. n.r.

Ngene [25] M15 concrete SCBA increased

Francioso et al. 20% (mortar) Higher strength with 45 n.r. Overall impact -14%

[77] °C curing (21°C), -31% (45

Oc)
Sakib et al. [78] 20% (SAI); 15% SAI91% (7 d),93% (28 n.r n.r.
optimum (mortar) d)

Prabhath et al. Up to 15% Strength improved ~12% cheaperthan  n..

[24] (review) M25 at 15%

Seyoum et al. Mortar Optimum 5-10% Na,0 +K,0=8.66% nr

[26] (ASR risk)

Xu etal. [15] Various levels Optimum 15-25%; SAI n.r. n.r.

(review) of 75% needs D80 = 60

pum

5.1.4 Corn cob ash, coconut shell ash and cassava peel/pulp ash

The use of corn cob ash (CCA), coconut shell ash (CSA) and cassava peel/pulp ash (CPA) has not been
researched as much as that of RHA, POFA and SCBA, and their results vary more, as shown in Table 5.
Studies on CCA showed that 10% was the optimum in roller-compacted concrete, giving a compress-
ive strength of 32.88 MPa with 0.50% jute fibre and a lower embodied carbon than the control mix

https://doi.org/10.64388/ire1725111 ISSN 2456-8880 Paper ID: 1725111 | Page 2949


https://doi.org/10.64388/ire1725111

Iconic Research and Engineering Journals

Vol. 10, Issue 5, November 2026

[79]. When CCA replaced 50% of the cement by volume in masonry mortar, it lowered CO, emissions
from 256.85 to 166.54 kg/t, or around 35%, but it also lowered the strength by around 48% [29].
Ranatunga et al. [31] showed that the strength of concrete containing 15% and 20% CSA was com-
parable to that of the control (27.31 and 26.94 MPa respectively, compared with 27.05 MPa), and the
GWP of the concrete containing 20% CSA was lowered from 397 to 325 kg COz-eq/m3; this trade-off
between strength and GWP is shown in Figure 2. CPA reduced the strength of mortar from 22.92 MPa
to 15.63 MPa at 20% replacement [80], and a review found that the 28-day strength is typically
reduced by 15-30% when CPA replaces 5-15% of the cement [39]. However, CPA can increase the
resistance of self-compacting concrete to acid and sulfate attack [37]. None of the reviewed studies

reported the carbon footprint of concrete containing CPA.

Table 5. Reported results for concrete and mortar containing corn cob ash, coconut shell ash and cassava peel/pulp

