
Energy Science & Engineering

REVIEW

A Comprehensive Review of Sustainable Geopolymer
Concrete Using Palm Oil Clinker: Environmental and
Engineering Aspects
Khamees N. Abdulhaleem1 | Hussein M. Hamada2 | Ahmed I. Osman3,4 | Salim T. Yousif5 | Ali M. Humada6 | Ali Majdi7

1Civil Engineering Department, University of Kirkuk, Kirkuk, Iraq | 2Department of Architecture, Al‐Qalam University College, Kirkuk, Iraq | 3School of

Chemistry and Chemical Engineering, Queen's University Belfast, Belfast, Northern Ireland, UK | 4School of Engineering, Technology, and Design,

Canterbury Christ Church University, Canterbury, UK | 5Civil Engineering Department, College of Engineering, Nawroz University, Kurdistan,

Iraq | 6College of Information Technology, Imam Ja'afar Al‐Sadiq University, Baghdad, Iraq | 7Department of Building and Construction Techniques, Al

Mustaqbal University College, Hilla, Babylon, Iraq

Correspondence: Hussein M. Hamada (enghu76@gmail.com) | Ahmed I. Osman (aosmanahmed01@qub.ac.uk; ahmed.osman@canterbury.ac.uk)

Received: 24 March 2024 | Revised: 10 June 2024 | Accepted: 3 September 2024

Funding: This study was supported by Queen's University Belfast.

Keywords: aggregate innovation | CO2 reduction | environmental | geopolymer concrete | palm oil clinker | sustainable construction

ABSTRACT
Amidst the dual challenges of aggregate scarcity and the environmental impact of carbon dioxide (CO2) emissions from cement

production, this study investigates the viability of palm oil clinker (POC) as a sustainable aggregate in geopolymer concrete

(GPC). The lack of appropriate alternative coarse and fine aggregates essential in concrete production is one of the critical issues

faced by the construction industry. This review evaluates its environmental benefits, chemical and physical attributes, and

influence on GPC's microstructure. Previous studies have shown that incorporating POC in GPC significantly reduces density

from 2345 to 1821 kg/m3 while maintaining competitive compressive strength, thus proving its applicability in various struc-

tural and nonstructural contexts. Moreover, GPC with POC demonstrates enhanced resistance to aggressive environmental

conditions such as water absorption and resistance against acid and sulfate environments. Geopolymer mortar (GPM) exposed

to sulfate attack recorded the lowest decrease in strength than GPM containing POC fine aggregates by about 20%. The use of

100% POC aggregates in GPC mix has a 3.2% water absorption, which is lower than the limit for high‐performance concrete.

The results advocate for the development of POC‐aggregate GPC as an environmentally friendly construction material, con-

tributing to the sustainable advancement of the building industry.

1 | Introduction

The demand for palm oil has surged to satisfy global markets,
leading to its widespread cultivation in Southeast Asia's warm,
tropical regions, including Malaysia, Indonesia, and Thailand
[1, 2]. Malaysia produces 24% of the total global crude palm oil
and currently occupies second place in the world in exporting
crude palm oil after Indonesia. The revenue of crude palm oil
increased by 40% in 2021 compared to 2020, with an average of

RM102 billion in revenue; therefore, the palm oil industry can
be considered as a backbone economic for Malaysia. This boom
has inadvertently produced a substantial amount of biomass by‐
products, among which palm oil clinker (POC) is notable [3].
POC emerges from the incineration of palm oil waste, such as
kernel shells and fruit fibers, during the energy production
process in palm oil mills [4]. Without proper management,
these by‐products can lead to significant environmental and
health hazards due to their accumulation [5]. With the
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expansion of palm oil exports from countries like Indonesia and
Malaysia, there is an increasing impetus to utilize these abun-
dant by‐products sustainably [6]. Concrete is integral to modern
construction, consuming vast quantities of aggregates exceeding
10 billion tons annually [7, 8]. This immense demand, alongside
the environmental toll of extracting natural resources, has pro-
pelled a search for alternative, eco‐friendly aggregates [9, 10].
Utilizing industrial by‐products not only conserves natural ag-
gregates for future use but also curtails the environmental deg-
radation associated with traditional extraction methods [11, 12].
Additional benefits of adopting renewable aggregates are saving
the virgin raw materials for the next generations and reducing
the environmental pollution resulting from the extraction of
huge amounts of rocks and sand that require consuming high
energy [13].

As the construction sector expands, the need for concrete—and,
by extension, cement—escalates. However, cement production
is environmentally taxing, contributing to 5%–7% of global CO2

emissions with an annual production of roughly 2.8 billion tons
[14, 15]. This has led to the exploration of geopolymer concrete
(GPC), a greener substitute developed in the 1990s using alu-
minosilicate materials such as fly ash and slag in lieu of cement
[16, 17]. Recent research has pivoted toward POC as a viable
aggregate for various concrete forms, including lightweight
[18–20], semi‐lightweight concrete [21], and self‐compacting
concrete (SCC) [22]. Despite this, its integration into GPC
remains relatively unexploited. Recently, Bashar et al. [23]
noted a lower elastic modulus in POC‐infused GPC compared to
standard concrete, attributing this to POC's unique morphology,
which enhances binder‐aggregate bonds [24].

Similarly, other studies have leveraged POC to curtail green-
house gas emissions (GHGs), conserve resources, and improve
cost‐efficiency in construction materials. Ranjetha et al. [25], in
an attempt to reduce GHGs and find urgent solutions for the lack
of natural resources needed in the production of construction
materials and to save cost, energy, and time, used industrial by‐
products as construction material. They used POC as aggregate

and palm oil fuel ash (POFA) as a binder in the production of
GPC. Nazari et al. [26] investigated the effect of POC as aggregate
alongside rice husk ash and fly ash on the compressive strength
of lightweight geopolymers based on artificial neural networks.
They examined 144 samples and found that the 28‐day com-
pressive strength‐to‐weight ratio for the samples with a high
amount of POC fine aggregate was more than that of GPC
samples without POC. Generally, palm oil products can be used
in different aspects such as construction materials, water treat-
ment plants, biotechnological and chemical processes, human
and animal food industries, fertilizer, cosmetics, and pharma-
ceuticals. Consequently, it can be decided that the plantation of
palm oil enlarged with time to meet the market requirements,
especially in tropical countries such as Indonesia, Malaysia,
Nigeria, and Thailand, as shown in Figure 1.

Figure 1 shows that the production rate of palm oil in Indonesia
recorded the highest rate among other countries, and the pro-
duction rate increased gradually with time, followed by Malaysia,
which occupied the second position after Indonesia. Malaysia
somewhat produces about half the amounts of palm oil products
that are produced in Indonesia. It is expected that this industry
will grow with time in all these countries, and it is necessary to
manage the waste produced by palm oil mills. In addition to that,
the use of waste materials generated from industrial and agri-
cultural products is growing quickly because they are suitable
materials to be used as raw materials in different construction
applications. Numerous waste materials with high aluminosili-
cate have been used as pozzolanic materials, such as fly ash,
silica fume, rice husk ash, and ground granulated furnace slag
(GGBFS). The use of GPC instead of cement achieved numerous
benefits, such as minimizing the negative effect of cement on the
environment. CO2 emissions to the atmosphere were reduced by
44%–64% compared to cement production [27], reducing the high
energy required for cement production by up to 15% [28] and
reducing the accumulation of waste in landfills and open areas.
In addition to that, GPC has higher compressive strength, lower
shrinkage, and better resistance against acid attack than cement
concretes [29–31]. Nazari et al. [32] studied the pore structure

FIGURE 1 | Product of palm oil globally per thousand metric Adapted from [4, 33].
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and water absorption of lightweight geopolymer concrete
(LWGPC) made of POC as aggregate and rice husk ash (RHA) as
an aluminosilicate source. They detected that the water absorp-
tion of GPC improved significantly due to adding further content
of POC aggregates. Darvish et al. [34] studied the performance of
POC as a fine aggregate in 100% in the production of geopolymer
mortar (GPM); they prepared 16 mixes with different binders and
molarity of NaOH. They obtained high compressive strength up
to 53MPa at 28 days due to the use of 50:50 of FA‐ground
granulated blast furnace slag (GGBS) as binder materials. Also,
they have found GPM with higher resistance against magnesium
sulfate (MgSO4) and hydrochloric acid (HCl) compared to
cement mortar. Kabir et al. [35] used POC and oil palm shell
(OPS) as coarse aggregates along with metakaolin (MK), GGBS,
and POFA as binder materials in producing GPC. They con-
cluded that the POC aggregate increased the 28‐day compressive
strength of GPC to 41.5MPa. The replacement of natural ag-
gregates by POC in GPC can decrease the consumption of energy
and environmental pollution instead of dumping these materials
into landfills that might cause pollution in soil, air, and water.

