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a b s t r a c t 

This study investigated the use of palm oil fuel ash (POFA), a by-product of burning solid waste from palm oil 

production, as a clay replacement in brick manufacturing. Clay was thus replaced with 5%, 10%, 15%, and 20% 

POFA by weight in bricks produced in a local factory to study the feasibility of large-scale manufacturing. The 

physico-mechanical properties of these bricks (linear shrinkage, weight per unit area, compressive strength, and 

apparent porosity) were compared with those of conventional bricks without POFA. The thermal performances 

of the bricks were assessed by measuring the difference in temperature between their top and bottom surfaces 

during exposure to direct sunlight. The results of this study indicate that replacing clay with POFA reduced the 

linear shrinkage of the bricks. Furthermore, the weight per unit area and compressive strength of bricks contain- 

ing higher replacement percentages of POFA decreased due to their increasingly porous structure. Replacing clay 

with up 10% POFA still met the minimum compressive strength criteria of the Indonesian Industrial Standard 

for non-load-bearing wall materials (i.e., 2.5 N/mm 

2 ). Furthermore, 10% POFA bricks provided better thermal 

performance, exhibiting a temperature difference of about 6 °C compared to 2.5 °C for conventional bricks with- 

out POFA. Therefore, using 10% POFA as a clay replacement in large-scale brick production can address POFA 

disposal problems, reduce clay consumption, and decrease energy demand for indoor cooling, yielding a more 

environmentally friendly clay brick. 
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. Introduction 

In recent years, production of bricks has increased considerably in

any developing countries such as Indonesia. For reasons of speed and

conomy, bricks are increasingly preferred as building materials. How-

ver, this increases the need to make the buildings more environmen-

ally friendly. Bricks are typically produced using conventional methods

hat consume enormous amounts of clay material, approximately 3.13

illion m 

3 of clay soil per year [1] . Many researchers have therefore fo-

used on the development of brick material technology using waste by-

roducts to reduce the consumption of natural soil clay. Moreover, this

pproach promises to overcome the waste management issues caused

y such by-products and reduce the degradation of natural environment

esulting from soil clay extraction, thereby leading to more sustainable

rick production [ 2 , 3 ]. Fly ash, quarry residues, rice husk ash (RHA),

nd sugarcane bagasse ash (SBA) have all accordingly been introduced

s alternatives to clay in brick production [4–10] . 

The physical properties of clay bricks are affected by the raw ma-

erial properties, manufacturing methods, and firing temperatures. A
Abbreviations: POFA, palm oil fuel ash; RHA, rice husk ash; SBA, sugarcane bagass

icroscopy; ASTM, American Society for Testing and Materials; LOI, loss of ignition.
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igh firing temperature causes the quartz in clay to soften and devel-

ps bonds between clay particles after cooling. Additives are often as

uxing agents to help increase the development of bonds between clay

articles at lower firing temperatures [4] . Comparing the compressive

trengths of bricks fired at temperatures of 800 °C, 900 °C, and 1000 °C,

he highest compressive strength was obtained at a firing temperature of

000 °C when fly ash was added to the clay brick mixture (0–100 wt.%

lay) [5] . Clay replacement with 50–60% of quarry residues and firing at

000–1100 °C yielded a compressive strength that was 1.5 times higher

han that of conventional bricks [6] . The addition of RHA or SBA to clay

ixtures reduced the brick density according to the waste content, re-

ulting in bricks that were lighter than conventional bricks [7–10] . The

ncreased apparent porosity in bricks containing RHA or SBA has been

dentified as the main reason for the observed reduction in brick density

10] . 

The consumption of electrical energy produced by non-renewable

uels increases CO 2 emissions, which promotes global warming. As 40%

f the energy consumed by a building is used for heating and cooling

urposes, and 12% is consumed by the building walls alone [ 11 , 12 ],
e ash; XRF, X-ray fluorescence; XRD, X-ray diffraction; SEM, scanning electron 
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Fig. 1. XRD patterns of clay and POFA. 
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sing microporous bricks as a wall material can improve the thermal

erformance of walls and reduce the energy demand for cooling, lead-

ng to more energy-efficient buildings [13] . Waste materials can be used

s additives to develop micropores in bricks, thereby improving their

hermal performance [12] . Indeed, several waste materials have been

sed to prepare microporous bricks, including ceramic sludge [14] , re-

ycled paper waste [12] , pumice [15] , RHA [8] , and SBA [4] . The use of

ricks with 4% RHA added to a clay brick mixture showed a 6 °C indoor

emperature reduction compared to the use of conventional bricks [8] .

imilarly, bricks with 40% ceramic sludge exhibited an indoor/outdoor

emperature difference of 10.1 °C compared to a difference of only 4.2 °C

hen using conventional bricks [14] . 

