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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of 

the requirement for the degree of Master of Science 

EMPTY FRUIT BUNCHES-DERIVED BIOCHAR FROM MICROWAVE-

ASSISTED PYROLYSIS AS POTENTIAL RENEWABLE SOLID FUEL FOR 

POWER GENERATION 

By 

‘ATIYYAH AMEENAH BINTI AZNI 

September 2020 

Chairman : Wan Azlina Binti Wan Ab Karim Ghani, PhD 

Faculty : Engineering 

The concerns on global climate change highlighted the need for renewable energy (RE) 

sources. Limited studies have been reporting on the utilization of Empty Fruit Bunch 

(EFB)-derived biochar (EFBC) as potential solid fuel for power generation. 

Microwave-assisted pyrolysis with susceptor has proven to be more efficient and 

economical for biomass conversion method. However, the technical risks and process 

efficiency on scale up microwave pyrolysis have not yet been fully assessed on 

demonstration plants.  

Therefore, this research aims to select the best conditions of bench scale microwave 

pyrolysis of EFB in the presence of alumina susceptor and further assess the process 

performance of the best conditions from the bench scale in upscaled conditions. 

Besides, this research intends to evaluate the feasibility of EFBC as solid fuel for 

power generation.  

Different pyrolysis temperatures between 200-400 ℃ as well as different feedstocks 

namely EFB pellet (PEFB) and EFB short fiber (FEFB) were used in a laboratory scale 

microwave pyrolyser (14 L), while the best conditions from the laboratory scale was 

applied in a 26x ratio upscaled microwave pilot pyrolyser (369 L). Further, FEFB-

derived biochar (FEFBC) produced from the upscaled study and Blended (90% coal: 

10% FEFBC) were compared against Sub-bituminous coal (SBC) via combustion tests 

using a 150 kW pilot combustor. Accordingly, analyses were done for both scale 

studies on pyrolysis performance, product yield and properties, as well as energy 

efficiency. Moreover, fuel characterization and combustion characteristics analyses 

were assessed for FEFBC, Blended and SBC according to the coal standard.  
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The results showed that temperature of 300 ℃ demonstrated the most ideal impact on 

the manufacture of biochar as well as residence time. EFB fiber achieved 62.5% faster 

process, 5.2% higher biochar yield and exhibited better biochar properties as compared 

to EFB pellet. Nevertheless, the process performance and biochar yield in the upscaled 

microwave pyrolysis have deteriorated, but apparently improved 58.3% of the energy 

output-input (EOI) ratio. Meanwhile, Blended sample has satisfied all standard coal 

parameters compared to FEFBC. Seemingly, Blended combustion generated 84% 

avoidance emission of nitric oxide (NO) gas than the SBC, though it increased the 

undesired ash slagging and fouling depositions. 

In conclusion, the 26x ratio upscaled condition has given better EOI, and thus it is 

feasible to produce FEFBC at large scale via microwave pyrolysis. This study also 

suggests that addition of FEFBC in coal has the potential to be renewable solid fuel in 

power generation and reduce greenhouse gas (GHG) emissions. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Master Sains 

BIOCHAR TANDAN KOSONG KELAPA SAWIT DARIPADA PIROLISIS 

BERBANTU GELOMBANG MIKRO SEBAGAI POTENSI BAHAN API 

PEPEJAL BOLEH DIPERBAHARUI BAGI PENJANAAN KUASA 

Oleh 

‘ATIYYAH AMEENAH BINTI AZNI 

September 2020 

Pengerusi : Wan Azlina Binti Wan Ab Karim Ghani, PhD 

Fakulti : Kejuruteraan 

Kebimbangan terhadap perubahan iklim global telah mendesak akan keperluan sumber 

tenaga boleh diperbaharui. Beberapa kajian terhad melaporkan EFBC, biochar daripada 

tandan kosong kelapa sawit (EFB) berpotensi sebagai bahan api pepejal untuk 

penjanaan tenaga. Pirolisis berbantu gelombang mikro dengan suseptor telah terbukti 

lebih cekap dan jimat bagi kaedah penukaran biojisim. Namun, risiko teknikal dan 

kecekapan proses ini belum dinilai sepenuhnya pada skala demonstrasi. 

Oleh itu, kajian ini bertujuan menentukan kondisi terbaik dalam pirolisis gelombang 

mikro skala makmal ke atas EFB dengan kehadiran suseptor alumina dan selanjutnya 

menilai prestasi proses kondisi terbaik tersebut dalam skala lebih besar. Kajian ini juga 

bertujuan menilai kesesuaian EFBC sebagai bahan api pepejal untuk penjanaan kuasa.  