While the application of POC as an aggregate has been explored
to some extent in traditional concrete forms [18, 21, 22, 36], a
synthesis of existing research on its efficacy and impact remains
absent. This gap signifies a considerable opportunity for
advancing the use of sustainable materials in construction. To
date, there is an absence of a synthesized body of work that
aggregates knowledge of the utilization of POC in GPC, partic-
ularly regarding its implications on the material properties of the
concrete. Recognizing the critical need for renewable and sus-
tainable materials to supplant natural aggregates, this study is
poised to fill this literature gap. Based on the results obtained
from the previous studies, it can be concluded that the inclusion
of POC as an aggregate in GPC significantly enhances its en-
vironmental sustainability while maintaining adequate mechan-
ical properties. Also, the effect of POC on the mechanical,
durability, and microstructure properties of GPC has not been
investigated widely, and a lack of a comprehensive to cover the
impact of POC on the properties of GPC. Therefore, this gap was
addressed in this review paper to be a good base information for
the researchers and academics interested in sustainable con-
struction materials, especially sustainable POC as renewable
aggregate in the production of sustainable GPC. The current
investigation provides a novel, thorough analysis of existing lit-
erature concerning the deployment of POC as a complete or
partial replacement for aggregates in GPC. The aim is to outline
the influence of POC on the overall performance of GPC. This
encompasses a rigorous examination of POC's characteristics, its
impact on the mechanical, durability, and microstructural
properties of GPC, and a review of its applications within the
framework of a life cycle assessment. By consolidating and
evaluating previous studies, this research contributes to the
broader understanding and practical application of POC in GPC
to foster sustainable innovation in construction materials.

2 | The Concept of Sustainability in GPC

Currently, the sustainability concept in construction materials
is an important and developed by academics and researchers,
especially in topics related to the use of industrial and

agricultural waste in the construction industry. The adoption of
sustainable and renewable new materials comes with saving the
natural and virgin raw materials for the next generations, thus
creating a clean and green environment for the present and
future generations [37]. The use of waste materials that have
similar characteristics to natural materials and do not influence
the engineering properties of final products is one of the main
factors in the use of these materials. Sustainable materials are
obtainable and cheaper than natural materials as well as reduce
the environmental pollution of eco‐friendly materials [38]. The
palm oil industry produces huge amounts of waste annually,
which is possibly harmful to the environment and causes pol-
lution if left without treatment [39]. Decreasing CO2 emissions
is one of the main aims of the sustainable GPC (SGPC), in
addition to reducing the cost, increasing the service life of
SGPC, increasing the concrete thermal conductivity, reducing
the energy consumption, and increasing the efficiency of waste
materials [4, 40]. Figure 2 depicts the process of SGPC made of
POC aggregates and their effect on the environment.

From Figure 2, the use of bio‐aggregates such as POC in the
production of GPC can save virgin materials for future gener-
ations and reduce the accumulation of palm oil waste in land-
fills and open areas that might cause health problems and
environmental pollution; in addition, the use of GPC can reduce
the CO2 emissions through using aluminosilicate as binder
materials instead of cement in the production of GPC. Recently,
Sinoh et al. [41] conducted a study to find out the effect of POC
on the environment and the issues related to shifting toward
sustainable applications, particularly the application of the
circular economy (CE) idea. They evaluated the use of POC as
aggregates on the environmental impacts in city zones. They
used POC as aggregate along with recycled aggregate and nat-
ural aggregates in three different groups to find out the life cycle
assessment (LCA) and compare them. They found that the
capital of Malaysia, Kuala Lumpur, was the highest potential
city for using sustainable aggregates because it had the shortest
distances for all materials.

The use of POC as aggregates in the production of GPC has
numerous benefits for the environment, especially in reducing
CO2 emissions [25]. For instance, the use of POC aggregate
reduces the need for cement, thereby lowering the overall CO2

emissions associated with concrete production. GPC normally
requires lower curing temperatures compared to traditional
concrete, which often needs high‐temperature curing for
cement hydration [42]. This reduction in energy consumption
during the curing process further contributes to the reduction of
CO2 emissions associated with concrete production.

Sustainability aims to meet people's requirements because of
the many conditions' variations. The use of natural resources
from waste by‐product materials to prepare construction ma-
terials and save virgin raw materials for the next generations
can be considered the main goal in achieving sustainability in
the construction industry [43]. The use of cleaner and sustain-
able concrete has numerous advantages, such as reducing the
energy and cost required, reducing environmental pollution,
and improving the performance of concrete [22, 44]. The
transformation and shift of wastes from certain sectors to others
could be useful products in different applications. This concept,
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known as “reusing‐recycling‐recovering,” was applied to the
treatment of environmental issues while providing economic
and social benefits [45]. In Indonesia, Malaysia, and Thailand,
numerous materials display high potential to drive the practice
of sustainability in construction materials. The replacement of
natural aggregates with palm oil wastes in concrete is one of the
sustainability goals [46]. One of the main goals of this study is to
assess the influences of alternative sustainable aggregate as
POC on the properties of GPC.

In general, the use of POC in the construction industry, par-
ticularly in GPC, contributes to sustainability in several ways,
focusing on waste reduction and resource conservation. Utiliz-
ing POC in GPC transforms this waste material into a valuable
construction resource, reducing the volume of waste that needs
to be managed or disposed of in landfills. By diverting POC
from landfills, the construction industry helps reduce the en-
vironmental impact associated with waste disposal, such as soil
contamination, methane emissions, and land use, to support the
principles of a circular economy. Using POC as an aggregate in
GPC reduces the demand for natural aggregates such as sand
and gravel [47].

3 | Palm Oil Clinker in GPC

Recently, Bashar et al. [23] used a POC with granite as a coarse
aggregate and mining sand as a fine aggregate in the production
of GPC. The fly ash was used as the main precursor and acti-
vated by 14M sodium hydroxide (NaOH) and liquid sodium
silicate (Na2SiO3). The weight proportion of liquid Na2SiO3 and
14M NaOH solution was 1:2.5. The type and concentration of
alkaline activators used in GPC significantly impact the per-
formance of POC as an aggregate. These activators influence the

overall properties of the geopolymer matrix, which in turn af-
fects how well POC integrates and contributes to the mechan-
ical and durability characteristics of the concrete [48]. The most
commonly used alkaline activators in geopolymerization are
sodium hydroxide (NaOH) and sodium silicate (Na₂SiO₃),
though other combinations like potassium hydroxide (KOH)
and potassium silicate (K₂SiO₃) are also used [49]. The combi-
nation of NaOH and sodium silicate typically results in higher
early and long‐term strength in GPC. A stronger matrix en-
hances the mechanical interlocking and bonding with POC,
contributing to higher overall concrete strength. Higher con-
centrations of alkaline activators improve the durability of the
geopolymer matrix by making it more resistant to chemical
attacks (e.g., sulfate, acid), thus improving the durability
of GPC.

POC is one of the by‐products generated from the palm oil
industry during the extraction of palm oil products [50]. It has
various properties depending on its source, type, conditions of
products, quantity, and others. Huge amounts of POC are dis-
posed of in open areas and landfills without suitable treatment,
causing environmental issues [51]. POC is produced from oil
palm shells during the burning process of mesocarp fiber. Re-
searchers examined the potential use of POC as aggregate in
normal concrete, SCC, pervious concrete, and GPC. The use of
POC as aggregate reduces the density of concrete and GPC to
about 20%, as reported by Darvish et al. [52]. Also, the use of
POC aggregates saves the natural aggregates from depletion.
Hamada et al. [19, 36] used POC as aggregate to produce sus-
tainable lightweight concrete (LWC). They investigated the
mechanical properties of LWC containing POFA. Palm oil
waste is burned at palm oil mills to generate the electric power
required to extract palm oil, and the POC is one of its by‐
products. POC was used as coarse and/or fine aggregate

FIGURE 2 | Effect of sustainable palm oil clinker (POC) aggregates on the environment.
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according to the particle size to produce sustainable LWC [18].
Sharmin et al. [53] investigated the effect of POC and oil palm
shells as aggregates on the engineering properties of LWGPC.
They observed that the POC has an acceptable effect on the
engineering properties of LWGPC.

Darvish et al. [34] used the POC to replace the fine aggregate 100%
in the production of GPM. The specific gravity of POC and natural
sand was determined to find out the volume of the natural sand and
POC aggregate. They prepared 16 mixtures with different propor-
tions of GGBS‐FA with different mass ratios of alkali‐activated
solution (AAS) to binder and sodium silicate (Na2SO3) to sodium
hydroxide (NaOH) of 0.5 and 1.5, respectively. They adopted two
different curing types, namely ambient curing and oven curing
(under a certain temperature); extra water was added to get the flow
recommended by the ASTM C109/C109M‐16a, which was
110± 5mm [54]. In the following subsections, the chemical com-
position, physical properties, and microstructure characterization
for the POC used in the GPC are addressed in detail. The compo-
sition of binder materials in GPC significantly influences the
interaction between POC aggregates and the geopolymer matrix.
Optimal proportions of aluminosilicate sources and alkaline acti-
vators lead to strong, durable, and environmentally friendly con-
crete [55]. The dissolution of aluminosilicate sources in the presence
of alkaline activators leads to the formation of a geopolymer gel
[56]. This gel acts as the binder that encapsulates the POC ag-
gregates, contributing to the overall strength and durability of
the GPC.

3.1 | Chemical Constitution of POC

The chemical composition of POC aggregates is an important
test to determine the components of materials and is suitable for
use in different applications. Overall, palm oil products such as
POC and POFA have a high silica content, making them good
pozzolans. Jagaba et al. [5] proved that the POC powder has a
pozzolanic activity and can be used as aggregates in the pro-
duction of GPC. Table 1 shows the chemical composition of
POC resulting from the previous studies.