Palm oil fuel ash (POFA) is a waste material produced by the burn-

ng of the solid waste from palm oil production (e.g., palm kernel shells,

esocarp fibers, and empty fruit brunches) as a boiler fuel to generate

lectricity in palm oil mills or power plants. As much as 5% of the burned

olid waste material is converted into POFA [16] . This POFA is mostly

isposed of in open fields due to its low nutritional value. This disposal

ethod creates environmental problems and leads to health issues, in-

luding lung diseases [17] . Indonesia is the largest producer of palm

il, accounting for 49.39% of global production [18] ; consequently, In-

onesian palm oil industries are currently facing a significant challenge

n disposing of POFA. Therefore, using POFA waste as a raw material

n brick production can offer a solution to the POFA disposal problem,

educe clay consumption, and produce environmentally friendly clay

ricks. 

Though POFA is a pozzolanic material that is commonly used to im-

rove the strength and durability of concrete, only a few studies in the

iterature have discussed the use of POFA in fired clay brick production.

adir et al. [19] studied the effects of clay replacement with different

alm oil waste materials (i.e., POFA, palm kernel shells, palm fibers,

nd empty fruit bunches) on the technological properties of fired clay

ricks. Clay replacement with 1–10% of palm oil waste adversely af-

ected the strength and durability of the bricks, but lightweight bricks

ith lower thermal conductivity were obtained. Similar results were

lso reported by other researchers [ 20 , 21 ], who determined that the

ensity and compressive strength of clay bricks decreased and water

bsorption increased with increasing POFA content due to increased

orosity. 

Most previous studies have produced POFA brick specimens under a

ontrolled firing temperature in the laboratory on a small scale. How-

ver, conventional bricks are typically produced on a large scale using a

rick kiln. As different production methods may affect brick properties

 10 , 14 ] this study investigated the feasibility of POFA as a clay replace-

ent in large-scale brick production. The clay was therefore replaced

y 5%, 10%, 15%, and 20% POFA, and the effect of these replacement

ercentages on the physico-mechanical and thermal performances of the

esulting bricks were compared with those of conventional bricks with-

ut POFA. In addition, for the first time, the thermal performances of

OFA bricks were evaluated under direct sun exposure. The results of

his study provide significant data for various stakeholders such as the

rick industry, which can advantageously utilize waste materials, as well

s industries that produce waste POFA, thus enabling the production of

nvironmentally friendly and economically beneficial bricks. 

. Experimental procedures 

.1. Materials 

The clay used in this study was obtained from a local kiln brick

anufacturer in Makassar, Indonesia. The POFA was supplied by the

ocal palm oil industry. Table 1 lists the chemical compounds of the raw

aterials obtained by X-ray fluorescence analysis. The clay contained

2.39% of SiO 2 as its major component, and other oxides such as Al 2 O 3 

14.28%), Fe 2 O 3 (9.02%), CaO (7.96%), and K 2 O (4.88%). Note that

he SiO content of the clay used in this study was slightly higher than
2 

2 
hat of commonly used clays (50–60%) in the brick industry [22] ; a

igher content of SiO 2 will decrease the brick porosity and increase the

isk of brick cracking during the cooling process after firing [8] . Clay

ontaining 10–20% Al 2 O 3 is commonly used for brick making [22] ; in

his study, the Al 2 O 3 content of the clay met this specified range. In

ddition, the F 2 O 3 content of the clay was less than 10%, which is the

ecommended value for preventing the formation of efflorescence on

ricks [22] . Similar to the clay, the POFA used in this study also con-

ained a large amount of SiO 2 (72.04%) along with CaO (8.99%), K 2 O

6.53%), P 2 O 5 (4.84%), and Fe 2 O 3 (2.13%). The fluxing agent content

Fe 2 O 3 , K 2 O, MgO, CaO, and Na 2 O) in the POFA was lower than that

n the clay, which can increase the brick porosity after the firing pro-

ess [10] . In addition, the loss on ignition (LOI) of the POFA was higher

han that of the clay, indicating the presence of organic matter in the

sh. Fig. 1 shows the clay and POFA X-ray diffraction (XRD) patterns.

uartz was the main clay component, followed by hematite, calcite, and

lumina. The POFA was also dominated by quartz, followed by traces

f cristobalite, calcite, and potassium aluminum phosphate. Fig. 2 pro-

ides scanning electron microscopy (SEM) images of the clay and POFA

sed in this study. The POFA particles had a porous structure by nature,

hich can increase the water required to achieve the appropriate brick

ixture consistency for casting. 