Suhu pirolisis berbeza antara 200-400 ℃ dan stok suapan iaitu pelet EFB (PEFB) dan 

gentian pendek EFB (FEFB) digunakan dalam alatan pirolisis gelombang mikro skala 

makmal (14 L), manakala proses kondisi terbaik daripada skala makmal diaplikasikan 

dalam alatan pirolisis gelombang mikro skala 26x lebih besar (369 L). Selanjutnya, 

biochar daripada FEFB (FEFBC) terhasil dari kajian skala besar dan Blended (90% 

arang batu: 10% FEFBC) dibandingkan dengan arang batu Sub-bitumen (SBC) melalui 

ujian pembakaran dalam pembakar perintis 150 kW. Analisis dilakukan pada kedua-

dua skala ke atas prestasi pirolisis, pengeluaran dan pencirian produk, dan juga 

kecekapan tenaga. Selain itu, analisis pencirian bahan api dan ciri-ciri pembakaran 

dinilai ke atas EFBC, Blended dan SBC berdasarkan piawai arang batu.  © C
OPYRIG

HT U
PM
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Keputusan menunjukkan bahawa suhu 300 ℃ memberikan kesan paling ideal ke atas 

pembuatan biochar dan tempoh proses. FEFB mencapai kadar proses 62.5% lebih 

pantas, penghasilan biochar 5.2% lebih banyak dan ciri-ciri biochar yang lebih baik 

berbanding PEFB. Namun demikian, prestasi proses dan penghasilan biochar daripada 

pirolisis gelombang mikro skala besar telah merosot, akan tetapi nisbah output-input 

tenaga (EOI) meningkat sebanyak 58.3%. Sementara itu, Blended memenuhi semua 

parameter piawai berbanding FEFBC. Ternyata, pembakaran Blended mengelakkan 

84% pelepasan gas nitrik oksida (NO) berbanding SBC, walaupun pemendapan 

debunya meningkat.  

Sebagai kesimpulan, FEFBC sesuai dihasilkan pada skala 26x lebih besar melalui 

pirolisis gelombang mikro berdasarkan EOI yang lebih tinggi. Selain itu, dicadangkan 

arang batu bercampur FEFBC berpotensi menjadi bahan bakar boleh diperbaharui bagi 

penjanaan kuasa dan pengurangan gas rumah hijau (GHG). 
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1 

CHAPTER 1 

INTRODUCTION 

1.1 Overview of coal as the primary source of energy 

The concerns on global climate change and global warming have gained significant 

attention and highlighted the need for alternative energy sources (Onorevoli et al., 

2018; Teh et al., 2017). The high consumption of fossil fuels results in the emission of 

GHG with carbon dioxide (CO2) emission from coal combustion was the highest (43%) 

(Huang et al., 2017).  Malaysia has devoted to reduce its carbon emissions up to 45% 

by 2030 by utilizing biomass as renewable energy (RE) (Energy Commission of 

Malaysia, 2018). In view of the challenges in hand, agro wastes and biomass could be 

explored further such as converting biomass into biochar in order to diversify the fuel 

mix. 

1.2 Overview of biomass utilization for biochar source 

Oil palm biomass waste has gained attention as a potential source for biochar 

production (Liew et al., 2017). Biochar refers to the carbon-rich residues, fine-grained, 

porous substance which has been recognized as a low-cost and multifunctional material 

(Bardalai and Mahanta, 2018; Wang et al., 2018). According to MPOB in 2016 (as 

cited in Mohamad Azri et al., 2018), palm oil industry in Malaysia generated more than 

18.88 million tonnes of biomass which consist of empty fruit bunch (EFB), oil palm 

shell (OPS) and mesocorp fibers. Some of the biomasses are utilized as fuel for the 

boilers in the palm oil mills. Otherwise, the abundant unused and leftover biomasses 

are disposed to the landfills (Lam et al., 2017). In short, the abundant oil palm biomass 

leads to waste crisis and environmental issues. However, numerous studies have 

demonstrated the advantages of converting biomass into biochar. Among the 

advantages of biochar that is the focus of the study is that it is a promising sustainable 

source as solid fuel. This study investigates such potential.   

1.3 Background study of biochar as solid fuel 

The rapid increase in biomass production, the limited landfill sites as well as the great 

potential of biomass as a source of RE have stimulated the interest in converting the 

waste materials into biochar as solid fuels (Mubarak et al., 2016). Wan Azlina et al. 