ash.
Ash  Study Replacement Strength Durability and other Carbon footprint
studied properties
CCA Fadele and 15and 30% 90-day: 36 MPa (700 °C Mostly crystalline; nr.
Otieno [30] (mortar) ash), 44 MPa (800 °C acts mainly as a filler
ash)
CCA Hasanetal 10% CCA + 1% +7.54% compressive n.r. -2.5% CO, (fibre)
[81] corn husk fibre
CCA Bheeletal. 5-20% CCA + 32.88 MPa compressive,  n.r. Lower embodied
[79] jute fibre (roller- 5.3 MPa flexural (10% carbon than con-
compacted con- CCA + 0.50% fibre) trol
crete)
CCA Supiéetal. 50% by volume ~-48% (7.97 - 4.11 Flow 175 - 140 mm;  256.85 — 166.54
[29] (masonry mor- MPa) costx -22% kg CO,/t (>
tar) -35%)
CCA Serbanoiuet 2.5and 5% by Bestat 2.5% Better freeze-thaw n.r.
al. [82] volume resistance; HCI resist-
ance 30-47% better
CCA Bheeletal 30% CCA as fine 29.58 MPa (+11.62%); Water absorption fell  -0.3 to -0.8%
[83] aggregate (+ +16.98% with GGBFS (CCA alone);
10% GGBFS) 329.3 - 274.70
kg CO,/m?* with
GGBFS
CCA Bagcal and 0-20% Strength fell; optimum n.r. n.r.
Baccay [84] 6.43% for 25 MPa
CSA Maheswari 5-20% 29.50 / 26.50 / 24.80 / Workability fell above n.r.
etal. [85] 22.67 MPa 10%
CSA Bheel etal. CSA + metakaolin = +10.7% at = 9% cal- n.r. ~-11.8% embod-
[86] + calcined clay cined clay ied carbon
(80 MPa)
CSA Ranatungaet 15-30% (w/b 27.31/26.94 / 25.60 / Slump 140 —» 20 mm 397 > 343/
al. [31] 0.55) 21.40 MPavs 27.05MPa  at30% 325 /306 /288
(control) kg CO,-eq/m*
CSA  Shanmuga M20, optimum 23.65 - 30.19 MPa Water absorption n.r.
Priya and 12.5% (+27.65%) 3.25 > 2.26%; RCPT
Padman- 28501876 C
aban [63]
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Ash  Study Replacement Strength Durability and other Carbon footprint
studied properties
CSA  Bheeletal. CSA + groundnut ~ +11.62% compressiveat  n.r. ~ -16% embodied
[87] shell ash, 10- 10% carbon at 20%
20%
CSA Bheeletal. 0-20% +12% compressive, n.r. ~ -15% embodied
[34] +10% tensile, +9% flex- carbon at 20%
ural at 10%
CSA Joshuaetal 15-20% SAI92% at 20% Final setting 350 — nr.
[33] 375 min at 15%
CPA  Adeniji and 0-20% cassava 21.3 MPaat 20% (28d);  Slump flow 755 - n.r.
Ayegbusi pulp ash (self- 25.5 MPa with 20% corn 645 mm at 20%; up
[28] compacting con-  sheath ash, ~ 29.1 MPa to 10-15% recom-
crete, w/b 0.50) with 20% GBFS mended
CPA Adagba [39] 5-15% Typical 28-day loss 15— Delayed setting n.r.
(review) 30%
CPA Raufetal. 5-20% (mortar) 22.92 - 15.63 MPa at n.r. n.r.
[80] 20%; with superplasti-
ciser 26.04 vs 27.08 MPa
at 5%
CPA Awolusietal. CPAin bamboo- Optimum 3%: flexural n.r. n.r.
[65] reinforced beams  strength 11.85 MPa
CPA  Abdulwahab  5-25% (self- Optimum 5% (grade 35)  Better H,SO, and n.r.
and Uche compacting con- MgSO0, resistance;
[37] crete) lower water absorp-
tion; worse at high
temperature
CPA  Obute etal. 5% CPA + RHA 28.7 - 24.12 MPa at Water absorption n.r.
[64] (20-30% total) 20% total ash 5.59 - 3.25%
(a)
= 397
30 .
E 27;05 27‘31 26.94 5 60 400 - .
::, ”: ) ° o\. _ \343 15
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Figure 2. Effect of coconut shell ash content on (a) the 28-day compressive strength and (b) the GWP of concrete (data
from [31]).
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5.2 Recycled and alternative aggregates

5.2.1 Recycled concrete aggregate

In a meta-analysis of 42 papers, Piccinali et al. [8] reported that when RCA was used to substitute
natural coarse aggregate, the compressive strength decreased by less than 10% at a substitution rate
of 50% and by approximately 13% when the aggregate was fully substituted, while the tensile
strength was around 5% lower than that of conventional concrete at 100% substitution. The modulus
of elasticity was reduced more, with reductions of 12.5-38.7% observed at 100% RCA [9], and it was
suggested that the use of RCA should be limited to below 30% substitution [88].

Replacing natural coarse aggregate with RCA alone reduced carbon emissions by only 0-9% per cubic
metre. If more cement was needed to meet strength requirements, or if the RCA had to be transported
further, emissions could increase instead. Using RCA reduces the waste sent to landfill and the use of
natural aggregate, and combining RCA with cement replacement reduces carbon emissions more sig-
nificantly [2, 3]. Selected results are shown in Table 6.

Cement accounts for around 87-96% of the GWP of conventional concrete [2]. Replacing 100% of the
natural coarse aggregate with RCA decreased the GWP by about 8-9%, from 362 to 331 kg CO,-eq/
m? for modules A1-A3, while replacing natural fine aggregate with RCA showed no significant reduc-
tion [2]. Ben Fraj and Idir [89] showed that the use of low-quality recycled aggregate increased the
amount of cement required to reach the same strength by 16%, whereas high-quality recycled
aggregate increased it by only 3%. Presaturating the aggregates decreased this additional amount of
cement by 35%.

