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ABSTRACT 

 

Fossil fuels have been the main energy source worldwide, and they are facing serious 

depletion. Production of cokes from coals requires extensive energy and releases high 

amount of CO2 which leads to environmental deterioration. As one of alternatives to 

fossil fuels, oil palm empty fruit bunch (OPEFB) has been generated abundantly in 

Malaysia, but the utilization is still in a small scale due to the fact that this biomass 

contains more than 50% moisture, which makes it less efficient when it comes to 

solid biofuel production. This research presents a developed process to produce an 

upgraded value of OPEFB-derived biochar, namely carbon-infiltrated biochar, by 

integrating pyrolysis and tar decomposition processes using chemical vapor 

infiltration (CVI) method. In the first part of the study, OPEFB was heated slowly in 

an inert atmosphere to produce biochar before carbon deposition was carried out. The 

terminal temperature was 500°C with 10°C/min produced 78 mass% carbon content 

of biochar. Integrated fast pyrolysis-tar carbonization process done at 450°C with 

60°C/min resulted in 5.2 mass% carbon increase. Crushing strength of these carbon-

infiltrated biochar was also increased. In the second part, the biochar produced at the 

optimized temperature and heating rate was used as a substrate for tar decomposition 

to take place and for solid carbon to deposit on its pore surface. Tar source was 

OPEFB particles which were heated rapidly at heating rates of more than 100°C/min 

to produce a large amount of tar vapor containing high carbon yield. The CVI method 

causes tar decomposition into gases and solid carbon where the latter was loaded into 

porous biochar substrate to increase the carbon content and its calorific value so that 

it can be utilized as an alternative energy source. The product obtained was carbon-

infiltrated biochar containing increased carbon content up to 6.1 mass % and 

consequently achieved an increased calorific value up to 26.0 MJ/kg – suitable to be 

used as an alternative energy source. The mechanism of carbon deposition within 

porous biochar was also discussed. The overall evaluation of the proposed system 

was carried out on the basis of its exergetic performance to confirm the advantages of 

the developed process system, and 41% of exergy loss was able to be achieved in 

comparison with the conventional system.  
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 الملخص

 
ثشىً أصجؼ اٌٛلٛد الأؽفٛسٞ ِصذساً سئ١س١بً ٌٍطبلخ فٟ أٔؾبء اٌؼبٌُ، ِّب أدٜ إٌٝ اسزٕضافٗ 

وج١ش. وّب أْ أزبط فؾُ اٌىٛن ِٓ اٌفؾُ اٌؾغشٞ ٠سزٍٙه طبلخ وج١شح ٠ُٕٚزظ و١ّخ وج١شح ِٓ غبص 

صٕبئٟ أٚوس١ذ اٌىبسثْٛ اٌزٞ ٠فسذ اٌج١ئخ. أؽذ ثذائً اٌٛلٛد الأؽفٛسٞ اٌزٟ رٕزظ ثىضشح فٟ ِب١ٌض٠ب 

ٔطبق ض١ك  (. ٌٚىٓ اسزخذاِٙب لا ٠ضاي فOPEFBٟٟ٘ ػٕبل١ذ فبوٙخ ص٠ذ إٌخ١ً اٌفبسغخ  )

٪ ِٓ اٌّبدح اٌشطجخ ِّب ٠غؼٍٙب ألً وفبءح ػٕذِب ٠زؼٍك 00ثسجت اؽزٛاء ٘زٖ اٌىزٍخ ػٍٝ أوضش ِٓ 

الأِش ثإٔزبط اٌٛلٛد اٌؾ١ٛٞ اٌصٍت. ٠مذَ ٘زا اٌجؾش طش٠مخ ِزطٛسح لإٔزبط ل١ّخ ِطٛسح ِٓ 

ِٓ خلاي  ( ٚاٌّسّٝ اٌفؾُ إٌجبرٟ ِزسًٍ اٌىبسثْٛ، ٚرٌهOPEFBاٌفؾُ إٌجبرٟ اٌّشزك ِٓ )

دِظ ػ١ٍّبد الأؾلاي اٌؾشاسٞ ٚاٌزؾًٍ اٌمطشأٟ ثبسزخذاَ أسٍٛة رسًٍ الأثخشح اٌى١ّ١بئ١خ 

(CVI)( فٟ اٌغضء الأٚي ِٓ اٌذساسخ، رُ رسخ١ٓ ػٕبل١ذ فبوٙخ ص٠ذ إٌخ١ً اٌفبسغخ .OPEFB )

اسح ثٍغذ دسعخ اٌؾشثجطء فٟ ث١ئخ خبٍِخ لإٔزبط اٌفؾُ إٌجبرٟ لجً إعشاء رشس١ت اٌىبسثْٛ. 