Fig. 3 shows the particle size distribution of the clay and POFA used

n this study, determined by sieve analyses performed in accordance

ith ASTM C325 [23] and ASTM C136 [24] , respectively. The clay ma-

erial was finer than the POFA, containing 86.8% silt and clay and ap-

roximately 13% sand. In contrast, only approximately 66.39% of the

OFA particles passed sieving at 0.25 mm. This is important as the raw

aterial gradation has been observed to affect the brick porosity after

ring [25] . In addition, the specific gravities of the POFA and clay were

etermined in accordance with ASTM D854 [26] . The specific gravity

f the POFA (1.92) was smaller than that of clay (2.36), indicating that

ighter bricks can be obtained by replacing clay with POFA. 

.2. Sample manufacturing 

The brick specimens were manufactured following the typical proce-

ure used in the local brick industry. The POFA proportions added to the

rick mixture were based on the replacement of clay weight ( Table 2 ).

irst, clay and POFA were manually dry-mixed until the mixture be-

ame homogeneous. Thereafter, water was added to the mixture, fol-

owed by additional mixing to obtain a uniformly distributed mixture

uitable for making bricks. Subsequently, the clay mixture was placed
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Table 1 

Chemical compounds of clay and POFA. 

Component (%) SiO 2 Al 2 O 3 CaO Fe 2 O 3 K 2 O TiO 2 P 2 O 5 MnO LOI 

Clay 62.39 14.28 7.96 9.02 4.88 1.03 – 0.23 9.94 

POFA 72.04 3.29 8.99 2.13 6.53 0.10 4.84 0.41 12.05 

Fig. 2. SEM images of the raw (a) clay and (b) 

POFA. 

Fig. 3. Particle size distribution of clay and POFA. 

Table 2 

Brick specimen mixing proportions. 

Mix ID Clay (g) POFA (g) Water (g) 

0% POFA 1000 0 153 

5% POFA 950 50 159 

10% POFA 900 100 161 

15% POFA 850 150 169 

20% POFA 800 200 172 
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nto 200 × 100 × 50 mm brick molds and then leveled and compacted

anually until flat and solid. The bricks were then removed from the

olds and dried for 8 days before being fired in a brick kiln at 850 °C

or 3 days. After the firing process, the brick specimens were allowed to

ool for 14 days before being transferred to the laboratory for further

esting. A total of 100 brick specimens were prepared. 

.3. Measurement methods 

The linear shrinkage of each brick specimen was determined by mea-

uring the change in its length before and after the firing process as

er ASTM C326 [27] . The unit weight and the compressive strength of

ach brick specimen was measured according to ASTM C67–07 [28] .

he ASTM C20 [29] guidelines were followed to obtain the apparent
3 
orosity of the brick specimens. Five brick specimens of each type were

sed for each of these tests. 

Thermal performance tests were performed from 08:00 to 14:00 on

 sunny day in a manner similar to previous works [ 8 , 14 ], as shown in

he experimental setup in Fig. 4 . A polyester board was used to cover

ll sides of the bricks except their top surfaces (i.e., 200 × 100 mm),

hich were exposed to direct sunlight. Wood sawdust was used to fill

he space between the bottom of each brick specimen and the polyester

oard to avoid trapping air beneath the brick. Digital thermometers

ere attached to the top and bottom of the exposed bricks to record

he temperature changes during direct sunlight exposure. The tempera-

ure difference between the top and bottom of the bricks was then used

o determine the thermal performance. The thermal performances of

he bricks with POFA were compared to that of the conventional brick

ithout POFA. Finally, SEM images were obtained to characterize the

icrostructures of the various brick specimens corresponding to their

easured performance. 

. Results and discussion 

.1. Linear shrinkage 

Brick shrinkage occurs as a result of the evaporation of water from

nside the bricks during the firing process; hence, it is closely related

o the firing temperature. Fig. 5 shows the effects of POFA content on

he linear shrinkage of bricks. The addition of POFA clearly reduced the

inear shrinkage of the bricks. The control bricks without POFA shrank

.19%, whereas those with POFA shrank between 2.94 and 3.73%. The

ecrease in the shrinkage of bricks made with POFA was caused by their

igh content of silica, which is a non-plastic component and that be-

aves as a filler material to decrease the plasticity of the clay/POFA

ixes. Indeed, a similar trend was observed by other researchers [9] ,

ho reported that the linear shrinkage of fired bricks decreased with

ncreasing SBA content. 