The transport distance of RCA may determine whether it is beneficial. In Portugal, recycled aggregate
was shown to have a lower GWP than natural aggregate unless it travelled more than 500 km further
[43]. In Paris, concrete produced with 50% recycled aggregate was shown to have a lower impact on
global warming if the natural aggregate had to travel more than 50 km [89]. Research conducted in
Switzerland found that recycled concrete had only 1% lower GHG emissions than normal concrete,
which was not a significant difference, and the authors recommended transport distances of less than
25 km [90].

As previously mentioned, RCA can be combined with cement replacement to further lower the impact
of concrete. Replacing 30% and 60% of cement with fly ash decreased the GWP to 269 and 176 kg
COz-eq/m3, reductions of 26% and 51% respectively [2]. Using 50% uncarbonated RCA with 25% fly
ash produced the lowest CO, intensity, 4.1 kg COZ/m3 per MPa, with RCA improving carbonation res-
istance and fly ash improving chloride resistance [91]. Although these studies used fly ash, the same
approach of combining RCA with a cement replacement can be applied to agro-waste ashes, as
discussed in Section V-C.

Table 6. Reported results for concrete containing recycled concrete aggregate.

Study Replacement Strength Durability and other Carbon footprint
studied properties

Wang et al. [9] 100% RCA Modulus -12.5 to Pozzolans improve n.r.

(review) -38.7% durability

Lei etal. [92] RAC (China) n.r. n.r. Raw materials 80.92-

85.62% of emissions;
critical transport
distance 331.7 km
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Study Replacement Strength Durability and other Carbon footprint
studied properties

Piccinali et al. 50-100% coarse <10%lossat50%;~  n.. n.r.

[8] (meta- RCA 13% at 100%; tensile

analysis) ~ 5% lower at 100%

Dias et al. [43] Coarse recycled n.r. Cheaper only if haul > 2.45 vs 28.6 kg CO,-eq/
aggregate 53 km shorter t; lower unless > 500 km
(Portugal) further

Etxeberria [91] 50% RCA +25% n.r. Better carbonation 4.1kg COz/m3 per MPa
fly ash (RCA) and chloride (lowest)

Plaza et al.
[93]

Sabau et al.
[94]

Visintin et al.
[95]

Kurda et al. [2]

Ben Fraj and
Idir [89]

Kleijer et al.
[90]

Marinkovi¢ et
al. [96]

Up to 100%
coarse and fine
RCA

50 and 100% RA;
100% RA + 25%
fly ash

624 mixes from 61

studies

100% coarse RCA;

30 and 60% fly
ash

50% RA (Paris)

Recycled concrete

(Switzerland)

Five mixes of
equal strength

Compressive and
tensile < 17% loss;
flexural < 15% loss

n.r.

n.r.

n.r.

Extra cement: +16%
(low grade), +3%
(high grade)

n.r.

n.r.

(fly ash) resistance

16

n.r.

n.r.

n.r.

Presaturation cut
extra cement by 35%

Transport below 25
km recommended

n.r.

Eco-efficiency improved

NAC 323-332 kg
C0,-eq/m?; +0.3 to
+3.4% (50% RA); 100%
RA + fly ash below NAC

Similar average to NAC,
wider range

362 - 331 kg CO,-eq/
m? (-8 to -9%); 269
(-26%) and 176
(-51%) with fly ash

Lower GW when natural
aggregate haul > 50 km

GHG -1% (not
significant)

High-volume fly ash +
RA best; RAC with plain
cement worst

5.2.2 Steel slag and ironstone aggregates

Most studies showed that the use of steel slag aggregate resulted in higher-strength concrete (Table
7). Adeniji et al. [11] achieved compressive strengths of 15.63, 17.07, 18.30 and 19.10 N/mm? when
15%, 30%, 45% and 60% of the coarse aggregate was replaced with steel slag. The flexural strength
reached a maximum of 4.45 N/mm? at 45% replacement and decreased to 3.85 N/mm? at 60%, so
45% was recommended as the optimum replacement level. Few studies have calculated the carbon
footprint of concrete produced with steel slag. Using 50% steel slag in roller-compacted concrete
pavement reduced CO, emissions by 11%, energy consumption by 7% and costs by up to 16% [97].
Concrete in which slag replaced gravel had up to a 7% lower environmental impact, and the slag was
found to remain advantageous for transport distances of up to approximately 102 km [98]. Only one
study was found that investigated ironstone. Adeniji et al. [12] found that the mix with 25% iron-
stone, 25% gravel and 50% granite achieved more than 90% of the strength of the control mix made
with granite only. No study was found that calculated the carbon footprint of ironstone aggregate.
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Table 7. Reported results for concrete containing steel slag and ironstone aggregates.