As shown in Table 1, silica oxide (SiO2) constitutes the highest
percentage among other components, ranging between 59.63 and
62.78 [61]. The high proportion of silica assists in enhancing the
pozzolanic reaction of the POC when added to the GPC mixtures.
Thus, it was considered one of the important factors that positively
affect the improvement strength of GPC. At the same time,

potassium oxide (K2O) represents the second‐highest percentage in
the POC aggregates, ranging between 7.24% and 15.10%. The
chemical composition of POC differs from one factory to another,
and this variety depends on many factors, such as the source vari-
ety, treatment type, materials used in palm oil mills, and temper-
ature applied in palm oil mills. In general, the chemical
composition of POC mainly affects the physical, mechanical,
strength, and durability of POC aggregates, thus affecting the GPC
containing POC. The specific chemical properties of POC that make
it suitable as aggregates in GPC include its chemical composition.
For instance, the high silica (SiO2) and alumina (Al2O3) content in
POC aggregates is essential in the production of geopolymers [34].
These compounds serve as the primary precursors for the geopo-
lymerization reaction, where alkaline activators such as potassium
hydroxide (KOH) or sodium hydroxide (NaOH) activate the silica
and alumina to form a three‐dimensional polymeric network [63].
The presence of silica and alumina in POC ensures adequate
reactivity during the geopolymerization process, leading to the
development of strong bonds within the concrete matrix [4].

3.2 | Physical Properties of POC

The physical properties of POC aggregates are various and
affected by numerous factors. Moisture, air content, water
absorption, color, shape, specific gravity, thickness, surface
texture, shape, and thickness are some of the physical proper-
ties of POC [64]. The physical properties of POC significantly
influence the strength and density of GPC. The particle size of
POC also has an important role in improving the strength,
density, and workability of GPCs. POC aggregates with particle
sizes of 4.75–20mm were used as coarse aggregate, while the
particle sizes with lower 4.75mm were used as fine aggregate in
the production of GPC. Kabir et al. [35] used POC as coarse
aggregates with two particle sizes of 9–14 and 5–9mm to es-
tablish its influence on the properties of GPC. They concluded
that the use of 100% POC with a particle size of 9–14mm
increased the 28‐day compressive strength up to 42MPa.
Darvish et al. [34] crushed the large chunks of POC 50–200 mm
into small size and sieved by sieve no. 4.75 mm; the passing
amount was used as a fine aggregate in the production of GPC.

POC has an irregular shape, making it more suitable to increase
the bonding with GPM. The particle shape and irregular texture
minimize the shear stress in the GPC mixture. The shape of
POC is flaky to irregular and has rough and spiky broken edges
[35]. The color of POC varies and ranges between whitish gray

TABLE 1 | Chemical composition of palm oil clinker (POC).

References SiO2 Al2O3 Fe2O3 CaO Na2O K2O SO3 P2O5 MgO LOI

Jumaat et al. [57] 59.63 3.7 4.62 8.16 0.32 11.66 0.73 5.37 5.01

Kanadasan et al. [58] 59.90 3.89 6.93 6.37 15.10 0.39 3.47 3.30 1.89

Karim et al. [59] 60.29 5.83 4.71 3.27 — 7.79 0.11 3.10 3.76 —
Kanadasan and Abdul Razak [60] 59.90 5.37 6.93 6.37 0.24 3.13

Karim et al. [61] 62.78 3.41 6.49 6.89 0.39 10.54 0.08 — 3.52 3.67

Ahmmad et al. [62] 60.0 4.0 4.0 8.0 — 12.0 — — 5.0 —
Darvish et al. [52] 60.29 5.83 4.71 3.28 0.20 7.24 0.31 3.78 4.20 —
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and light black and relies on the source of waste material and
the heating temperature in the furnace [22]. The low specific
gravity of POC makes it suitable to obtain LWC and LWGPC;
the specific gravity for POC ranges between 1.7 and 2.2.

Similarly, the bulk density of POC relies on the shape and
particle size [65], and its value also relies on the source of the
material. The bulk densities for POC as fine aggregate range
from 860 to 1080 kg/m3 [22], and the compacted and loose bulk
densities for POC as coarse aggregate range from 800 to
840 kg/m3 and from 740 to 790 kg/m3, respectively. The porous
nature of POC aggregates makes it have higher water absorp-
tion than that of natural aggregates [18]. The water absorption
of POC as coarse aggregate ranges between 4.7% and 26.5%,
while the water absorption of POC as fine aggregate ranges
from 1.8% to 5.4% [66]. Table 2 shows some physical properties
of POC obtained from the previous studies.

As shown in Table 2, the specific gravity of POC aggregates
ranges between 1.62 and 1.92; therefore, the POC aggregates can
be considered lightweight or semi‐lightweight aggregates. They
have a lower density than natural aggregates; therefore, it is
preferred to be utilized in applications that require lightweight
concrete. The high water absorption of POC, compared to natural
aggregates, mainly contributes to reducing the workability and
the need for other additives to enhance the workability, like

superplasticizers. Darvish et al. [34] used POC as a fine aggregate
in the prepared GPC mix. They prepared the particle size in
the lab using sieve analysis to obtain a particle size of less than
4.75mm. POC produced has a porous nature as compared to the
natural aggregate. The sieve analysis was performed according to
the specifications of ASTM C136/C136M‐14 [71]. Recently,
Bashar et al. [23] used POC as an aggregate in the production of
GPC. They collected different sizes of POC chunks from the
nearby palm oil mill and ground them into small particle sizes
between 5 and 14mm using a crushing machine, as shown in
Figure 3. They detected that the average bulk dry density and loss
on ignition (LOI) of POC are 780 kg/m3 and 1.02%, respectively.

Malkawi et al. [72] used POC as coarse and fine aggregates in
the production of GPC. They concluded that the POC ag-
gregates have suitable properties, making them improve the
sustainability in the production of GPC and high‐strength
concrete (HSC). The use of a geopolymer binder increases the
strength and workability of POC aggregate concrete and
decreases water absorption. Therefore, the use of POC ag-
gregates with suitable physical properties has a significant effect
on the concrete performance, especially related to the particle
size and specific surface area.

In conclusion, the physical properties of POC aggregates,
including particle size, shape, and porosity, play significant

TABLE 2 | Physical properties of fine and coarse palm oil clinker (POC) aggregates.

References
Specific
gravity

Bulk density
(kg/m3)

Fineness
modulus

Particle
size (mm)

Moisture
content

Aggregate
impact value

Water
absorption
for 24 h (%)

Kabir et al. [35] 1.76 801 9–14 6.08

Hamada et al. [19] 1.78 732 6.23 4.75–10 0.38 31.57 5.7

Malkawi et al. [67] 1.62 823 5–14 18.04 4.43

Abutaha et al. [68] 1.81 732 0.28 56.44 4.35

Darvish et al. [34] 1.92 3.52 4.75 3.3 ± 1

Hamada et al. [18] 1.78 823 6.23 4.75–10 0.38 31.57 5.7

Aslam et al. [69] 1.69 860 36.3 7.0

Mohammed et al. [70] 1.82 781.08 6.75 25.36 4.35

Bashar et al. [23] 1.70 780 5 – 14 3.30

Kanadasan and
Razak [58]

1.73 5 – 14 1 ± 0.5 56.44 3 ± 2

FIGURE 3 | A large chunk of palm oil clinker (POC) and fine aggregates [24]. Reprinted with permission from Elsevier (2022).
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roles in determining the mechanical and durability properties of
GPC [73]. For instance, the particle size distribution of POC
aggregates influences the packing density and workability of
GPC [52]. Likewise, the small particle size of POC can fill the
voids between larger particles, leading to a denser and more
homogenous concrete structure that ensures better packing,
thus increasing compressive strength and other mechanical
properties. The shape of POC aggregates affects the interlocking
of particles within the concrete matrix. Irregularly shaped
particles tend to interlock more effectively than rounded par-
ticles, resulting in improved mechanical strength by enhancing
load transfer between particles [74]. The porosity of POC ag-
gregates directly influences the porosity and permeability of the
GPC [34]. Higher porosity in aggregates can result in increased
water absorption and reduced mechanical strength due to the
presence of voids within the concrete [75]. Therefore, POC
aggregates with lower porosity are preferred as they contribute
to denser and more impermeable concrete, resulting in en-
hanced mechanical strength and durability.

4 | Properties of GPC Containing POC

4.1 | Density of POC‐Based GPC

The density of GPC is one of the important tests that determine
the weight of the concrete structure, and it usually produces
lightweight concrete or semi‐lightweight concrete. Kabir et al.
[35] used POC and OPS as aggregates in different replacement
levels. They found that the drying density ranged between 1955
and 2172 kg/m3. While the highest density of GPC was recorded
with a mix containing 100% POC as coarse aggregate, the reason
behind this density is that the specific gravity of POC is higher
than that of OPS. The specific gravity of POC and OPS aggregates

used in this study was 1.8 and 1.35, respectively. Malkawi et al.
[67] investigated the effect of POC as a fine and coarse aggregate
at different replacement levels of 0%, 25%, 50%, 75%, and 100% on
the density of GPC. They observed that the increased amount of
POC leads to a decrease in the density of GPC samples. The
reduction in the density of GPC from 2345 to 1821 kg/m³ by
incorporating POC aggregates can be attributed to several
mechanisms. First, POC aggregates have a lower density com-
pared to traditional aggregates such as sand and gravel. There-
fore, the use of POC instead of conventional aggregates leads to
reduced overall density of the GPC [34]. Second, the porous
structure of POC aggregates has a porous structure making it of
lower density. The porous nature of POC aggregates is due to the
existence of voids inside the clinker particles. The use of POC
aggregates reduces the density of GPC produced, thus saving
more cost in the design and construction of buildings and
infrastructure. Table 3 shows the density of GPC due to the use of
POC as aggregate at different replacement levels.