Suitable bricks generally have a linear shrinkage value less than 8%

30] . All clay bricks evaluated in this study exhibited linear shrinkage

alues less than 8%, indicating that the POFA can reduce linear shrink-

ge during the firing process. Visual inspection was conducted to eval-

ate the cracking due to shrinkage. It is worth noting that no cracks

ere observed on the brick surfaces after production, indicating that

ricks containing POFA will not be easily broken when transported and

andled. 
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Fig. 4. Experimental setup to evaluate the 

thermal performance of brick specimens. 

Fig. 5. Brick linear shrinkage. 

Fig. 6. Weight per unit area of brick specimens. 
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Fig. 7. Apparent porosity of brick specimens. 

Fig. 8. Relationship between the apparent porosity and the weight per unit area 

of brick specimens. 
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.2. Weight per unit area 

Fig. 6 presents the effects of POFA percentage on the weight per unit

rea of the brick specimens, showing a reduced weight per unit area in

ricks containing POFA. For instance, the bricks without POFA had a

eight per unit area of 76.41 kg/m 

2 that decreased by 10.76, 12.53,

8.68, and 23.34% for bricks containing 5, 10, 15, and 20% POFA,

espectively. This result can be attributed to the increased porosity of

he bricks with POFA and the lower specific gravity of POFA compared

o clay. Previous studies [ 9 , 10 ] also found that the brick porosity in-

reased when incorporating agricultural waste ash, producing lighter

ricks. Lighter bricks can reduce the cost of construction by making it

asier to transport them to the construction site, requiring less energy

o lift them to the higher floors of multi-story buildings, and decreasing

he dead load of the resulting structure. 
4 
.3. Apparent porosity 

Fig. 7 shows that the apparent porosity increased with increasing

OFA content, and confirms the results in Fig. 6 , indicating that the

ncreasing porosity with increasing POFA content corresponded to a de-

reasing weight per unit area, as shown in Fig. 8 . For example, an ap-

arent porosity of 36.58% was observed for the bricks without POFA,

hereas an apparent porosity of 45.46% was obtained for the brick spec-

mens with 20% POFA. Note that the evaporation of water during the

e-hydroxylation reaction of carbonate decomposition and the biomass

esidual combustion generally affect brick porosity [31] . In addition, the

uxing agent content in the raw material is an important factor when

eveloping or reducing brick porosity. 

During the firing process, a higher fluxing agent content will increase

he liquid phase, resulting in a molten material that compresses the in-

erspaces inside the bricks [10] . The fluxing agent content of the clay
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Fig. 9. Compressive strength of bricks. 

Fig. 10. Relationship between compressive strength, weight per unit area, and 

apparent porosity of the POFA brick specimens. 
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Fig. 11. Variation in the top and bottom surface temperatures of bricks exposed 

to direct sunlight over time. 
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sed in this study was higher than that of the POFA; therefore, the brick

orosity increased with increasing POFA content. The increase in the

orosity of bricks incorporating POFA will also lead to a higher water

bsorption capacity. These results are in line with the SEM images of

he bricks and the relationship between porosity and weight per unit

rea ( Fig. 8 ). Previous studies have reported similar results for bricks

ncorporating porous materials such as RHA and SBA [ 9 , 10 , 32 ]. 

.4. Compressive strength 

Fig. 9 shows the effect of POFA content on the compressive strength

f the brick specimens. The compressive strength almost linearly de-

reased with increasing POFA content. The bricks without POFA exhib-

ted a compressive strength of 6.44 N/mm 

2 , whereas those containing 5,

0, 15, and 20% POFA exhibited a 48.34, 58.13, 74.56, and 80.47% de-

rease in the compressive strength, respectively. The porosity, density,

nd pore size have been found to strongly influence the compressive

trength of bricks [ 10 , 31 ]. Accordingly, Fig. 10 shows the linear rela-

ionship between the compressive strength, weight per unit area, and

pparent porosity of the bricks according to POFA content. Similar re-

ults were also found in previous studies [ 10 , 32 , 33 ]. 

