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ABSTRACT 

 

 

 

 
The increased energy insecurity and carbon dioxide (CO2) emissions from 

fossil fuel utilization demands sustainable and cleaner fuel resources. Bio-fuel and 
chemicals from biomass have been recognized as renewable energy resource. Coal has 
the potential to become an important source for liquid and gas fuels. Co-processing of 
coal with biomass is considered a step towards sustainable and clean coal utilization. 
In this research work, oil palm shell (OPS) and coal were subjected to microwave 
(MW) pyrolysis and co-pyrolysis conditions to produce liquid fuels. Coconut 
activated carbon (CAC) used as a MW absorber was distributed uniformly over 
pyrolysis material to reduce hotspots. Three process parameters; CAC loading, MW 
power and nitrogen (N2) flow rate were studied on pyrolysis performance. Initially, 
pyrolysis performance with 1, 2 and 3-Layer of carbons over isolated fuels were 
studied. Later, 3-Layer of carbon over isolated fuels was carried out with 35, 55 and 
75 wt% CAC loading, increasing MW power and N2 flow rate. The MW co-pyrolysis 
of coal and OPS in segregation and blend were investigated to observe vapor-phase 
synergy. The effects of process parameters on the efficiency of co-pyrolysis of blend 
were tested to identify the optimal processing conditions. The highest bio-oil and 
coal-tar of 36.26 wt% and 18.59 wt% were obtained with 75 wt% CAC loading using 
450 W and 600 W with 4 liters per minute (LPM) of N2 flow rate, respectively. This 
improved oil recovery is mainly due to the fact that higher MW power and CAC 
loading produced sustained pyrolysis conditions for longer duration for the complete 
conversion of fuel solids. The bio-oil was enriched in phenol with highest detected 
71.77% gas chromatography-mass spectrometer (GC-MS) area with 3-Layer method 
at 75 wt% CAC loading, 300 W and 4 LPM of N2 flow rate. This higher phenol 
formation can be attributed to the slow and uniform process heating conditions, and 
in-situ upgrading of pyrolysis vapors over successive carbon surfaces. The coal-tar is 
composed mainly of aromatics (naphthalenes, benzenes and xylene) and saturated 
aliphatics (alkanes and alkenes) hydrocarbons. The gas produced from pyrolysis of 
OPS and coal is H2 with composition of 27.94–50.46 vol% and 40.23–65.22 vol%, 
respectively. The co-pyrolysis oil is composed of polars (phenol, phenolics and 
guaiacols) consisting of more than 50% GC-MS area. The MW co-pyrolysis in 
segregation of upper-bed-coal/bottom-bed-OPS produced higher polars of 71.62–
76.33% GC-MS area with much limited aromatics and saturated aliphatics of 2.41–
8.43% and 0.37–0.80% GC-MS area, respectively. Conversely, upper-bed-
OPS/bottom-bed-coal segregated fuels produced lower polars of 50.92–61.82% GC-
MS area with much higher aromatics and saturated aliphatics of 19.72–28.29% and 
8.22–21.36% GC-MS area, respectively. The difference in polar, aromatics and 
saturated aliphatics in co-pyrolysis oil shows positive vapor-phase synergy. MW co-
pyrolysis of blend optimum process conditions for 33.17 wt% oil were found to be at 
71.38 wt% CAC loading, 582 W and 3.5 LPM of N2 flow rate. 
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Peningkatan ketidaktentuan tenaga dan pelepasan karbon dioksida (CO2) 
daripada penggunaan bahan api fosil membawa kepada permintaan sumber bahan api 
