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Abstract. Palm oil fuel ash (POFA) is a by-product waste material more economical and 

environmentally friendly, resulted from production palm oil products. Lack of enough 

information on the advantages of POFA in the concrete production in various proportions was 

the main cause to select this work. This paper presents the advantages of POFA as a partial 

cement replacement in concrete production. This study recommends that researchers and 

academics should show more experimental works in order to illustrate the desired benefits from 

POFA as cement replacement, thus mitigate of environmental impacts.       

     

    

1. Introduction 

 South-east Asia countries produces increasing quantity of palm oil products due to its 

location on the regional area [1, 2]. They depend on the agriculture industry to promote their 

economic because of receiving abundant rainfall throughout the year which made they suitable 

for plantation [3]. Production of palm oil represent the most proportion of vegetable oil 

production in the world which was more than 60 million tons in 2012, whereas the percentage 

of palm oil was more than 35% of the total vegetable oil in the same year [2, 4]. Malaysia and

 Indonesia contribute to the largest production of palm oil in the world which was more than

 80% of the total production, just 10% of the palm oil used to cover the local demand and 90%

 has been exported [5, 6]. The cultivation of palm oil was cover 54,000 ha in Malaysia in 1960,

 and  increased  dramatically  to  5.39  million  ha  in  2014,  while  in  Indonesia  the  cultivation  of 

palm  oil  was  the  largest  which  was  5.39  million  ha  in  2014,  Therefore  palm  oil  tree  is  a 

backbone for  growth economic  of  both countries  Malaysia  and  Indonesia.  In  2011,  the 

production rate of palm oil was 48% in Indonesia, 38% in Malaysia, and 3% in Thailand 

[7-9]. Increasing the production of palm oil lead to generate huge quantity of waste materials 

such as palm oil  fuel  ash (POFA) that has high content of  silica and also poses threats to the 

surrounding  environment  if  it  is  not  used  any  other  application  of  industries.  Malaysia's 

production of POFA is up to 3 million tons in 2007, while Thailand's production of POFA 

about 0.1 million ton in the same year [10]. 
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     The cement industry is also facing problems in terms of increasing consumption of 

electricity and high cost to produce the quantity needed to meet the market requirements. 

Reducing emission of CO2 is the main concern for scientists, academics and researchers to 

produce alternative materials of cement in the concrete production [11]. The increase of cement 

content in the concrete automatically reflected in the increase of the construction cost [12] thus, 

the increase in the cement production will result to rise in the consumption of electrical energy, 

besides rise the CO2 emission, which causes an environmental issues can be no treatment in the 

future [12, 13]. Many researchers studied adding POFA as a partial replacement of cement to 

obtain high compressive strength [14, 15] due to the high silica content enabling it to be good 

pozzolanic material. As POFA contain a high quantity of silica in their chemical composition, 

it has been used to replace cement partially in order to produce durable and high strength for 

concrete produced [16]. In the recent years and after concrete technology development, 

innovations has been conducted by reducing the use of ordinary Portland cement in concrete by 

replacing it with huge amounts of palm oil fuel ash and fly ash [17]. Generation of CO2 to the 

atmosphere due to cement production causes an undesirable environment impact which 

increases the global warming. Therefore, many studies were conducted to replace cement 

partially with suitable supplementary cementitious materials such as POFA, fly ash, silica fume, 

metakaolin and other pozzolanic materials in order to reduce the cement production and 

mitigate it impacts on the environmental conditions [18]. This paper will highlight the 

advantages acquired due to incorporation of POFA in various percentages to the concrete as 

cement replacement partially. Heat of hydration, compressive strength, resistance to the acid, 

resistance to the chloride, and resistance to the sulfate will be presented as in figure 1. The study 

will emphasize on the similarity and difference faces in the results obtained from the previous 

studies. Therefore, this study will contribute to the body of knowledge on the impacts of adding 

various percentages of POFA particles to the cement as replacement, and their advantages 

desired of POFA to improve the concrete properties. 

 

 

Figure 1. Advantages of POFA to concrete.  
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2. Advantages of concrete containing POFA for durability properties 

The previous researchers proved that incorporation of POFA in the concrete added many 

advantages to the concrete properties especially in the durability aspect. Improving the 

microstructure and density of hardened concrete can be achieved by adding micro and Nano 

POFA as cement replacement in the concrete mix which result to improve the pozzolanic 

reaction as well [19]. Ability of POFA to produce further amounts of C-S-H gels due to the 

pozzolanic activity and used it as filler in concrete mixture led to improve the durability and 

mechanical properties of the hardened concrete [20-22]. Fine particles of POFA can be increase 

the pozzolanic activity in the concrete mix, reduce quantity of calcium hydroxide, improve fresh 

concrete properties, Improve durability and mechanical properties [23, 24]. The higher content 

of silica in the POFA particles has effect on the pozzolanic reaction to produce further C-S-H 

gels, and make the concrete produced denser and durable [25]. Four properties within the 

concrete durability will be discussed in the next subsections to show the impact of POFA in 

enhancing their properties namely, Heat of hydration, compressive strength, resistance to the 

acid, resistance to the chloride, and resistance to the sulphate. 