The organic matter decomposition and the high silica content in the

aw materials used in this study clearly affected the porosity of the

ricks and may induce flaws in the clay brick body [9] . In this work,

he POFA had LOI of 12.05%, indicating that the considerable presence

f organic matter in the ash likely affected the brick porosity. The silica

ontent in the POFA was also ~50–60% greater than the preferred limit

n clay [34] . Therefore, the higher amount of silica in POFA strongly af-
5 
ected the compressive strength of the bricks. Although the replacement

f clay with any amount of POFA resulted in a decrease in the compres-

ive strength, the replacement of clay with 10% POFA still achieved a

ompressive strength greater than 2.5 N/mm 

2 , satisfying the Indonesian

ndustrial Standard [35] for non-load bearing wall materials. 

.5. Thermal performance 

Based on the results of the compressive strength tests, only brick

pecimens containing 0, 5 and 10% POFA were selected for further study

f thermal performance, as these specimens satisfied the Indonesian In-

ustrial Standard [34] for non-load bearing wall materials. Fig. 11 shows

he variations in the top and bottom surface temperatures of bricks with

, 5, and 10% POFA over time. It can be observed that there was no

ignificant difference in the temperature of the top surface of the brick

pecimens according to POFA content. However, the bottom surfaces

f the brick specimens containing POFA exhibited lower temperatures

han those of the brick specimens without POFA. For example, at 12:00,

hich was expected to have the highest temperature during the day, the

emperatures of the bottom surface of the 0% POFA, 5% POFA, and 10%

OFA bricks were 44.2, 41.9 and 40.2 °C, respectively. The differences

etween the top and bottom surfaces of the 5% POFA and 10% POFA

ricks were approximately 3.8 and 5.6 °C, respectively, whereas that of

he 0% POFA bricks was only 2.5 °C. This indicates that the replace-

ent of clay with 10% POFA provided a better thermal performance

han the use of only clay, along with a compressive strength within the

ermissible limits for wall materials. 

The increased brick porosity with added POFA is the main reason for

he observed improvement in thermal performance. Similar results were

btained by previous studies in which agricultural waste materials, such

s RHA or SBA, were added to clay bricks to obtain improved thermal

erformance. Indeed, 29% and 31% reductions in thermal conductivity

ompared to conventional clay bricks were obtained when using 15%

HA or 15% SBA, respectively [4] . Furthermore, adding 4% RHA to a

lay brick mixture resulted in a 6 °C reduction in the indoor temperature

ompared with the use of conventional bricks [14] . Using POFA bricks

s a wall material would therefore reduce the energy demand for indoor

ooling and help to improve the energy-efficiency of buildings. 

.6. Microstructures 

The microstructures of the brick specimens containing POFA were

haracterized through SEM images. Fig. 12 shows the microstructure

f a brick specimen without POFA (control) and with 10% POFA. A

orous structure can be observed in both specimens; however, more

isible pores can be found in the brick specimen containing 10% POFA

ue to the organic materials initially present in the POFA and released
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Fig. 12. SEM images of bricks with POFA con- 

tents of (a) 0% and (b) 10%. 
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n the form of carbon dioxide during firing. Consequently, this increased

he porosity of the brick specimens containing POFA. These results are

onsistent with the results of the compressive strength, weight per unit

rea, apparent porosity, and thermal performance tests. 

. Conclusions 

This study investigated the use of POFA, a by-product of burning the

olid waste from palm oil production, as a clay replacement for large-

cale brick production. The following conclusions can be drawn from

he test results characterizing the brick properties according to POFA

ontent: 

1) The replacement of clay with POFA in bricks resulted in a smaller

linear shrinkage and weight per unit area. Bricks with a lower weight

per unit area can reduce the cost of construction and the dead load

of the structure they are used to construct. 

2) The compressive strength of the bricks decreased with increasing

POFA content due to the resulting higher porosity. Up to 10% of

the clay can be replaced with POFA when manufacturing bricks. A

compressive strength of 2.66 N/mm 

2 was obtained at this level of

replacement, satisfying the Indonesia Industrial Standard for non-

load bearing wall materials. 

3) In terms of thermal performance, the 10% POFA bricks yielded the

highest temperature difference between top and bottom surfaces of

about 5.6 °C, followed by 5% POFA and 0% POFA at about 3.8 °C

and 2.5 °C, respectively. This improved temperature difference can

help to reduce the energy demand for indoor cooling and improve

the energy-efficiency of buildings when using POFA bricks as wall

materials. 

The findings of this study indicate that 10% replacement of clay

ith POFA offers an attractive approach for the large-scale production

f lightweight bricks for use in non-load-bearing wall materials. The use

f such bricks can therefore reduce the usage of natural clay resources

n brick manufacturing, reduce the environmental impact of POFA dis-

osal, and produce eco-friendly and sustainable building materials that

esult in lower energy consumption. 
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