Ag- Study Replacement Strength Other findings Carbon foot-
greg- studied print
ate
Steel Adeniji et al. 0-60% of 15.63 /17.07 /18.30 / 19.10 Optimum 45%; n.r.
slag [11] coarse aggreg- N/mm? at 15 / 30 / 45 / 60%); random forest

ate (1:2:4,w/c flexural max 4.45 N/mm? at R?=0.85

0.50) 45%
Steel Raj and 25-75% (roller-  +16 to +21% at 25-50%; lower ~ Costup to -16% -11% CO,,
slag Selvam [97] compacted at=75% at 50% -7% energy at

pavement) 50%
Steel Mekonen et 25-100% +6.2 /+26.3 /+9.5 / +6.2% at Reinforced con-  n.r.
slag al. [99] 25 /50 /75 /100%; flexural crete beams

+13.1% at 50%
Steel Adedokun Ife slag repla- Optimum 28.85% (w/c 0.47) Response sur- n.r.
slag and Anifo- cing granite face methodo-
wose [45] logy

Steel Miah et al. 0-100% (repla-  22.24 — 34.98 MPa (28 d); Porosity = n.r.
slag [100] cing brick ag- tensile 1.98 — 3.38 MPa -39%; expan-

gregate) sion 0.017% at

90 d
Steel Vaclavik etal.  Slag replacing 90-day: 47.0 (reference), 48.5, Modulus +27% Impact up to
slag [98] gravel fractions  49.0,46.0 MPa (4/8 mm frac- -7%; benefi-
tion) cial up to = 102
km

Iron- Adeniji et al. Ironstone + 18.35 MPa; 91.8% compressive ~ Workability im-  n.r.
stone  [12] gravel replacing  and 94.3% tensile of control proved; granite

0-100% granite  (25% ironstone, 25% gravel, use halved

50% granite)

5.3 Concrete containing both agricultural waste ash and RCA

Using both agro-waste ash and recycled concrete aggregate (RCA) in the same mix achieved greater
carbon savings than using either material alone, and the ash also made up for some of the strength
and durability losses caused by RCA. The four studies that quantified the carbon savings of concrete
containing both materials reported reductions of around 7.6-29%, most of which came from the
cement replacement rather than the aggregate [55, 101]-[102]. In addition, the use of pervious
alkali-activated concrete containing bagasse ash, RCA and GGBS reduced the carbon footprint by up
to 77%, from 286.39 to 66.59 kg COz-eq/m3 [103]. The results are summarised in Table 8.

Castillo et al. [102] performed an LCA on 10 concrete mixes containing 0-100% RCA and 0-10%
RHA. Using RHA alone decreased the global warming potential by 6.45%, while using RCA alone
decreased it by only 1.12%. When both materials were used, the global warming potential decreased
by 7.55%, along with a 6.09% decrease in energy demand and a 68.5% decrease in water use, while
strength remained above 21 MPa. Bahar et al. [104] showed that a mix containing 20% RHA and
100% RCA reduced GWP by 18.5% and embodied energy by 18.3% compared with the control in a
cradle-to-gate LCA, and this mix was ranked first in a multi-criteria evaluation.

The use of RCA can lower the strength and stiffness of concrete because of the old adhered mortar
and the interfacial transition zones (ITZ). However, when agro-waste ash is added at replacement
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levels of around 10-20%, strength can be regained, especially at later ages. When 50% and 100%
RCA were used with 20% RHA, compressive strength dropped from 27.35 MPa in the plain control to
25.93 MPa and 22.55 MPa respectively, and stiffness was reduced at a greater rate than compressive
strength [104]. A factorial study with 0-100% recycled aggregate and 0-30% RHA found that 10%
RHA was the optimum replacement level, increasing strength by 4.9% in concrete containing 100%
recycled aggregate but by only 0.4% in natural aggregate concrete [14]. However, the modulus of
elasticity of concrete containing 100% RCA can be 12.5-38.7% lower than that of normal aggregate
concrete [9]. Higher amounts of POFA reduced both compressive and bond strength, although the
bond strength was similar to that of normal concrete when compared at the same compressive
strength [105].