yang mampan dan lebih bersih. Bahan api bio dan bahan kimia daripada biojisim telah 
diiktiraf sebagai sumber tenaga yang boleh diperbaharui. Arang batu berpotensi untuk 
menjadi sumber penting untuk bahan api cecair dan gas. Pemprosesan bersama arang 
batu dengan biojisim dianggap satu langkah ke arah penggunaan arang batu yang 
mampan dan bersih. Dalam kajian ini, pirolisis gelombang mikro (MW) dan pirolisis 
bersama tempurung kelapa sawit (OPS) dan arang batu dilakukan untuk menghasilkan 
bahan api cecair. Karbon teraktif kelapa (CAC) digunakan sebagai penyerap MW 
diagihkan secara seragam ke atas bahan pirolisis untuk mengurangkan tompok panas. 
Tiga parameter proses; muatan CAC, kuasa MW dan kadar aliran nitrogrn (N2) telah 
dikaji kesannya terhadap prestasi pirolisis. Pada mulanya, prestasi pirolisis dengan 1, 2 
dan 3-lapisan karbon ke atas bahan api telah dikaji. Kemudian, 3-lapisan karbon ke 
atas bahan api telah dijalankan dengan 35, 55 and 75 wt% muatan CAC, peningkatan 
kuasa MW dan kadar aliran N2. Pirolisis MW bersama arang batu dan OPS secara 
berasingan dan bergabung telah dilakukan untuk melihat sinergi fasa wap. Kesan 
parameter proses terhadap kecekapan pirolisis bersama campuran telah dilakukan 
untuk mengenal pasti keadaan pemprosesan optimum. Minyak-bio dan arang batu tar 
yang paling tinggi ialah 36.26 wt% dan 18.59 wt% diperolehi dengan 75 wt% muatan 
CAC menggunakan 450 W dan 600 W masing-masing dengan 4 liter seminit (LPM) 
kadar aliran N2. Perolehan minyak yang lebih baik adalah disebabkan oleh kuasa MW 
dan muatan CAC yang tinggi dapat mengekalkan keadaan pirolisis pada masa yang 
lama untuk penukaran lengkap bahan api pepejal. Minyak-bio kaya dengan fenol 
paling tinggi pada luas kawasan kromatografi sebanyak 71.77% jisim gas 
spektrometer (GC-MC) dengan kaedah 3-lapisan pada  75 wt% muatan CAC, 300 W 
dan 4 LPM kadar aliran N2. Pembentukan fenol yang lebih tinggi ini boleh dikaitkan 
dengan keadaan proses pemanasan perlahan serta seragam, dan peningkatan gred wap 
pirolisis secara in situ di permukaan karbon secara berturut-turut. Tar arang batu 
terdiri terutamanya daripada hidrokarbon aromatik (naftalena, benzena dan xilena) dan 
alifatik tepu (alkana dan alkena). Gas utama yang terhasil dari pirolisis OPS dan arang 
batu ialah H2 masing-masing dengan kandungan 27.94–50.46 vol% dan 40.23–65.22 
vol%. Minyak yang terhasil daripada pirolisis bersama terdiri daripada polar (fenol, 
fenolik dan guaiacols) yang mewakili lebih daripada 50% luas kawasan GC-MS. 
Pirolisis MW bersama dengan pengasingan lapisan atas arang batu/lapisan bawah OPS 
menghasilkan polar lebih tinggi dengan 71.62–76.33% luas kawasan GC-MS dan 
aromatik dan alifatik tepu yang terhad masing-masing dengan 2.41–8.43% dan 0.37–
0.80% luas kawasan GC-MS. Sebaliknya, lapisan atas OPS/lapisan bawah arang batu  
menghasilkan polar yang  lebih rendah iaitu 50.92–61.82 % luas kawasan GC-MS 
dengan aromatik dan alifatik tepu yang lebih tinggi masing-masing dengan 19.72–
28.29% dan 8.22–21.36% luas kawasan GC-MS. Perbezaan polar, aromatik dan 
alifatik tepu dalam minyak pirolisis bersama menunjukkan sinergi yang positif bagi 
fasa wap. Keadaan proses optimum bagi pirolisis MW bersama campuran 
menghasilkan minyak 33.17 wt% adalah pada 71.38 wt% muatan CAC, 582 W dan 
3.5 LPM kadar aliran N2. 
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CHAPTER 1  