As shown in Table 3, the addition of 50% POC aggregates into
the GPC mixture reduced the density of GPC from 2318 to
1618.2 kg/m3 [32]. Darvish et al. [34] concluded that the use of
POC as a fine aggregate in GPMs decreased the density of the
mortar samples by around 17%. These aggregates can be used at
high replacement levels in construction structures that require
lightweight concretes with high performance.

4.2 | Workability

The workability of GPC can be measured by the slump test
directly after mixing the concrete mix. Kabir et al. [35] reported
that the slump values for the concrete mixtures were between 32
and 45mm. The low slump value of POC concrete might be due

TABLE 3 | Effect of palm oil clinker (POC) on the density of geopolymer concrete (GPC).

References
Aluminosilicate sources

for GPC Aggregate type
POC % as
aggregates

Density of GPC
(kg/m3)

Nazari et al. [32] RHA and FA Fine and coarse
aggregates

0
5
10
20
40
50

2318.0
2248.0
2178.0
2038.1
1758.2
1618.2

Malkawi et al. [67]
and [72]

FA Fine and coarse
aggregates

0
25
50
75
100

2345
2165
2079
1942
1821

Darvish et al. [52] FA and GGBS Fine aggregate 0
100

2220
1900

Ahmat et al. [47] FA and eco‐processed
pozzolan (EPP)

Coarse aggregate 0
100

2420
2120

Darvish et al. [34] FA and GGBS Fine aggregate 0
100

2076.8
1710.4

Kabir et al. [35] MK, PPOFA, and GGBS Coarse aggregate 0
100

2150
1900
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to the porous nature of POC that requires further water, thus a
negative effect on the slump value. Darvish et al. [34] conducted
the flow test according to the ASTM 1437‐15 [76]. They designed
the GPC mixtures to achieve a flow within 110%± 5. They
detected that the additional water leads to an increase in the
workability of GPC for all concrete mixtures. Bashar et al. [23]
indicated that the use of POC aggregate without pre‐soaking and
without the addition of further water into GPC mixtures might
have a negative influence on the reactions of the geopolymer-
ization process and interfacial transition zone (ITZ) of POC paste.
This is because of the porous nature of POC aggregate, making it
tend to fill these pores with geopolymer paste leading to reduced
workability of the mix. Arafa et al. [77] conducted the work-
ability test according to the European Standard EN 206‐1:2000
[78]. They concluded that the workability and water permeability
coefficient of pervious GPC with POC aggregate is not consid-
erably different from that of natural pervious concrete containing
natural aggregate. Table 4 shows the effect of POC on the
workability of GPC, as reported by previous studies.

As shown in Table 4, adding POC as aggregates on the GPC mix-
tures reduced the slump value from 100mm to 85mm, as reported
by Darvish et al. [52]. Malkawi et al. [67] used POC as fine and
coarse aggregate at 0%, 25%, 50%, 75%, and 100% replacement levels
in the production of GPC mixtures. They found that the increased
amount of POC in the GPC mix has a negative effect on the
workability. The workability gradually reduces as the POC aggre-
gate increases, as shown in Figure 4. This slump in value reduction
mostly results from the POC aggregates' high absorption compared
to the natural aggregates. Instead, the POC aggregates have spiky
and rough surface that leads to a decrease in the slump values.

Another study by Malkawi [72] reported that the use of the alkaline
solution in GPC assists in increasing the slump value due to the use
of POC aggregate. This increase is because POC can absorb the
alkaline solution owing to its higher viscosity than that of water. As
a result, they detected that as POC aggregate increases, the slump
value decreases. This decrease might be because POC aggregate has
higher water absorption than natural aggregate. From the study
mentioned above, it is recommended to use a superplasticizer or
other additives to enhance the workability of GPM and concretes
when using POC as aggregates in GPC mixtures.

In general, the high water absorption of POC has a significant
impact on the workability of GPC [52]. The high water

absorption capacity of POC may absorb a significant amount of
the mixing water in the concrete mix [79]. This can lead to an
increase in the overall water demand of the GPC mix, potentially
affecting its workability and consistency. The absorption of
mixing water by POC aggregates can result in a decrease in the
slump of the concrete mix [80]. This can potentially cause seg-
regation, where heavier aggregates settle at the bottom of the
formwork, resulting in an uneven distribution of materials and
compromised structural integrity. To mitigate the negative
impacts of the high‐water absorption characteristic of POC on
the workability of GPC, several steps should be conducted, such
as pre‐wetting POC aggregates before incorporating them into
the concrete mix, which can help reduce their water absorption
capacity.

4.3 | Hardened POC‐Based GPC

The hardened properties of GPC, such as compressive, flexural,
and splitting tensile strengths, can be improved by optimizing the
mix design of GPC containing POC. A well‐graded aggregate mix
that includes a suitable proportion of fine and coarse POC ag-
gregates helps achieve dense packing and reduces voids, which
enhances mechanical properties and durability. Using suitable
alkali activators and the ratio of these activators can significantly
affect the setting time, workability, and strength development.
Optimize the concentration of the alkali activators [81, 82].

TABLE 4 | Effect of palm oil clinker (POC) on the workability of geopolymer concrete (GPC).

References
Aluminosilicate
sources for GPC

Aggregate
type

POC % as
aggregates

Workability
of GPC (mm)

Darvish et al. [52] FA and GGBS Fine aggregate 0
100

100
85

Darvish et al. [34] FA and GGBS Fine aggregate 0
100

110
114

Malkawi [72] FA Fine and coarse
aggregates

0
25
50
75
100

120
105
85
65
30

FIGURE 4 | Slump value of geopolymer concrete (GPC) containing

palm oil clinker (POC) aggregates [67]. Reprinted with permission from

Taylor & Francis (2020).
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Maintain an optimal water‐to‐binder ratio to ensure sufficient
workability without compromising strength. Pre‐soaking POC
aggregates can provide internal curing, reducing autogenous
shrinkage and enhancing the mechanical properties [83].

4.3.1 | Compressive Strength

Compressive strength is one of the important tests that deter-
mine the performance of GPC. Kabir et al. [35] investigated the
effect of partial and full replacement levels of POC in different
particle sizes with OPS and natural coarse aggregate on the
compressive strength of GPC. They observed that the com-
pressive strength of 0% POC and 100% OPS recorded the lowest
strength at all curing ages. The low strength is attributed to the
weaker bond between the binder materials and the smooth
convex and concave surfaces of OPS particles. In contrast, the
highest compressive strength is 41.5MPa, obtained from a
concrete mix made of 100% POC as coarse aggregates. The high
strength can be attributed to the better connection between the
binders and aggregates. Table 5 shows the effect of POC
aggregate on the compressive strength of GPC.

As shown in Table 5, the use of POC as fine aggregate reduced
the compressive strength of GPC, as reported by Darvish et al.
[52], while the compressive strength of GPC increased as the
POC increased, as reported by Kabir et al. [35] and Ahmat
et al. [47]. Jagaba et al. [5] reported that the high strength of
GPC made of POC can be developed up to 60 MPa for a density
of 1995 kg/m3. Darvish et al. [52] investigated the effect of
using different particle sizes of POC as fine aggregates of
0.15–4.75, 0.15–2.36, 0.15–1.18, and 0.15–0.60 mm to form
four categories of gradings G‐7, G8, G‐9, and G‐10, respec-
tively, in addition to the natural fine aggregate (G‐6) on the
compressive strength of GPM. They used 100% POC as a fine
aggregate instead of natural sand. They found that the com-
pressive strength of GPM decreases due to the use of the POC
aggregates in different particle sizes instead of natural sand for
the mixtures of G‐7, G‐8, G‐9, and G‐10, as shown in Figure 5.
While the G‐6 is the control mix made of 100% natural
aggregate and 0% POC.

The compressive strength of GPC samples made of POC fine
aggregate is lower than that of the control sample without
POC aggregates; because of that, the compressive strength of POC
aggregate has a lower strength than that of natural aggregates and
the weak connection between cement matrix and aggregate sur-
face. In this regard, Malkawi et al. [67] used POC as fine and
coarse aggregates instead of natural aggregates to find out the
performance of GPC. They observed that the compressive strength
of GPC decreases as POC aggregates increase. In addition to that,
the reduction in GPC made of POC aggregate can be attributed to
numerous factors, such as the higher viscosity of geopolymer
binders, air voids spread on the POC surface, and the weak ITZ
between the geopolymer binder and the POC aggregates. From the
results obtained, it is recommended to use POC as a coarse
aggregate in the production of GPC to obtain higher compressive
strengths than that of natural aggregate.

In conclusion, the effect of POC in GPC while maintaining com-
petitive compressive strength can be attributed to several factors:
first, the high SiO2 and Al2O3 content, which are essential pre-
cursors for the formation of geopolymers [84]; second, the poz-
zolanic reaction of GPC due to incorporation of POC aggregates;
third, proper particle packing is crucial for achieving competitive
compressive strength in concrete mixes [22]; and fourth, selecting
an appropriate mix design to achieve a better compressive strength
of GPC depends on the POC aggregates content, the type, and
concentration of alkaline activators, curing conditions, and any
additional additives or admixtures.

4.3.2 | Flexural Strength

The flexural strength of GPC is one of the significant properties
used to evaluate the performance of GPC. The flexural strength
of GPM reduced as POC aggregates increased, as reported by
Darvish et al. [52]. The lower flexural strength might be due to
the lower elastic modulus and stiffness of POC aggregate as
compared to natural aggregates [85]. Instead, the GPM created a
somewhat higher flexural strength compared to cement mor-
tars. Also, they concluded that the flexural strength is higher
with larger particle sizes of POC aggregate that reach up to

TABLE 5 | Effect of palm oil clinker (POC) aggregate on the compressive strength of geopolymer concrete (GPC).