دسعخ س١ٍ١ض٠خ/دل١مخ أٔزغذ وزٍخ ِٓ  10دسعخ س١ٍ١ض٠خ ثّؼذي اسرفبع ؽشاسٞ لذسٖ  500إٌٙبئ١خ 

أدٜ اٌزسش٠غ اٌّزىبًِ ٌؼ١ٍّخ اٌزفؾ١ُ ثبلأؾلاي اٌؾشاسٞ  .% وبسث78ْٛاٌفؾُ اٌؾغشٞ رؾٛٞ 

وزٍخ  % فٟ 5.2دسعخ س١ٍ١ض٠خ/دل١مخ إٌٝ ص٠بدح  00س١ٍ١ضٞ ثض٠بدح  450ٌٍمطشاْ ثذسعخ 

سثْٛ ٚوزٌه ص٠بدح لٛح سؾك اٌفؾُ إٌجبرٟ ِزسًٍ اٌىبسثْٛ. فٟ اٌغضء اٌضبٟٔ ِٓ اٌذساسخ، رُ اٌىب

أزبط اٌفؾُ إٌجبرٟ فٟ دسعخ اٌؾشاسح ِٚؼذي اسرفبع اٌؾشاسح الأِضً ثبػزجبسّ٘ب سو١ضح ؽذٚس 

رؾًٍ اٌمطشاْ، ٚوزٌه ٌؼضي اٌىبسثْٛ اٌصٍت ػٍٝ سطؼ ِسبِبرٗ. اسزخذِذ عض٠ئبد 

(OPEFBوّصذ ) ٖدسعخ س١ٍ١ض٠خ/ دل١مخ  100س ٌٍمطشاْ ؽ١ش رُ رسخ١ٕٙب ثّؼذي سش٠غ لذس

( CVIأدٜ أسٍٛة ) .لإٔزبط و١ّخ أوجش ِٓ ثخبس اٌمطشاْ اٌزٟ رؾزٛٞ ػٍٝ و١ّخ وبسثْٛ ػب١ٌخ

إٌٝ رؾًٍ اٌمطشاْ إٌٝ غبصاد ٚوبسثْٛ صٍت ؽ١ش رُ رؼجئخ ٘زا الأخ١ش فٟ ِسبِبد اٌفؾُ 

 .اٌىبسثْٛ ٚل١ّزٗ اٌؾشاس٠خ ١ٌزُ اسزخذاِٗ وّصذس ٌٍطبلخ اٌجذ٠ٍخاٌزجبرٟ اٌزؾز١خ ٌض٠بدح ِؾزٜٛ 

إٌّزظ اٌّسزخشط ٘ٛ اٌفؾُ إٌجبرٟ ِزسًٍ اٌىبسثْٛ اٌزٞ ٠ؾٛٞ ػٍٝ و١ّخ أوجش ِٓ اٌىبسثْٛ 

وغ /١ِغب عٛي  26.0وزٍخ ٚثبٌزبٌٟ ؽممذ ل١ّخ ص٠بدح ؽشاس٠خ رصً إٌٝ  %6.1رصً إٌٝ 

وّب رّذ ِٕبلشخ آ١ٌخ رشست اٌىبسثْٛ فٟ ِسبِبد  .جذ٠ٍخإٌّبسجخ لاسزخذاِٙب وّصذس ٌٍطبلخ اٌ

اٌفؾُ إٌجبرٟ. اٌزم١١ُ إٌٙبئٟ لأداء إٌظبَ اٌّمزشػ رُ ثبلاػزّبد ػٍٝ أداء اٌطبلخ اٌّزبؽخ ٌزأو١ذ 

%  فٟ اٌطبلخ اٌّزبؽخ ثبٌّمبسٔخ ِغ 11ِضا٠ب ٔظبَ اٌؼ١ٍّخ اٌّزطٛس، ؽ١ش ؽمك أخفبضبً لذسٖ 

 .إٌظبَ اٌزم١ٍذٞ
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CHAPTER ONE 

INTRODUCTION 

 

1.1 BACKGROUND 

  

1.1.1 Renewable Energy Source 

At present, fossil fuels have been the main energy source worldwide, and with the 

increasing trend of world energy consumption, utilization of efficient alternative 

energies is highly demanded. These alternatives include renewable energy sources and 

one of the aims of these alternative energies is to reduce the extensive utilization of the 

non-renewable energy sources which is now facing depletion and causing 

environmental pollutions. One of the attractive renewable energy sources is from 

biomass. Biomass consists of primarily carbon, hydrogen and oxygen, and 

approximately 146 billion metric tons are produced per year worldwide (Balat and 

Ayar, 2005). 