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Research Background 

 

 

The conventional fossil fuel oil and Natural gas (NG) fuel resources have been 

playing a vital role in shaping the socioeconomic status of many societies. The 

conventional fuel resources are valuable supply of finite natural energy. However, 

their increasing supply and exploited production have shown great concern over fuel 

source depletion (BP, 2013). In addition, increasing contribution of fossil fuels has 

augmented CO2 emission. Presently, the biggest challenge faced by the oil and gas 

sector is how to sustain production from currently producing fields (IEA, 2010). The 

concern over energy insecurity and increased global CO2 emission from fossil fuel 

utilization is driving many societies to look for sustainable and clean energy supply. In 

addition, global warming resulted from increased dependency on fossil fuel demands 

mitigation measures, such as a comprehensive switch to renewable energy resources. 

 

 

Socioeconomic growth is vulnerable to oil and NG resources especially for the 

industrialized country like Malaysia. Industrial and transportation sector of the 

country remain heavily dependent on oil and NG (NEB, 2012). Moreover, the energy 
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demand is increasing in the industrial sector due to its rapid growth. Currently, the 

most critical challenge faced by the energy sector is how to supply continuous energy 

and diversification of various energy resources. Malaysia total primary energy supply 

(TPES) reached to 81.23 Metric tonnes of oil equivalent (Mtoe) in end-2012, an 

increase of 163% over end-2000 (IEA, 2014b). The total primary energy consumption 

(TPEC) of the country was estimated at 76.3 Mtoe in end-2012 (BP, 2013). Industrial 

sector remained the dominant energy consumer with highest share of 43.9% to the 

TPEC in end-2011 (NEB, 2011). Furthermore, the future energy demand of the 

country is expected to grow at the annual growth rate of 5-7.9% for the next 20 years 

(Ong et al., 2011). 

 

 

More importantly, the life expectancy of Malaysia fossil fuel reserves is 

alarming. Oil is the fastest depleting fuel with estimated reserves available for the next 

15.4 years, whereas NG reserves will be sufficient for 19.9 years of production based 

on reserves to production data of end-2012 (BP, 2013). Malaysia energy insecurity is 

growing due to its limited and quickly depleting oil and NG reserves. Energy security 

is a challenging issue and its insecurity may be reduced; by decreasing dependence on 

oil and NG through balance utilization of indigenous energy resources and their mix, 

substituting oil and NG with coal and renewable sources, such as bio-fuels and waste 

(Jain, 2011; Ong et al., 2011). For this reason, the most considerable option may be 

to utilize indigenous fuel resources other than oil and NG and to explore potential 

alternatives and sustainable fuel energy supplies. 

 

 

Coal still remains the largest and cheapest source of solid fuel across the globe 

(WCA, 2014a; WCA, 2014b). Moreover, with the increased demand of liquid 

transportation fuels can renew interests in coal. Nonetheless, liquid and gas fuel 

products from coal can become a promising option to supplement crude oil and NG 

products. Malaysian coal reserves are estimated at 1938.4 million tonnes (NEB, 

2011). However, due to limited production from local coal resources, the country 

coal demands are mostly met through imports. Moreover, coal demand has increased 

substantially since great amount of imported coal is used in coal power plants (CPPs). 
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In addition, CPPs will continue to increase with the increased electricity demand for 

Malaysia (Othman et al., 2009). Despite increased dependence on imported coal, 

efforts are going on to enhance coal security from local fields by exploring potential 

coal fields, particularly in Sarawak and from other coal fields (Ong et al., 2011). The 

indigenous coal resources can provide an opportunity to recover synthetic fuels, 

which is connected to the development and exploitation of local coal resources. 

Nonetheless, the imported coal can be utilized to recover liquid and gas fuel products. 

Besides coal, biomass and waste products have captured increasing attention as a 

renewable energy resource. 