The durability benefits of agro-waste ash in RAC were more consistent than its strength benefits.
Using ground bagasse ash at 20-50% decreased the water permeability and sulfate expansion of
high-strength RAC [13]. Ground RHA at replacement levels of up to 50% also improved chloride and
corrosion resistance [106]. RCA and RHA were found to have an interaction effect on water absorp-
tion, porosity and drying shrinkage, so their effects cannot be assumed to be simply additive [107].

The mixes with the lowest carbon emissions were not always the strongest. Increasing the amounts
of RCA and ash can decrease the CO, emitted per m? of concrete, but if strength also decreases, the
environmental benefit can become smaller or even reverse when emissions are normalised by
strength (see (1)). When strength, toughness and environmental impact were considered together,
50% RCA with around 20% ash gave the best balance [104], while 100% RCA with 20% RHA was the
cheapest mix, reducing cost by 31% [108].

Table 8. Reported results for concrete containing both agricultural waste ash and recycled concrete aggregate.

Study Materials and Strength Durability and other Carbon footprint
replacement properties
Bahar et al. 50 and 100% RCA + 25.93 and 22.55 MPa Stiffness fell more GWP -18.5%,
[104] 20% RHA vs 27.35 MPa than strength embodied energy
(control) -18.3% (100% RCA +

Berwal et al.
[109]

Castillo et al.
[102]

Alharthai et
al. [108]

Marathe et al.

[103]

Agrelaetal.
[101]

Ma et al. [14]

0-30% RCA + 0-15%
SCBA (M30)

0-100% RCA + 0-
10% RHA

80-100% RCA + 15-
20% RHA

Bagasse ash + RCA +
GGBS (pervious
alkali-activated)

Mixed recycled
aggregate + olive
biomass ash

0-100% RA + 0-30%
RHA

https://doi.org/10.64388/ire1725111

~40.1 MPa (» 10%
SCBA +10-20% RCA)

> 21 MPa

~ 27 MPa (15% RHA +
80% RCA)

n.r.

Long-term loss 1.7-
10.4% (concrete)

Optimum 10% RHA:
+4.9% (100% RA),
+0.4% (NAC)

ISSN 2456-8880

Slump 85 — 65 mm at
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Energy -6.09%);
water use —-68.5%
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RCA + 20% RHA)
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Cost -20% (mortar),
-13.8% (concrete)

n.r.
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Study Materials and Strength Durability and other Carbon footprint
replacement properties
Fernando et Slurry-treated RCA + 55.4 MPa (above NAC  nr. n.r.
al. [110] RHA in binder control)
Zhang et al. RAC + 10-30% RHA 20% RHA: 103.94% of  Slump -15.38% at n.r.
[111] control at 360 d 20%; freeze-thaw
resistance worse
Rattanachuet RAC +upto 50% 60-day strength above  Better chloride and n.r.
al. [106] ground RHA plain RAC at 20% corrosion resistance
Rattanachu et High-strength RAC + n.r. Lower water n.r.
al. [13] 20-50% ground permeability and
bagasse ash sulfate expansion
Padhi et al. 100% RCA + 0-35% 10-15% RHA met n.I. n.r.
[112] RHA design requirements
Rattanachu et High-strength RAC + Above NAC control at n.r. n.r.
al. [113] 20% ground bagasse >90d
ash
Alnahhal et 100% RCA + 30% RHA best strength n.r. €O, ~-29%
al. [55] RHA, POFA or palm efficiency at 90 d

oil clinker powder

5.4 Factors controlling the carbon footprint

Figure 3 compares the reductions in CO, emissions or GWP reported by the reviewed studies for the

different materials. Table 9 summarises the main factors that affected the carbon footprint values

reported in the reviewed studies. These include the amount of cement replaced, the production route

of the ash, transport distances, any extra cement needed to restore strength, the curing regime, the

burden allocation method, the functional unit and end-of-life carbonation.

https://doi.org/10.64388/ire1725111

ISSN 2456-8880

Paper ID: 1725111

Page 2956


https://doi.org/10.64388/ire1725111

Iconic Research and Engineering Journals

Vol. 10, Issue 5, November 2026

RHA 20%, fluidised-bed ash [67]
RHA 20%, grate-furnace ash [67]
RHA 15%, per kg binder [68]
POFA 0-40%, M60 [74]