(2014) proposed the applicability of sawdust-derived wood biochar as a solid fuel due 

to its high carbon content and calorific value characteristics. Additionally, Xing et al. 

(2017) suggested that the thermal properties of biochars derived from several forestry 

biomass are suitable for direct fuel applications, as reflected by their high energy 

density, high fixed carbon and lower ash contents. Xiangpeng and Hongwei (2011) also 

suggested the acceptable emission characteristics from combustion of Mallee biomass-

derived biochar as a fuel in direct combustion or co-firing applications. However, 

biochar production by conventional method reflects lower quality than that of by 
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microwave heating method. Microwave pyrolysis seemingly produce better biochar 

properties which are 13.9% higher carbon content, 39.7% higher fixed carbon content 

and 15.2% higher calorific value as compared to biochar produced by the conventional 

pyrolysis (Fatimatul Zaharah and Farid Nasir, 2014). Therefore, microwave pyrolysis 

was the focus in this study.  

 

 

1.4  Overview of microwave pyrolysis  

 

There have been many microwave pyrolysis studies at laboratory level focusing on 

processing oil palm biomass such as EFB (Guan et al., 2018; Liew et al., 2017; Noor 

Afiqah, 2017; Shahril, 2017), OPS (Yek et al., 2019; Kong et al., 2018; Liew et al., 

2017), oil palm trunk (OPT) (Liew et al., 2017; Hanisom et al., 2016) and oil palm 

frond (OPF) (Liew et al., 2017). Microwave pyrolysis has offered a better alternative to 

the conventional convection heating for pyrolysis of biomass because of its efficiency 

and time by ten times (90%). In the microwave heating, electromagnetic energy was 

converted into molecular kinetic energy. It induced heat at the molecular level and 

transferred heat from the inside to the surface of biomass by irradiation (Mubarak et al., 

2016).  

 

 

Particle size of the material sample is one of the concerns in the processing of biomass. 

Zhou et al. (2013) found out the effect of particle size during microwave pyrolysis of 

switchgrass was insignificant. At the same level of pyrolysis temperature of 600℃, the 

particle size of 0.5 - 4.0 mm of switchgrasses pyrolysed at similar residence time (13 

min). Rather, Robinson et al. (2010) demonstrated that the effect of dielectric 

properties and power density were more significant in microwave pyrolysis of wood 

pellet. It was found that wood pellet had a threshold power density of 5.0 × 10
8
 W/m

3
 

as the dielectric properties of the wood were at high temperatures (> 600 °C), below 

which the pyrolysis did not occur in wood but only in water. However, the effect of 

particle size on residence time was not reported. Mokhtar et al. (2012) also suggested 

that microwave heating dependent on the penetration depth of the material. During the 

energy absorption inside the material, the electric field would diminish when the 

distance increases from the surface to the inner of the material. Similarly, there was no 

available data on the effect of particle size of EFB pellet used in Rozita et al. (2011) 

study as the investigation was focus on the dielectric properties’ characterization. 

 

 

Several pilot studies on microwave heating method have emerged since 2009 such as a 

continuous chemical flatbed reactor heated with microwaves at capacity of 1250 L/hr 

using 480 kW (BFT Bionic Fuel Technologies AG, 2009), and a continuous microwave 

pyrolysis plant at capacity of 1250 tonnes/year (50 kW) and 1900 tonnes/year (75 kW) 

(Advanced Environmental Technologies Limited, 2019). However, no detail 

information on the plant operation and comprehensive energy analysis were reported to 

verify the economically viable process. Therefore, the technological transfer of 

microwave method to commercial scale is still indefinite.  

 

 

Although the development of microwave pyrolysis plants has been tremendously 

advancing, maintenance issues continue to be a challenge. Shahril (2017) in his study 

demonstrated the difference of microwave susceptor materials in conjunction with 
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biochar yield and heating rate. Microwave pyrolysis on EFB fiber using three types of 

cylindrical susceptor vessels namely quartz, alumina and perlite with alumina vessel 

shown the best biochar yield. However, the fragility of perlite material has caused 

handling problem, while quartz required regular slags cleaning, thus contributing to 

high operational cost. Therefore, a low-cost reaction generated from a suitable 

susceptor should further be investigated. 

 

 

1.5  Problem statement 

 

Microwave pyrolysis with the presence of susceptor was suggested to be more efficient 

(Madhuchhanda and Tanmay, 2016). However, different susceptors have their own 

limitations in terms of the ability of energy absorption, abrasion resistance, fragility 

and slagging (Shahril, 2017). With limited studies, the low-cost susceptor is yet to find. 