 

 

Biomass and waste resources have been recognized as the world renewable 

energy to supplement the declining fossil fuel resources. The use of biomass is 

particularly interesting since it can reduce CO2 emission. Malaysia is blessed with 

17.98 million hectares of natural forest and 7.61 million hectares of agriculture land 

(MTIB, 2012). The world 46% of palm oil comes from this land and requires huge 

cultivation of palm oil trees (MPOB, 2014). The agro-industrial palm oil sector 

generates considerable quantity of waste biomass of enormous quantity, such as 

empty fruit bunch (EFB), mesocrap fibre, oil palm shell (OPS) and palm oil mill 

effluent. For this reason, proper utilization of solid waste biomass is necessary for 

environmental and economic reasons. In addition, the solid palm oil waste biomass, 

which is considered of no economic value, is commonly leftover around the palm oil 

mill surrounding area to decompose naturally or burned without energy recovery. 

Therefore, solid palm waste biomass appears the most promising and potential 

renewable feedstock available for the conversion into valuable fuels and energy 

products. 

 

 

Coal and waste biomass can be utilized through combustion, gasification and 

pyrolysis methods. Among these, fast pyrolysis has emerged as the most promising 

technology to convert materials to liquid fuels at shorter duration. In spite of the 

various developments and improvements in the fast pyrolysis systems, it still faces 

some technical challenges in improving process energy efficiency, liquid yield and its 
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quality (Bridgwater, 2012a; Bridgwater, 2012b). Microwave (MW) assisted pyrolysis 

is a promising attempt to resolve these challenges because of rapid and efficient 

internal and volumetric heating of solid materials. During MW assisted pyrolysis, the 

solid biomass material is rapidly heated to moderately high temperature in the 

presence of suitable microwave absorber (MWA) to produce oil with significant value 

(Bu et al., 2012; Abubakar et al., 2013), which can then be used to recover fuels and 

chemical feedstock. Besides oil, MW assisted pyrolysis of biomass produces gas 

(Domínguez et al., 2007c; Fernández and Menéndez, 2011) and char (Salema and 

Ani, 2011b) with significant application values. The non-condensable gases are high 

content syngas readily combustible or can be used to recover heating gas components 

(Huang et al., 2010; Ren et al., 2014). Moreover, the MW assisted pyrolysis bio-char 

is of high carbon content material, which can be used either in soil enrichment 

(Lehmann and Joseph, 2009) or as a MWA (Salema and Ani, 2011b). More 

importantly, MW assisted pyrolysis derived coal-char can serve as feedstock for 

gasification/combustion process due to its high porosity (Gasner et al., 1986). 

 

 

Most solid material cannot be heated to desired pyrolysis temperature due to 

their low MW absorption capacity. Coal is essentially transparent to MW energy due 

to its fairly low MW assimilation capacity. This low MW absorption ability of coal 

signify as the major stumbling block during MW assisted pyrolysis process, but 

inherent moisture and mineral contents within the coal matrix responds more readily 

to MW due to their high MW absorption capacity (Marland et al., 2001). Moreover, 

the coal sample cannot attain sufficient pyrolysis temperature without MWA even in 

the presence of high MW power source (Liu and Xia, 2012). However, carbonaceous 

(Cha and Kim, 1993b), metal oxides (Monsef-Mirzai et al., 1992; Monsef-Mirzai et 

al., 1995; Wang et al., 2013a) and metals ( Gasner et al., 1986; Basheer et al., 2010) 

absorbers are capable of increased MW assimilation capacity, which can be added to 

coal to achieve quick pyrolysis conditions. 

 

 

The major problems associated of using metal oxides with coal solids during 

MW assisted pyrolysis have been highlighted by (Monsef-Mirzai et al., 1995). These 
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includes; difficulty in monitoring and controlling the pyrolysis temperature, soot 

formation, separation of metal oxides from coal-char and intense plasma formation. 

Moreover, in the presence of metals, coal solids demonstrate extremely high 

temperature (Basheer et al., 2010), which needs specialized reactor and temperature 

monitoring conditions. Recently, MW assisted pyrolysis of coal in the presence of 

Fe3O4 was observed to transform metal oxide to elemental state, which was reported 

to limit their industrial applications (Wang et al., 2013a). Besides metal oxides and 

metal absorbers, only few studies used carbon-based MW absorber with coal under 

MW pyrolysis environment (Liu and Xia, 2012; Song et al., 2012). 