References
Aluminosilicate
sources for GPC Aggregate type

POC % as
aggregates

Compressive strength
of GPC (MPa)

Darvish et al. [52] FA and GGBS Fine aggregate 0
100

66
56

Darvish et al. [34] FA and GGBS Fine aggregate 0
100

50
52

Malkawi [72] FA Fine and coarse
aggregates

0
25
50
75
100

64.51
58.94
51.40
46.44
32.72

Kabir et al. [35] MK, GGBS,
and POFA

Coarse aggregate 0
100

34.50
39.00

Ahmat et al. [47] FA and EPP Coarse aggregate 0
100

29
35
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FIGURE 5 | Effect of palm oil clinker (POC) aggregate content on the compressive strength of geopolymer mortar (GPM) [52]. Reprinted with

permission from Elsevier (2021).

TABLE 6 | Effect of palm oil clinker (POC) aggregate on the flexural strength of geopolymer concrete (GPC).

References
Aluminosilicate
sources for GPC Aggregate type

POC % as
aggregates

Flexural strength
of GPC (MPa)

Darvish et al. [52] FA and GGBS Fine aggregate 0100 10.99.5

Malkawi [72] FA Fine and coarse
aggregates

0
25
50
75
100

6.31
6.02
5.56
5.10
4.78

Kabir et al. [35] MK, GGBS,
and POFA

Coarse aggregate 0
100

5.48
5.50

Ahmat et al. [47] FA and EPP Coarse aggregate 0
100

3.3
3.6

9.49MPa, which agrees with the fact that the particle size and
water–cement ratio have an important effect on the concrete
strength [86]. Table 6 shows the effect of POC on the flexural
strength of GPC, as reported by previous studies.

As presented in Table 6, the flexural strength of GPC reduces as
the POC aggregate increases, as reported by Darvish et al. [52].
Other studies used POC as coarse aggregate in replacing natural
coarse aggregate and found that the flexural strength increases as
the POC amount increases, as reported by Ahmat et al. [47].
Therefore, it is recommended to use POC as coarse aggregate in
the production of GPC mixtures to ensure high‐performance GPC.

4.3.3 | Tensile Strength

The splitting tensile strength of GPC has been affected by the
addition of POC aggregates, especially with high replacement
levels. The splitting tensile strength decreases as the POC ag-
gregates increase, as reported by Malkawi et al. [67]. They
found that the influence of POC aggregate on the compressive
strength has a similar influence on the tensile strength. Another

study by Ahmat et al. [47] found that the splitting tensile
strength of GPC made of 100% natural aggregate had the
highest splitting tensile strength of 2.6MPa, while the GPC mix
made of 100% POC aggregate has about 92.31% of GPC mix
made of 100% natural aggregate. However, Kabir et al. [35]
reported that the addition of POC as coarse aggregate leads to
an increase in the splitting tensile strength of GPC. Table 7
shows the effect of POC on the splitting tensile strength of GPC,
as reported by previous studies.

As shown in Table 7, numerous researchers investigated the effect
of POC on the splitting tensile strength of GPC. However, most of
them reported that the POC hurts the splitting tensile strength.
Therefore, it is recommended to use different fiber types to enhance
the splitting tensile strength of GPC when using POC as aggregates.

In general, POC aggregates can influence the flexural and
tensile strengths of GPC in various ways, which has important
implications for its use in structural applications. POC ag-
gregates generally have a rough surface texture and irregular
shape [4], which can improve the bond between the aggregates
and the geopolymer matrix. This enhanced interfacial bonding
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contributes to better load transfer and can increase the flexural
strength of GPC. The internal curing effect of POC aggregates,
due to their porous nature, helps maintain moisture levels
within the concrete, reducing shrinkage cracks and enhancing
the overall flexural performance of GPC. Properly graded POC
aggregates can provide a more uniform distribution within the
concrete matrix, which can lead to improved flexural strength
by reducing stress concentrations and potential crack initiation
sites. The strong bond between POC aggregates and the geo-
polymer matrix enhances the tensile strength of GPC.

4.3.4 | Modulus of Elasticity

Modulus of elasticity (MOE) or elastic modulus is one of the
important mechanical properties of GPC. Jagaba et al. [5] reported
that the elastic modulus of GPC can be improved by the addition of
POC aggregate with particle size less than 2mmwith regular shape,
making it increase connection with binder. Ahmat et al. [47] stated
that the MOE value is influenced by numerous factors such as
microstructure, geopolymeric reaction, aggregate size, and others
[35, 87]. They found that the highest MOE value was achieved from
the mixture comprising 100% natural aggregate of 16GPa, which is
higher than that of POC aggregate by 33.33%. The decrease in the
MOE of POC aggregate is due to the low density and specific gravity
of POC aggregate as compared to the natural aggregate. Table 8
shows the effect of POC on the MOE of GPC as reported by the
previous studies.

As presented in Table 8, Kabir et al. [35] found that the highest
MOE of GPC was 16.10 GPa from a mix containing 100% nat-
ural aggregate; the second highest value of 14.5 GPa was pro-
duced by a mix containing 100% POC aggregate with a particle
size of 9–14mm. The reduction of MOE for POC aggregate is

due to the lower stiffness of POC as compared to natural
aggregate. Bashar et al. [23] investigated the performance of
GPC containing POC aggregate under compression test. They
observed that the failure pattern of granite‐based geopolymer
concrete (G‐GPC) and palm oil clinker‐based geopolymer con-
crete (P‐GPC) under compression load is different, as illustrated
in Figure 7. P‐GPC cylinder showed lower failure in two to
three segments, while G‐GPC failed by multi‐cracks around the
cylinder surface.

5 | Durability of POC‐Based GPC

5.1 | Water Absorption

The water absorption of GPC‐containing POC aggregates is an
important property that can affect the durability and performance of
the material. Water absorption is typically associated with the
porosity of concrete and its ability to absorb and retain water. The
properties of the aggregates used influence the water absorption of
GPC. POC aggregates have specific characteristics, such as particle
size distribution and porosity, which can impact the overall porosity
of the concrete. The pozzolanic reaction between the aluminosili-
cate precursor materials, such as fly ash, GGBS, or metakaolin, and
alkali activators in GPC results in the formation of a dense, gel‐like
structure. This reaction contributes to the reduction of porosity and,
consequently, water absorption. The mix design of GPC, including
the type and concentration of alkali activators, plays a significant
role in determining its water absorption characteristics. Optimizing
the mix proportions can lead to a more compact and less porous
structure. Proper curing is crucial for the development of the geo-
polymer structure and the reduction of porosity. Adequate curing
regimes, such as steam curing or high‐temperature curing, can
enhance the material's resistance to water absorption.

TABLE 7 | Effect of palm oil clinker (POC) on the tensile strength of geopolymer concrete (GPC).

References
Aluminosilicate
sources for GPC Aggregate type

POC % as
aggregates

Splitting tensile
strength of GPC (MPa)

Malkawi
et al. [67]

FA Fine and coarse
aggregates

0
25
50
75
100

4.55
4.31
3.94
3.62
2.91

Kabir et al. [35] MK, GGBS,
and POFA

Coarse aggregate 0
100

2.31
2.85

Ahmat et al. [47] FA and EPP Coarse aggregate 0
100

2.6
2.4

TABLE 8 | Effect of palm oil clinker (POC) on the modulus of elasticity (MOE) of geopolymer concrete (GPC).

References
Aluminosilicate
sources for GPC Aggregate type

POC % as
aggregates

MOE of
GPC (GPa)

Kabir et al. [35] MK, GGBS,
and POFA

Coarse aggregate 0
100

16.10
14.30

Ahmat et al. [47] FA and EPP Coarse aggregate 0
100

10
12
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The water absorption test is important to evaluate the durability of
GPC and cement concrete [88], and it directs the pore levels of the
samples; higher porosity and absorption could be obtained with a
higher pore level. Nazari et al. [32] studied the water absorption of
GPC made of POC, and they found higher water absorption in
POC‐GPC than in other samples; this high absorption was due to
the high volume of pores in the POC surface. Malkawi et al. [67]
reported that the water absorption of GPC remarkably increased
due to an increase in the POC aggregate content. This increase in
water absorption can be attributed to the low compaction, high
porosity, and porous nature of POC aggregates. However, the
absorption values obtained were satisfactory and can be used in
concrete production. The use of 100% POC aggregates in GPC mix
has a 3.2% water absorption, and this value is still much lower than
the 10% limit for high‐performance concrete as determined by
Neville [89]. Table 9 shows the effect of POC on the GPC as re-
ported by the previous studies.

As shown in Table 9, the increase in POC amount leads to an
increase in the water absorption of GPC, and this increase in
water absorption can be attributed to the porous nature of POC
that absorbs high water. Darvish et al. [52] reported that the
sorptivity and water absorption rates increased due to the use of
the POC aggregate instead of natural aggregates in large particle
size and then decreased as the particle size of POC decreased.
The water absorption of geopolymer samples was about 1%–2%
lower than the recorded value of the cement mortar samples.
This lower value might be due to the denser composition of
GPM samples than that of natural cement mortar samples.

Ongoing research in the field of GPC aims to optimize mix designs
and curing procedures to achieve desired properties, including low
water absorption. The interaction between POC aggregates and the
geopolymer matrix should be further studied to identify the most
suitable combinations for reducing water absorption. To sum up,
controlling water absorption in GPC containing POC involves a
combination of optimizing mix designs, considering curing condi-
tions, and understanding the specific properties of POC aggregates.
Reducing water absorption contributes to the durability and long‐
term performance of GPC in various construction applications.