Additionally, EFB fiber was reported to possess good carbon content after it has been 

pyrolysed in the presence of alumina (Shahril, 2017). Somehow the biochar properties 

from EFB fiber could not be generalized as the full characteristics have not been 

studied. In fact, the performance of other raw materials such as EFB pellet has not been 

investigated with the susceptor. Zhou et al. (2013) proposed the insignificant role of 

material particle size in microwave pyrolysis, rather, Robinson et al. (2010) 

emphasized on the power density pronounced more impact. However, this process was 

only for the switchgrass and wood pellet whereas no data reported for the EFB pellet. 

Besides, the challenge to scale up microwave pyrolysis has always been the technical 

risks which have not yet been fully assessed and mitigated on demonstration plants, 

hence preventing successful scale-up due to a shortage of data (Beneroso et al., 2017). 

It has been generally accepted that microwave pyrolysis provides energy saving with 

higher heating efficiency (Noraini et al., 2016; Koo et al., 2015), nevertheless this 

applies to the bench scale apparatus only. In terms of biochar as potential coal fuel, 

limited studies have been reporting on the utilization of EFB-derived biochar as solid 

fuel for power generation. For instance, Mubarak et al. (2016) developed magnetic 

biochar composite (MBC) derived from EFB as a potential coal fuel using microwave 

pyrolysis. However, no detail on the performance of the MBC was reported. 

 

 

Recognizing the probable handling and maintenance issues may arise from 

inappropriate susceptors, hence the low-cost susceptor which is less maintenance issue 

such as alumina susceptor is crucial. Furthermore, the sample’s particle size might also 

influence the heating efficiency of microwave pyrolysis. Thus, the different particle 

sizes such as pellet and fiber need to be compared. To ensure the successful scale-up 

and process efficiency, further pilot studies to validate the microwave heating 

efficiency are necessity. Although EFB biochar has been suggested as the potential 

solid fuel, the full analysis of the biochar in accordance with coal properties shall be 

studied. In view of the big shortage in this field of knowledge, this study was 

conducted. 

 

 

1.6  Research objectives 

 

The research objectives are outlined as below:  
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1. To select the best conditions of bench scale microwave pyrolysis of EFB 

(temperature and feedstock size).  

2. To assess the up-scaled microwave pyrolysis performance of EFB at the best 

conditions from bench scale performance as basis. 

3. To evaluate the feasibility of biochar as potential solid fuel for power generation in 

accordance with coal standard. 

 

 

1.7  Scopes of study 

 

The research scopes involve the following items: 

 

 

1. Microwave pyrolysis performance of laboratory scale (14 L) on different pyrolysis 

temperatures (200, 270, 300, 350 and 400 ℃) and feedstocks (EFB pellet and EFB 

short fiber), yield analysis, energy output-input ratio, as well as pyrolysis products 

characterization which include physico-chemical properties of EFBC, and 

compositions of bio-oil and syngas. 

2. Microwave pyrolysis performance of pilot scale (369 L) at 300 ℃ on EFB short 

fiber, yield analysis, energy output-input ratio, as well as pyrolysis products 

characterization which include physico-chemical properties of the EFBC and 

compositions of bio-oil and syngas.  

3. Coal test standard which include physico-chemical properties of EFBC, coal-

biochar (90%:10%) blend and sub-bituminous coal (SBC). 

4. Combustion test (150 kW), emission as well as ash deposition analyses of EFBC, 

coal-biochar blend and SBC. 

 

 

1.8  Importance and significance 

 

The innovation of microwave system equipped with alumina susceptor might promote 

a high-tech based solution for future industrial application in the thermal treatment 

area. The energy of the microwave pyrolysis especially using immense power, couples 

with the engineering scale-up issues demanding more beta testing to determine the 

process stability and economics are viable. Thus, this study will contribute to additional 

knowledge of microwave pilot study to the industries. This finding also serves as a first 

step towards qualifying biochar either from pure or blended types for application and 

meeting the requirement as solid fuel in coal-fired power plant.  

 

 

In terms of research limitations, the preliminary study only tested at one pyrolysis 

temperature (300 ℃) on EFB short fiber and the analysis for biomass properties was 

provided by the supplier (Usaha Strategik Sdn Bhd). The fuel characterizations and 

combustion test were done by the third party (TNB Research Sdn Bhd) to ensure the 

analyses were comparable with coal standard close to the full-scale conditions. 
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