Malaysia is one of the largest palm oil producers and the palm industry 

continuously generates plenty of biomass residues. For every kilogram of palm oil 

obtained, 4 kilograms of dry solid palm residues are generated, and in 2010 alone, 80 

million dry tons of solid waste in Malaysia was produced from this palm industry. 

This figure is expected to grow to 100 million dry tons by 2020 (Agensi Inovasi 

Malaysia, 2011). Solid palm residues include palm kernel shell (PKS), palm mesocarp 

fiber (PMF) and oil palm empty fruit bunch (EFB/OPEFB). Most of the solid waste 

generated is OPEFB – the leftovers after palm fruits are collected from fresh fruit 
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bunch, harvested from palm trees for the oil. PKS has been utilized as fuels for 

electricity generation in milling process at the plantation but OPEFB is underutilized - 

merely being composted as a fertilizer or used for mulching (Ali et al., 2013).  Plenty 

of the OPEFB is being dumped in landfills because of the regular large production of 

palm oil, and this has created an environmental problem due to the lack of efficiency 

in waste management (Golder Associates, 2006).  

 

 

 

Figure 1.1: Current practise and utilization of palm oil industry solid wastes. 

*Note: Starting from 2013, enforcement was made by Malaysian government to ban 

direct combustion of OPEFB at palm oil mills. 
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1.1.2 Utilization of biomass 

 

The conversion of biomass to energy includes thermochemical and biochemical 

processes. Thermochemical process includes pyrolysis, gasification and combustion 

(Jackson and Lofsedt, 1998). Pyrolysis is performed at an absence of oxygen at low 

temperatures, around 350 to 700°C, where its main products are bio-oil and biochar. 

On the other hand, gasification process requires an atmosphere of insufficient oxygen 

and it is carried out at higher temperatures, typically at temperatures more than 700°C 

and up to 1200°C. The main product of complete gasification is syngas (CO and H2) to 

be used for heating or generation of electricity. Combustion is conducted with the 

presence of oxygen at temperatures higher than those of gasification process to 

produce steam for heating purposes (Ciubota-Rosie, Gavrilescu and Macoveanu, 

2008). Table 1.1 presents the differences of these thermochemical processes 

(Shafizadeh and Lai, 1972; Koufopanos, 1991; Brown, R. C., 2011). 

 

Table 1.1: Thermochemical processes and the respective main products  

Process Atmosphere Temperature  

(°C) 
Main Product 

Slow Pyrolysis  Inert 350-500 Biochar 
Fast Pyrolysis  Inert 500-700 Bio-Oil / Tar vapour 

Gasification Insufficient 

oxygen / 

Steam 

800-1200 CO, H
2
,  

CO
2
, CH

4
, H

2
O, 

Hydrocarbons 
Combustion Air >1200 CO

2
, H

2
O 
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Oil palm solid wastes are mostly being utilized within the palm plantation, 

where they are used for mulching and some are combusted for power generation 

(Figure 1.1). Direct biomass combustion has been a traditional way of using biomass, 

where the biomass is completely transformed into heat. Nevertheless, direct 

combustion of biomass for power generation was reported to have only 8-12% thermal 

efficiency due to this problem (Xie et al., 2013). In addition, since early 2013, 

enforcement has been made by Malaysian government to ban combustion of OPEFB 

at palm oil mills to generate electricity due to the air pollution it has caused. Besides, 

by using this disposal method, it was claimed that no energy was able to be recovered 

(Abdullah and Sulaiman, 2014). Biochemical process is also implemented to obtain 

bio-oil from these palm oil industry solid wastes. However, these processes cause 

environmental pollution and energy wastage. Therefore, it is an attractive proposition 

to find alternative ways to utilize these wastes.  