5.2 | Resistance to Sulfate and Acid Attacks

Sulfate and acid environments have negatively influenced the
durability of GPC. Therefore, numerous studies have been
conducted to investigate the effect of these aggressive environ-
ments on the durability of GPC. For instance, Darvish et al. [34]
reported that the residual compressive strength of GPM con-
taining POC aggregate was reduced for all mixtures, especially
after 56 days of immersion of the GPM samples in aggressive
environments. The control GPM had the lowest decrease in
strength than that GPM containing POC fine aggregates by
about 20%. The existence of C‐S‐H gels in the cement mortar
reacts with the sulfate to produce new ettringites, while brucite
and gypsum, along with the ettringite, are the products of the
GPM with the MgSO4 solution [90]. The physical appearance of
the samples was noted after 28 days of exposure to hydrochloric
acid (HCl) to display the variations that occurred for the sam-
ples during exposure to acid attacks, as shown in Figure 6.

Another study by Kabir et al. [35] detected that the visual
appearance of GPC samples exposed to the sulfate attacks
immersed in MgSO4 for different periods presented no significant
effect on the samples. They observed that the compressive strength
of GPC samples has a lower reduction rate in strength as com-
pared with the reference sample that is made of granite aggregate.
The low reduction in strength loss might be due to the tendency
for aluminosilicate gels in GPC to come into contact with sulfate
solution to produce a geopolymeric matrix with a low effect on the
strength of GPC. In summary, the nature of GPC and their com-
position has a significant effect in mitigating the negative impact
of sulfate and acid environments on the performance of GPC.

In general, the benefits desired due to the use of POC as aggregates
in enhancing GPC against aggressive environmental conditions
like sulfate and acid attacks are that POC aggregates have shown a
high degree of chemical inertness, mainly against acidic and sul-
fate environments [4]. This inherent resistance to chemical deg-
radation makes POC the best choice for enhancing the durability
of GPC in aggressive environments. Unlike traditional cement‐
based concrete, which contains calcium compounds susceptible to

TABLE 9 | Effect of palm oil clinker (POC) aggregate on the water absorption of geopolymer concrete (GPC).

References
Aluminosilicate
sources for GPC Aggregate type

POC % as
aggregates

Water absorption
of GPC (%)

Darvish et al. [52] FA and GGBS Fine aggregate 0
100

9.0
9.9

Kabir et al. [35] MK, GGBS,
and POFA

Coarse aggregate 0
100

0.203
0.182

Malkawi [72] FA Fine and coarse
aggregates

0
25
50
75
100

0.6
0.8
1.4
1.75
3.2

Nazari et al. [32] RHA and FA Fine and coarse
aggregates

0
5
10
20
40
50

0.72
0.81
0.81
0.82
0.82
0.83
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sulfate attack, POC aggregates have lower calcium content. This
reduces the risk of sulfate attack, as there are fewer reactive cal-
cium ions available to form expansive sulfate compounds, such as
ettringite and gypsum, which can lead to concrete deterioration.

5.3 | Shrinkage and Creep

The shrinkage and creep behavior of GPC‐containing POC ag-
gregates are important factors to consider in assessing the ma-
terial's long‐term performance and durability. Shrinkage refers

to the reduction in the volume of concrete over time due to
factors such as drying, autogenous shrinkage, and chemical
shrinkage [91]. Excessive shrinkage can lead to cracking,
which can compromise the integrity of the structure. Shrinkage
in GPC is influenced by factors such as the type of activator
used, curing conditions, and the characteristics of the ag-
gregates [92]. Controlling mix proportions, using shrinkage‐
reducing admixtures, and optimizing curing methods can help
mitigate shrinkage in GPC [93]. Additionally, the use of suitable
aggregates, such as POC, can impact the overall shrinkage
behavior [68, 94].

FIGURE 6 | Physical appearance of samples exposed to HCl: (a) FA‐MS‐based geopolymer mortar (GPM), (b) FA‐GGBS‐POC‐based GPM, and

(c) cement‐MS mortar [34]. Reprinted with permission from Elsevier (2020).

FIGURE 7 | Cracks failure for granite‐based geopolymer concrete (G‐GPC) and palm oil clinker‐based geopolymer concrete (P‐GPC) under

compression [23]. Reprinted with permission from Elsevier (2022).
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Creep is the deformation that occurs over time under sustained
load [95]. It is a time‐dependent phenomenon associated with
the gradual flow or deformation of the concrete. Excessive creep
can lead to increased deflections and long‐term deformations in
structures, affecting their serviceability and performance.
Careful consideration of mix proportions, curing regimes, and
aggregate characteristics can influence the creep behavior of
GPC [96]. The type and concentration of alkali activators, as
well as the curing temperature, play a role in mitigating creep.

The use of POC aggregates in GPC can influence both shrinkage
and creep behaviors [23]. The unique properties of POC, such as its
particle size distribution and pozzolanic reactivity, can impact the
overall microstructure of the concrete and, consequently, its
shrinkage and creep characteristics. POC's contribution to the
concrete's overall porosity and pore structure may influence mois-
ture movement and, subsequently, shrinkage. The drying shrinkage
of GPC made of different particle sizes of POC aggregates was
investigated by Darvish et al. [52], as illustrated in Figure 8. Most of
the shrinkage happened in the first 90 days and then increased
regularly. The GPM samples using POC aggregates are more in-
fluenced by the shrinkage than that of cement mortars. The high
shrinkage values in the GPM can be attributed to the existence of
GGBS in GPM that produce further C–S–H gels, thus resulting in
higher shrinkage in geopolymer samples [97].

Overall, the addition of POC into GPC can affect its shrinkage
and creep behavior. POC aggregates with POFA can contribute
to a reduction in drying shrinkage in GPC compared to tradi-
tional cement concrete [25]. The porous nature of POC allows it
to absorb water during the mixing process and release it slowly
over time, reducing the rate and extent of drying shrinkage.
POC aggregates can act as internal curing agents. By retaining
water within their porous structure, they provide a sustained
supply of moisture to the geopolymer matrix, mitigating the
shrinkage associated with water loss from the concrete.

6 | Microstructure Properties of GPC Made
of POC

Scanning electron microscopy (SEM) can provide detailed
images of the microstructure of GPC containing POC aggregates
[35, 52]. SEM analysis allows for a closer examination of the

cementitious matrix and the interaction between various com-
ponents. SEM images can reveal the structure of the geopoly-
mer matrix, showcasing the arrangement of aluminosilicate gel
and other reaction products [98]. The microstructure of the
matrix will show the binding phases responsible for the strength
and durability of the concrete. SEM allows for the examination
of the distribution and arrangement of POC aggregates within
the geopolymer matrix. It can provide insights into the bonding
between the aggregates and the geopolymer binder. SEM
images can help in analyzing the porosity and pore structure of
the GPC. The presence of pores and their distribution can
impact the concrete's permeability and, consequently, its
durability. Identification of specific reaction products, such as
aluminosilicate gel and other hydration products, can be
observed in SEM images. This helps in understanding the
geopolymerization process and the development of the con-
crete's microstructure.

Examination of the ITZ between the geopolymer matrix and POC
aggregates is crucial. A well‐bonded ITZ is essential for the
overall strength and performance of the concrete. SEM can be
used to identify and analyze cracks within the GPC. Under-
standing the nature and extent of cracks is important for
assessing the material's structural integrity and potential areas of
improvement in the mix design. SEM coupled with energy‐
dispersive X‐ray spectroscopy (EDS) can provide information
on the mineralogical composition of the concrete [99]. This
helps in identifying the presence of specific elements and
minerals contributing to the overall material properties. SEM
images reveal the texture and surface morphology of the GPC.
This includes the roughness of the surface and any unique fea-
tures that may influence the material's mechanical and physical
properties. The SEM analysis of GPC containing POC aggregates
is valuable for researchers and engineers seeking to optimize the
mix design, understand the material's microstructure, and ensure
its overall performance and durability in various applications.

The addition of POC into GPC can adjust its microstructure in
several ways, particularly affecting binder–aggregate interac-
tions and pore distribution. POC aggregates contain reactive
components such as silica and alumina, which can participate
in the geopolymerization reaction. As the alkaline activator
solution penetrates the porous structure of POC aggregates, it
reacts with these components to form additional geopolymer gel
[35]. This enhances the bond between the aggregates and the
geopolymer matrix, resulting in improved binder–aggregate
interactions compared to traditional concrete mixes. Further-
more, the ITZ between aggregates and the surrounding geopo-
lymer matrix plays a crucial role in determining the mechanical
properties of concrete [100]. Incorporating POC aggregates may
lead to the formation of a more homogeneous and well‐bonded
ITZ, which can contribute to enhanced load transfer and im-
proved overall performance of the concrete.

Nazari et al. [32] investigated the microstructure of GPC made
of POC via SEM/EDS test. They found that the SEM images
show that the increase of NaOH concentration leads to an
increase in the quantity of polymer between the micro‐silica
particles, thus increasing the density and strength of GPC. Kabir
et al. [35] used POC and OPS as coarse aggregates with ternary
binders of POFA, GGBS, and MK in producing GPC. They

FIGURE 8 | Drying shrinkage of geopolymer mortar (GPM) [52].