 

compounds  accompanied  by  heat  generation  resulting  from  the  reaction  of  different 

compounds in cement with mixing water, this heat is form of energy to reach on the stable 

state [21, 27]. Research by Lim et al. [25] proved that the decarbonation process of POFA is 

due to decomposition of the calcium carbonate between temperature 400 and 600 o C as in 

Fig. 2. The hydration heat of GPOFA and UPOFA mortar were similar somewhat, but they 

totally different on the reading of the cement hydration heat during the initial reading.  

 

2.1 Advantages to reduce hydration heat and drying shrinkage 

The hydration heat released from the fresh concrete containing ash is due to two reasons, the 

first reason is due to release hydration heat of cement, the second reason is due to hydration 

heat  released  by  the  admixture  reactions  [26].  Hydration  process  of  cement 

 
Figure 2. TGA results for POFA  and B hydration heat of OPC, GPOFA, and UPOFA [25]. 
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Absorption of water of the polymer-filled composites is identified by various factors, such as 

duration of immersion in water, composition of the composites, and processing techniques [28]. 

Besides that Tay et al. [29] proved that there is no significant impacts of POFA addition on the 

water absorption, segregation, drying shrinkage, density, and soundness of cement [29]. Awal 

et al. [21] who conducted study to find out effect of replacement 30% POFA by cement on the 

concrete on the hydration heat of cement, noted that delay in the final setting time more than in 

control sample, and the peak temperature acquired by incorporation 30% POFA in concrete 

mix is less than control sample. Also, Awal et al. [30] reported that concrete with 50, 60, and 

70% POFA as cement replacement has a significant impact to reduce the hydration heat of 

concrete samples and delay to access to peak point in hydration heat as in Fig. 3. 

 

 
Figure 3. Development of hydration heat over the curing time [30]. 

 

    Drying shrinkage is the main cause to occurrence of cracking, excessive deflection, stress 

re-distribution, pre-stress losses, and ingression of water and aggressive chemicals [31, 32]. 

Farzadnia et al. [33] conducted study on the 30% POFA as cement replacement in concrete 

mix, it was noted that drying shrinkage will be reduced by 7.5 % within 28 days due to add 

Nano silica to the concrete mix. 

 

same direction were comparable to the control concrete sample below the percentage of 

replacement less than 50% [34-36]. But, the replacement percentage of cement 50% by fineness 

POFA, the compressive strength was 90% of the control sample value. This is due to the high 

fineness of POFA particles and high surface area which assist to improve chemical reactivity 

[30]. Although the cement replacement by industrial waste will improve the compressive 

strength relatively, but replacement quantity more than 50% will decrease the compressive 

strength and other properties in concrete mortar due to level of pozzolanic reaction [37].  

Therefore percentage of cement replacement by waste material is limited [38]. Lim et al. [25] 

proved that ultrafine POFA (UPOFA) has compressive strength value more than OPC and 

GPOFA at 28 days which was 105 MPa for UPOFA and 84 MPa for GPOFA. The high strength 

2.2 
he

Advantages for compressive strength 

 T  compressive strength for concrete containing POFA, flexural and tensile strength in 
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is due to the pozzolanic activity of fineness particle size of UPOFA and less carbon content. As 

in Fig. 4, UPOFA has better compressive strength value than both OPC and GPOFA.  

 

 
Fig. 4. Compressive strength of concrete made of OPC, GPOFA, UPOFA [25]. 

 

       Although, adding more quantities of waste material to the concrete may lead to decrease 

compressive strength and decline other characteristics but some researcher noted that the 

nanoparticles based waste materials give better performance if used as cement replacement 

[39, 40]. Farzadnia et al. [33] evaluated influence adding Nano silica on the concrete 

containing POFA as cement replacement on the short-term drying shrinkage at 28 days and 

proved that the compressive strength will increase with adding Nano silica by 15% in the 

duration between 7 and 28 days of curing as in Fig. 5. In terms of preparation concrete in 

HPC, the highest compressive strength has been achieved with 20% POFA as cement 

replacement at 28 days and 550 kg/m3 was ranging between 60–86 MPa [15, 41]. In order 

to produce high strength concretes (HSC) by using POFA as cement replacement, Sata et 

al. [15] used water/ binder ratio of 0.28 and 560 kg/m3 as binder content, the level of POFA 

replacement was 10%, 20% and 30% to produce concrete with compressive strength at 28 

days 77.5, 81.3, 85.9, and 79.8 MPa respectively.   
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          Also, Tangchirapat et al. [14] said that the compressive strength of concrete containing 

POFA as cement replacement by 0%,10%, 20%, and 30% with water/binder ratio 0.32 and 

binder content amount 550 kg/m3, the compressive strength at 28 days was 58.5, 59.5, 60.9 and 

58.8 MPa respectively. Table 1 show the effect of POFA as cement replacement on the concrete 

properties by the previous studies. 