Utilization of biomass has a high potential to substitute coal because it has 

been regarded as a carbon-neutral fuel when burned (Du et al., 2014). However, when 

compared to coal, biomass has lower energy density and carbon content, and higher 

moisture content (Rousset et al., 2011), which makes biomass utilization less energy 

efficient in industries. Therefore, it is more preferable to convert biomass into products 

that have increased calorific values before utilizing them as a more effective fuel. This 

also promises advantages such as transportation, storage, and flexibility in production 

and marketing. 
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1.1.3 Pyrolysis of biomass 

One of the most prominent methods to use biomass for fuel is by pyrolysis, a 

thermochemical process. Pyrolysis produces useful fuel gases, biochar and biotar. Fuel 

gases from this process can be used directly as an energy source. Biochar is a 

carbonaceous material normally used in agricultural industry in soil amendment 

because of its porous characteristic which makes it able to trap impurities excellently 

(Zhang et al., 2012; Galinato, Yoder and Granatstein, 2011; Ducey et al., 2013; Wang 

et al., 2012; Yu et al., 2011). Biotar from biomass pyrolysis has been a serious issue 

because it clogs fuel lines, filters, and engines, thus reducing the efficiency of biomass 

utilization (Mermelstein, Millan and Brandon, 2011). Even so, biotar contains a 

mixture of naturally occurring compounds, including carbon, which makes it attractive 

to be collected and used as a fuel source. In the pyrolysis of biomass, different 

treatment parameters give significant differences in the product yields. Manipulation 

of the pyrolysis conditions can potentially add value to the biomass itself and may 

contribute significantly to the bio-based economy that is compatible with the 

environment. 

In biofuel production from mass, the gas produced by biomass pyrolysis and/or 

gasification is beneficial as a fuel since it can be directly recycled, whereas biochar 

needs to meet certain criteria and specifications in order to be able to be used as a solid 

biofuel in particular applications, with carbon content and calorific values being the 

most important characteristics for a biofuel. Biotar generally contains highly 

condensable hydrocarbons, which needs to be removed by decomposing it into gases 

by gasification process at high temperatures. 
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1.1.4 Oil Palm Empty Fruit Bunch (OPEFB)  

Generally, OPEFB contains more than 50% moisture, and sometimes the moisture 

content may reach up to 65%. Due to this reason, most researchers opt to produce fuel 

in the form of bio-oil from OPEFB. However, during bio-oil production, an unwanted 

secondary reaction often takes place to decompose biotar vapour into secondary char 

and gases. This reaction is very difficult to avoid, and if is not minimized, it will 

reduce the heating value of the resulting bio-oil product because the carbon content 

has changed into the secondary char in solid form. On the other hand, if a solid biofuel 

is of interest, an OPEFB-derived biochar is not an optimal option since it normally 

does not have enough carbon and heating values – two important characteristics – to 

be a good biofuel. Besides that, the amount of thermal energy required to remove the 

moisture alone is very large.  

Consequently, an OPEFB-derived biochar needs to be upgraded for OPEFB to 

be efficiently converted into solid biofuel. With this in mind, the upgraded product is 

anticipated to help minimize the consumption of fossil fuels, as well as to lower the 

CO2 emissions from fossil fuels.  

 

1.1.5 Fossil fuels and CO2 emission 

 

Coal, petroleum and natural gas are three main fossil fuels available throughout the 

world and they are currently facing depletion due to its non-renewable consumption to 

accommodate human and industrial needs. Coal recorded an increase of 3% 

consumption in 2013 – the fastest-growing fossil fuel consumption. Global primary 
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energy consumption depicted coal‟s share to reach 30.1%, the highest ever recorded 

since 1970.  

The ratio of reserves to production, R/P, of coal (Figure 1.2) was calculated for 

North America, South and Central America, Europe and Eurasia, Middle East and 

Africa, Asia Pacific, and for worldwide. A higher R/P ratio indicates a longer time for 

these regions to sustain their coal productions. The overall R/P ratio of coal worldwide 

is 113, with Europe and Eurasia region had the highest R/P ratio, 254, as compared to 

other regions. North America had the second highest R/P ratio followed by the South 

and Central America whereby Asia Pacific region recorded the lowest R/P ratio.  The 

2013 R/P ratio for this region is presented in Figure 1.3. The R/P ratio for Japan 

exceeds all other countries in the same region, followed by Australia and New 

Zealand. 

 

Figure 1.2: Reserve to production ratio (R/P) of coal (BP Statistical Review of World 

Energy, 2014) 
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