Reprinted with permission from Elsevier (2021).
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detected that the POC aggregate has a positive effect in im-
proving the compressive strength because of its porous surface,
making it able to bond with binder [35]. SEM images show a
GPC with microcracks for a denser and more compact matrix.
POC is different from OPS, and it has smooth convex and con-
cave surfaces. Malkawi et al. [67] investigated the effect of POC
as fine aggregates on the performance of GPC. They found that
the POC aggregate has a significant effect on the structure of
GPC as shown in Figure 9. They reported that the concrete
strength should be increased during the first curing days. The
existence of enough alkaline solutions is required for fast geo-
polymerization reactions. Therefore, increase of POC aggregate
amount results in an increase in solution absorption. Thus, the
geopolymerization will be stopped and hindered at an earlier
age. This was confirmed by the existence of higher quantities of
unreacted fly ash particles.

Recently, Ahmat et al. [47] investigated the potential use of
POC as a coarse aggregate and EPP as a partial replacement of
FA in the production of GPC. They observed that the use of EPP
and POC aggregate increases SiO2 content in the GPC mix, and
this increase has a negative impact on the geopolymerization
process. Darvish et al. [52] investigated the effect of different
particle sizes of POC aggregate on the microstructure of GPC
using SEM test. They found that the different particle sizes of
POC aggregate have an important effect on the microstructure
of GPC, especially GPC mix containing POC aggregate with a
particle size of 0.15–4.75mm. These particle sizes result in a
denser structure and higher compaction of the POC‐based GPC.

7 | Applications of GPC Containing POC
Aggregates

GPC incorporating POC aggregates can offer several advantages
and find applications in various construction scenarios
[101–103]. POC is a by‐product of the palm oil industry and is

often considered waste. However, it can be effectively utilized in
GPC, which is an environmentally friendly alternative to tra-
ditional Portland cement‐based concrete [104, 105]. For
instance, POC can be used in Roads and Pavements, and GPC
containing POC aggregates can be used in the construction of
roads and pavements, providing a sustainable and durable
alternative to conventional concrete [22, 106]. While in building
construction, GPC can be used in the construction of various
types of buildings, offering a sustainable and energy‐efficient
option for structural elements such as walls, floors, and foun-
dations [107]. In addition, the GPC is known for its high
compressive strength and resistance to chemicals. It can be
employed in industrial settings, particularly for flooring where
resistance to chemical exposure is crucial. The GPC can be used
in the construction of marine structures such as docks, piers,
and harbor infrastructure due to its resistance to harsh en-
vironmental conditions, including saltwater exposure. The GPC
aligns with the principles of sustainable construction, especially
when incorporated POC aggregates, and contributes to reducing
the environmental impact associated with traditional concrete
production. It was used for repairing and retrofitting existing
structures, enhancing their durability and extending their ser-
vice life. The optimum thermal properties of GPC containing
POC make it used in construction buildings that require high
thermal insulation and high resistance against fire and high
temperature.

In general, POC can provide several improvements in thermal
conductivity and resistance to high temperatures when incor-
porated into GPC [108]. POC aggregates typically have lower
thermal conductivity compared to traditional aggregates such as
sand and gravel [4]. This lower thermal conductivity helps
reduce heat transfer through the concrete, leading to improved
thermal insulation properties. GPC‐containing POC aggregates
can exhibit enhanced resistance to high temperatures and fire.
The lower thermal conductivity of POC aggregates helps reduce
the rate of heat transfer through the concrete, delaying the

FIGURE 9 | Scanning electron microscopy (SEM) images of (a) control geopolymer concrete (GPC) and (b) GPC with 100% palm oil clinker

(POC) aggregate [67]. Reprinted with permission from Elsevier (2021).
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onset of structural failure and maintaining the integrity of the
concrete during exposure to fire.

Recently, Ranjetha et al. [25] adopted new techniques in the
production of new construction units in an attempt to reduce
greenhouse gases and enhance the environment and sustain-
able construction industry, and they adopted new construction
materials instead of traditional ones in the construction of new
houses. They used POC as aggregate in GPC with POFA as a
binder material to produce two single‐story houses, specifi-
cally geopolymer concrete house (GPCH) and low‐cost model
house (LCMH), that were constructed using eco‐friendly ma-
terials at the University of Malaya campus as shown in
Figure 10.

The experimental validation of GPC with POC has shown
promising results, highlighting its potential as a sustainable
and high‐performance alternative to conventional concrete.
Ahmat et al. [47] evaluated the potential use of POC as
aggregate and eco‐processed pozzolan (EPP) as a partial
replacement of fly ash on the performance of GPC. They fixed
ratios of sodium silicate to sodium hydroxide and alkaline
activator to binder materials. They examined the compressive,
flexural, and splitting tensile strengths and modulus of elas-
ticity; in addition, the microstructure properties like XRD and
SEM/EDS were also investigated. They observed that the
compressive strength increased up to 39 MPa due to the use of
10%–30% of EPP instead of FA. At the same time, the lower
specific gravity and stiffness of POC aggregate led to a decrease
in the MOE of GPC compared to normal concrete. These at-
tributes make it suitable for a wide range of construction and
infrastructure applications.

Jagaba et al. [5] discussed the effect of POC as aggregates on the
different geopolymer and traditional concrete structures such as
slabs, beams, and columns. Another study by Jagaba et al. [4]
stated that the POC aggregate could be used in long‐lasting and
green structural lightweight concrete by adding fly ash as a

binder in GPC to improve the resistance of water absorption
[72]. Nazari et al. [32] reported that the use of POC aggregate in
the GPC samples decreases the resistance to water permeability
at long curing ages. Nevertheless, the application of the POC
aggregates leads to improving the resistance for water absorp-
tion to be appropriate for LWC applications. Malkawi [72] used
POC as fine and coarse aggregates in the production of light-
weight GPC with density and compressive strength of
1821 kg/m3 and 30MPa, respectively. They observed that the
use of a geopolymer binder increases the workability and
strength of GPC samples. Other researchers used the POC ag-
gregates in different amounts to produce GPC. They produced
beams and investigated the effect of POC aggregates on the
ductile behavior of the beams and their failure by presenting
normal structural. They depicted that the crack width at service
load was between 0.24 and 0.3 mm, and this value was within
the limit value according to the BS8110 [109]. In general, GPC
containing POC has several potential field applications, partic-
ularly in construction and civil engineering, due to its promis-
ing properties. GPC with POC can be used in beams, columns,
and slabs due to its good compressive strength and durability
[4]. Its quick setting time makes it suitable for precast concrete
products like panels, blocks, and tiles [110]. It can also be used
for non‐load‐bearing walls, facades, and partitions. The mate-
rial's high durability and resistance to chemical attack make it
ideal for use in road bases and subbases. Due to its high
resistance to chloride ion penetration, it can be used in marine
structures like seawalls, piers, and docks.

8 | Life Cycle Assessment

A life cycle assessment (LCA) of POC as an aggregate in GPC
involves evaluating the environmental impacts associated with
the entire life cycle of the material, from raw material extraction
to production, use, and end‐of‐life disposal. Identify the source
of POC and assess the environmental impacts of extracting and
processing the raw material. There are numerous factors

FIGURE 10 | Low‐cost model house (LCMH) made of eco‐friendly materials at the University of Malaya campus [25]. Reprinted with permission

from Elsevier (2022).
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affecting the LCA of POC in GPC, such as land use change,
energy consumption, water use, and potential ecosystem
impacts. Analyze the transportation of POC from its source to
the GPC production site [34]. It is essential to consider the
emissions and energy consumption associated with transpor-
tation. Assess the environmental impacts of the GPC manu-
facturing process, including using POC as an aggregate.
Evaluate energy consumption, emissions of greenhouse gases
and other pollutants, and resource use. Evaluate the environ-
mental performance during the use phase of GPC in construc-
tion by evaluating factors such as durability, energy efficiency,
and maintenance requirements.

GPC containing POC can be compared to other sustainable
aggregate alternatives on two main fronts: mechanical proper-
ties and environmental impact [47]. Generally, it shows com-
pressive strengths in the range of 30–50MPa, depending on the
mix design and curing conditions. It typically achieves com-
pressive strengths comparable to conventional concrete but can
vary significantly based on the quality of recycled materials.
When used, fly ash aggregates in GPC or traditional concrete
can result in compressive strengths similar to those of GPC with
POC, often in the range of 30–50MPa. Also, GGBS aggregates
often result in high compressive strengths, sometimes exceed-
ing 50MPa, due to their dense and durable nature. GPC con-
taining POC has excellent durability, including resistance to
chemical attacks. At the same time, RCA has lower durability
due to the presence of old mortar and microcracks, although it
can be improved with proper treatment and mix design. How-
ever, fly ash and GGBS have better durability due to the poz-
zolanic properties of fly ash and GGBS enhancing the
geopolymer matrix.

Assessment of the potential for recycling or reusing GPC con-
taining POC throughout the potential disposal options and their
environmental impacts, such as landfilling or recycling, com-
paring the LCA results of GPC with POC to traditional concrete
or other alternative materials. Finding out the environmental
benefits or drawbacks due to the addition of POC in the GPC is
one of the important factors in the LCA of POC. By conducting
a thorough LCA, stakeholders can make informed decisions
about the sustainability of using POC as an aggregate in GPC
and identify opportunities for improvement in the material's
environmental performance.

The main findings from the LCA of GPC containing POC are
reduced CO2 emissions as compared to traditional Portland
cement‐based concrete; GPC containing POC typically exhibits
lower CO2 emissions over its life cycle [25]. Saving energy is due
to the fact that the production of GPC involves lower energy
consumption compared to the manufacturing of traditional
cement‐based concrete. The use of POC in GPC can help conserve
natural resources by reducing the demand for virgin aggregates
and cementitious materials. Additionally, the incorporation of
industrial by‐products like POC helps divert waste from landfills,
further contributing to resource conservation.