 

Table 1. Effect of POFA as cement replacement on the concrete durability  

Ref. Replacement rate Effect of cement replacement by POFA on the concrete properties 

[14] 10%, 20%, 30% Compressive strength at 28 days was 60.9 MPa for concrete with 20% POFA, 

while the control sample was 58.5 MPa only. 

[15] 10%, 20%, 30% The compressive strength will increase with the curing age which was more 

than the control sample by 85.9 MPa for 20% POFA.  

[42] 60%, 80%, 100% 60% and 80% POFA as cement replacement appear high compressive strength 

at later age more than cement control due to the pozzolanic reaction between 

(SiO2) from POFA and Ca (OH)2 from process of cement hydration. 

[43] 20%, 40%, 60% Improve the compressive strength in later age of curing 

[44] 20%, 40%, 60%  Achieve high compressive strength more than 90 MPa in 28 days, gain about 

8% in 90 days with 60% POFA as replacement of OPC. 

[44] 60%, 80%, 100% The concrete samples were produced by POFA achieved 90% of the 

compressive strength in the normal concrete sample at 28 days. 

 

2.3. Advantage for resistance chloride and acid attack 

 

      Chloride penetration, sulfate attack, and carbonation are three factors effect on the durability 

directly due to exposure to the external aggressive environments [45-47]. The concrete 

components break down when exposed on the acids attack, the dissolution of calcium hydroxide 

is the most pronounced [48]. The pozzolanic behavior and particles fineness of POFA made it 

 
Figure 5. Compressive strength of concrete samples at age 3,7,and 28 days [33]. 
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has a unique resistance for aggressive chemical materials such as chloride penetration, sulfate, 

acid and other materials, in addition to limit the expansion resulted due to the alkali-silica 

reactivity [49]. POFA particles increase the resistance of concrete to the chloride ion penetration 

and acid environment [23, 34]. The high strength concrete HSC containing UPOFA in their 

composite has been used to protect the concrete from aggressive environment due to the delay 

in the migration time and chloride ion penetration needed to corrosion of reinforced concrete 

[44].  The results in Fig. 6 illustrated that the chlorine penetration rate values in concrete is 

rising at the first three days of curing age, because of weak microstructural density, however 

for long time up to 90 days there is reducing in the value of penetration rate if compared with 

OPC.  

 

        Besides to that, many researchers proved that inserting POFA as cement replacement 

partially to prepare concrete has lots benefits such as improving and enhancing the resistance 

of concrete against acid and chloride penetration [50, 51]. POFA is one of the geopolymer 

materials that have significant properties such as resistance of acid and sulphate attack, low 

shrinkage, low creep, and improve compressive strength [52].  

 

2.4. Advantage for resistance the sulphate attack 

 

      POFA is one of the geopolymer binders and has been used as alternative to cement in 

concrete production because of ability to resistance of acid and sulphate attack, and enhance 

the compressive strength in the concrete [53]. Many researchers proved that POFA can be 

produced through grinding process to obtain fine particles with high surface area and good 

pozzolanic activity making it effective partial cement replacement material that improve 

compressive strength and resistance to sulphate attack [53, 54]. Salami et al. [55] used POFA 

as a binder cementitious material with 100% and Engineered Alkaline-activated Cementitious 

Composite (EACC) to produce concrete has resistance to sulphate attack. The concrete samples 

were immersed in three different solutions: 2.5% magnesium sulphate + 2.5% sodium sulphate 

 
Figure 6. Impact of UPOFA in concrete on the chloride migration [44]. 
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solution, 5% magnesium sulphate solution, and 5% sodium sulphate solution. The study 

concluded that there was losing in the alkalinity of the POFA-EACC mortar samples in the first 

few days of exposure these samples to the sulphate solutions. 

3. Conclusion 

       

      In this study, the advantages of POFA has been illustrated in the concrete mix especially 

regarding durability characteristics, hydration heat and drying shrinkage, compressive strength, 

resistance to chloride and acid, and resistance to the sulphate attack. POFA has good properties 

to enhance and improve the concrete durability especially with finer particles which called 

ultrafine POFA, due to have high content of silica thus tend to be high pozzolanic behaviour. 

In order to benefit from the POFA advantages in the concrete manufacturing, further 

experimental studies should be conducted to show the potential benefits beyond incorporation 

of POFA in the concrete mixtures. 
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