POFA up to 60% + limestone [75]
35.2

CCA 50%, masonry mortar [30]

CSA 20% [32]

CSA 20% [35]

Coarse RCA 100% [2]

Steel slag 50%, RCC pavement [98]

RHA <10% + RCA <100% [104]

Olive biomass ash + mixed RA [102] -
RHA 20% + RCA 100% [103] +

30% RHA/POFA/POCP + RCA 100% [56] -

Bagasse ash + RCA + GGBS, alkali-activated [105] 38

e

mmm  Agricultural waste ash replacing cement
vav4  Alternative aggregate
WA Ash and recycled aggregate together

60 70 80

Reported reduction in CO, emissions or GWP (%)

Figure 3. Reductions in CO, emissions or GWP reported for concrete and mortar containing agricultural waste ash,

alternative aggregates or both, relative to each study's control mix.

Table 9. Factors controlling the carbon footprint of agricultural waste ash and recycled aggregate concrete.

Factor Effect on carbon footprint

Source

Cement content and
replacement level

Dominant driver; cement is 87-96% of conventional
concrete GWP, so each percent of clinker replaced counts
most

Ash production route  Fluidised-bed RHA saved 24% CO,-eq against 7.7% for
grate-furnace ash at the same dosage; improved burning

raises reactivity

Transport distance Can cancel the benefit of RCA; reported critical distances
range from below 25 km to over 500 km; short SCM haul

(15-25 km) maximises savings

Extra cement to
restore strength

Low-grade recycled aggregate needed ~ 16% more cement
(3% for high grade)

Curing regime Warm curing of SCBA mortar raised the impact reduction

from 14% to 31%

Burden allocation of
the waste

Fly ash GWP varied by more than 400 times between no
allocation and mass allocation

Per-m? results favour weak, low-cement mixes; strength-
or durability-normalised units can reverse rankings

Functional unit

End-of-life
carbonation

Stored recycled aggregate absorbed 5.4-12.6% of the CO,
from its cement within months

Xing et al. [7]; Kurda et al. [2]

Rigon et al. [66]; Hu et al.
[71]

Kleijer et al. [90]; Dias et al.
[43]; Sabau et al. [94]; Lei et
al. [92]

Ben Fraj and Idir [89]

Francioso et al. [77]

Kurda et al. [3]; Marinkovi¢
etal. [96]

Xing et al. [7]; Etxeberria
[91]

Leemann et al. [58]
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6 Conclusion

Several studies were reviewed on the carbon footprint and performance of concrete containing
agricultural waste ash, recycled concrete aggregate and other aggregates such as steel slag and
ironstone. From these studies, it was found that:

1. Substituting cement has a greater effect on reducing carbon emissions than substituting
aggregate. Using RCA in place of natural aggregate changed the GWP by -9% to +3% per m? of
concrete produced, while replacing 10-20% of the cement with agro-waste ash reduced it by about
8-30%, and some studies with higher ash replacement levels achieved reductions as high as 44-
62%.

2. There are benefits to using agro-waste ash and RCA together. Studies that combined both
materials reported reductions in GWP of about 7.6-29%. With ash replacement levels of 10-20%,
most of the strength lost through RCA substitution was regained, and the ash also improved
durability by reducing water permeability and improving resistance to chlorides and sulfates.

3. Transport distances, extra cement used to meet design requirements, the method used to
produce the ash, curing conditions and the allocation method can all affect the results and may
change which mix has the lowest carbon footprint.

4. More information is needed on mixes that use both materials. Cradle-to-grave analyses that take
into account the service life of the structure should be conducted, together with more standardised
procedures for processing the ash and more local data. Research in sub-Saharan Africa is especially
needed, as local conditions may give different results.

5. The majority of the agricultural waste ashes met the ASTM C618 requirement for SiO, + Al,0, +
Fe,0,, but their composition varied depending on where the ash came from and how it was burnt.
Corn cob ash had the highest variation, and cassava peel ash tended to decrease the strength of

concrete.

6. When steel slag was used as an aggregate, it usually improved the strength of concrete, and
around 45% was optimal in one study conducted in Nigeria. Replacing 50% of the granite with
ironstone and gravel retained more than 90% of the control's strength. However, very few studies
have determined the carbon footprint of these aggregates, particularly ironstone.
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