Recycling GPC containing POC at the end of its life cycle is a
feasible practice that offers several environmental benefits. GPC
containing POC generally exhibits high durability and strength,
which can remain intact even after the end of its initial life cycle.

This makes the concrete suitable for recycling and reuse. The
mechanical properties of GPC make it suitable for crushing and
reprocessing into recycled aggregate. The POC within the con-
crete can contribute to maintaining the integrity of the recycled
material. Recycled aggregates from GPC containing POC can be
used to produce new GPC or traditional concrete, reducing the
need for virgin aggregates. By reusing POC and other constitu-
ents of GPC, the construction industry can close the material
loop, promoting a circular economy and enhancing resource
efficiency. Reducing landfill use also lowers waste management
costs, providing economic benefits and encouraging sustainable
waste management practices. This results in lower overall energy
consumption and reduced carbon emissions.

8.1 | Environmental Benefits Due to Use of POC
in GPC

The environmental benefits of using POC as aggregates in GPC
mixtures are significant, with the primary advantage being the
reduction in the use of raw materials, such as aggregates, in
GPC production. POC can effectively reduce the weight of GPC
structures while enhancing their strength, particularly when
used in low replacement levels. Additionally, the utilization of
POC helps in reducing waste generated from the palm oil
industry, contributing significantly to the recycling of waste
materials and promoting a sustainable environment.

Moreover, the use of GPC instead of traditional cement con-
cretes contributes significantly to the reduction of CO2 emis-
sions, thereby creating a cleaner environment with lower
pollution levels. This reduction is attributed to the lower energy
consumption required for the calcination of limestone, a pro-
cess that releases substantial amounts of CO2 emissions into the
atmosphere during the production of normal cement concretes.
Furthermore, GPC typically requires lower energy and tem-
perature compared to traditional cement concretes, making it
an innovative solution for reducing CO2 emissions and con-
serving energy in the construction industry. By using POC as
fine and coarse aggregates in GPC production, raw materials are
conserved for future generations, as it reduces the need for
natural aggregates such as river sand, mining sand, gravel, and
crushed stone, thus promoting sustainability in the concrete
industry. Additionally, using POC as aggregates in GPC im-
proves the service life of structures, as the durability of GPC
containing POC is superior to that of cement concretes, leading
to reduced maintenance requirements.

The adoption of POC in GPC is influenced by various en-
vironmental regulations that can either support or hinder its
use. These regulations encourage sustainable practices and the
circular economy, making it easier for industries to utilize waste
materials like POC. In some regions, severe regulations on
waste classification and handling may pose challenges. Stan-
dards that allow for the use of alternative and sustainable ma-
terials in construction projects support the adoption of GPC
with POC. Green building certifications and sustainable con-
struction codes often encourage the use of eco‐friendly mate-
rials. The lack of specific standards for GPC may create
uncertainty and limit its acceptance in mainstream construc-
tion. Regulations aimed at reducing carbon emissions in the

17 of 22

 20500505, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/ese3.1977 by C

anterbury C
hrist C

hurch U
niversity, W

iley O
nline L

ibrary on [24/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



construction sector support the use of low‐carbon materials
like GPC with POC.

8.2 | Economic Benefits Due to the Use of POC
in GPC

The use of POC as aggregates in the production of GPC has a
significant impact on cost savings. POC, being a by‐product of the
palm oil industry, is often available in large quantities at little or no
cost, unlike river sand and crushed stone. Therefore, using POC as
aggregates helps reduce the cost of GPC compared to traditional
cement concretes, especially when natural aggregates are scarce and
expensive. Additionally, transportation costs are reduced, particu-
larly in areas with palm oil mills, as the need to import natural
aggregates from distant locations is minimized. In countries like
Malaysia, Indonesia, and Thailand, proximity to palm oil mills not
only reduces transportation costs but also helps reduce CO2 emis-
sions associated with transportation, thus benefiting the economy.

The production process for GPC using POC requires lower energy
compared to traditional cement concrete, resulting in lower overall
production costs. Furthermore, the elimination of limestone cal-
cination in GPC production further reduces energy requirements
and costs. The use of POC in GPC enhances workability and
durability properties, potentially leading to lower construction and
maintenance costs over the life cycle of a structure. By creating a
market for POC in GPC production, the palm oil industry can
diversify its revenue streams and reduce waste disposal costs,
contributing to its overall economic sustainability.

Scaling up the production of GPC‐containing POC for commer-
cial use presents several challenges. Addressing these challenges
requires a multifaceted approach involving technological ad-
vancements, industry collaboration, regulatory support, and
market development. Variability in the quality and properties of
POC may affect the performance of GPC. Establish partnerships
with palm oil producers to secure a reliable supply of POC.
Implement quality control measures to standardize the propert-
ies of POC used in GPC production. Developing optimal mix
designs that consistently meet performance criteria for various
applications can be complex. Conduct extensive research and
development to refine mix designs. Use advanced modeling and
simulation tools to predict performance and optimize the mix.
Explore cost‐saving measures such as local sourcing of materials
and optimizing production processes. Provide financial incen-
tives or subsidies to offset higher initial costs.

Overall, the use of POC as aggregates in GPC can lead to a
reduction in total production costs and provide significant
economic benefits, especially for regions with abundant palm
oil waste [34, 67]. Using POC as an aggregate can be much
cheaper than sourcing traditional aggregates like sand and
gravel. In GPC, the primary binder is an alkali‐activated alu-
minosilicate material such as fly ash and slag. The use of POC
can reduce the demand for these materials slightly because they
act as an aggregate, potentially leading to additional cost sav-
ings. Utilizing POC as an aggregate helps mitigate waste
disposal costs associated with palm oil production. This can
result in significant savings for palm oil mills, which otherwise
would incur expenses related to the disposal of clinker waste.

9 | Discussion of the Results

This study provides significant information on the properties of
GPC containing POC aggregate such as workability, density,
mechanical, and durability properties, in addition to micro-
structure properties, applications of GPC in the construction
industry, and LCA. The incorporation of POC is one of the en-
hancement solutions for the properties of GPC. This review
highlights that POC aggregate mainly contributed to reducing
the density of the GPC without compromising its strength. The
compressive strength of GPC with POC is found to be compa-
rable to that of traditional concrete, making it a viable alternative
for sustainable construction practices [35]. The specific surface
area and porous nature of POC also improve the bonding and
interlocking within the matrix, resulting in improved compres-
sive strength and overall durability of the concrete.

Additionally, GPC with POC exhibits excellent resistance to
chemical attacks, including sulfate and acid attacks, due to the
inherent properties of the geopolymer matrix and the stability of
POC [34]. This makes it suitable for use in harsh environments
and extends the service life of the concrete structures. Finally,
the study focuses on the environmental and economic benefits
of using POC in GPC. POC is a waste by‐product of the palm oil
industry, and its utilization in concrete production addresses
waste management issues while promoting sustainability. The
review emphasizes that using POC as an aggregate in GPC
reduces the reliance on natural aggregates, conserving natural
resources and reducing the environmental footprint of concrete
production. Economically, the integration of POC can lower the
material costs, given its abundance and low cost compared to
conventional aggregates. This makes GPC with POC not only an
environmentally friendly option but also a cost‐effective solu-
tion for sustainable construction projects.

10 | Summary and Conclusions

In summary, the combination of POC derived from palm oil
waste into GPC offers a sustainable solution with several key
findings:

1. POC, a by‐product of palm oil waste incineration, can be
processed into aggregates, providing sustainable use of
waste materials and supporting environmental sustain-
ability by conserving natural aggregates and reducing
waste accumulation.

2. The fresh properties of GPC, like density and workability,
are significantly impacted by POC content, suggesting
potential applications for lighter concrete. The density of
GPC reduced from 2345 to 1821 kg/m3 due to an increase
in POC aggregate replacement from 0% to 100%. Work-
ability issues with POC aggregates can be mitigated
through mix design optimization or the addition of some
additives like superplasticizers.

3. The mechanical properties of GPC, such as compressive,
flexural, and tensile strength, are influenced by POC
content and other factors, including binder composition
and aggregate size. The addition of POC as coarse aggre-
gate increased the compressive strength of concrete from
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34 to 39MPa and from 29 to 35MPa. While in other cases
reduced to less than the control sample. Durability as-
pects, such as water absorption and sulfate resistance, are
variably affected by POC, indicating a nuanced impact on
GPC's longevity.

4. POC shows promise for use in both structural and
nonstructural concrete elements, with potential for
broader application with further enhancement of its
characteristics.

5. The use of POC as aggregates in GPC has numerous en-
vironmental and economic benefits, especially in reducing
the cost, energy, and CO2 emissions. Therefore, it has a
significant effect on enhancing sustainability in the con-
struction industry.

Overall, POC presents a viable alternative to natural aggregates,
contributing to the construction industry's environmental stew-
ardship and advancing sustainable material technology. It is rec-
ommended to investigate the long‐term exposure tests under
various environmental conditions such as freeze‐thaw cycles,
marine environments, and chemical exposure to evaluate the
durability and service life of GPC with POC. Conduct detailed life
cycle assessments to quantify the environmental impact of GPC
with POC, including energy consumption, carbon emissions, and
resource utilization from cradle to grave, and compare the LCA
results of GPC with POC against traditional concrete and other
sustainable alternatives to highlight its environmental advantages.
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