 

 

Waste biomass shows some improved MW absorption capacity due to the 

presence of high moisture and inherent inorganic substances. However, in the absence 

of MWA, product yield from waste biomass require considerable MW power and time 

to reach pyrolysis conditions (Krieger-Brockett, 1994; Zhao et al., 2011), and heating 

rate achieved at the expense of high MW power is low. Therefore, suitable MWA is 

required with waste biomass, which can improve process heating rate and conversion 

by applying low MW power source. Certain carbon based materials are capable of 

converting good amount of MW energy to thermal energy, which can then be 

transmitted to the supported waste biomass solids to improve pyrolysis conditions 

(Menéndez et al., 2010). 

 

 

Single and multimode microwave (MMW) cavities have been applied to treat 

various solids. Single mode MW cavities offer well-defined electric field to treat 

smaller volume of material, whereas MMW cavity permits electric field to encompass 

much larger volume of material. The geometry in MMW cavities is such that 

constructive and destructive interference of the MW by the cavity walls and 

conductor elements of the sample offers no well-defined electric field, which can be 

helpful to treat relatively large volume of material. Although, single mode cavities 

allow higher power densities, but MMW provide much greater flexibility in operation 

and are usually applied for the initial evaluation of the suitability of MW treatment 

process for particular application (Fernández et al., 2011). 
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MMW cavities have been applied to pyrolize coal and waste biomass 

materials. The ON-OFF working mode in MMW cavities, variations in 

thermochemical properties of heterogeneous solids and non-uniform mixing method 

can initiate hotspot phenomena. Hotspots are likely to occur more frequently due to 

the strong MW interaction with the MWA material. The differential heating nature in 

these heterogeneous solids creates non-uniform process heating and deteriorates 

reaction mechanism. Several techniques has been suggested to overcome hotspots in 

MMW by; increasing the size of MW cavity, increasing MW frequency, rotating the 

material and using multiple MW inputs (Thostenson and Chou, 1999). 

 

 

Previously, Salema and Ani (2011b) studied fluidized MMW pyrolysis heating 

of OPS with bio-char (used as MWA) and observed significant difference of sample 

bed and surface temperature. Later, Salema and Ani (2012a) used over-head stirrer to 

improve pyrolysis heating performance of OPS with coconut based activated carbon 

(CAC) used as MWA under fluidized MW irradiation conditions. The study suggested 

that the agitation of heterogeneous solids can contribute to uniform process heating 

with better product quality. However, the use of over-head stirrer resulted in some 

improved heating of sample bed and surface temperature over small time scale, but it 

did not contribute to complete uniformity of process heating. 

 

 

In continuation of efforts to achieve uniformity of process temperature, 

Abubakar et al. (2013) used variable stirrer speed during fixed bed pyrolysis of OPS 

with CAC solids, which achieved nearly complete uniformity of surface and bed 

temperature with slow stirrer speed. It was espoused that uniformity of process 

temperature can improve pyrolysis performance. In another study, Chen et al. (2008) 

carried out MW heating of sawdust with silicon carbide (SiC) (a MWA) and minor 

inorganic additives under pyrolysis condition by distributing 15 layers of sawdust over 

15 layers of SiC to observe uniform process heating. However, the final bed 

temperature measured at the end of pyrolysis experiment by the portable 

thermocouple was found higher than that measured by the pyrometer. Moreover, 
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sufficient data of real time process heating and its effects on pyrolysis behaviour is still 

lacking in their study. 

 

 

Above all, the most promising option is to co-utilize coal and waste biomass 

resources. Co-utilization can reduce some coal based pollutants, such as nitrogen 

oxides (NOx), sulphur oxides (SOx), poly aromatic hydrocarbons (PAHs), volatile 

organic carbons (VOCs), and total organic carbons (TOCs) (Chao et al., 2008). Co-

combustion and co-pyrolysis process are utilized to recover energy products from 

coal and waste biomass. Co-combustion can provide efficient and inexpensive 

utilization of waste biomass with coal. The co-firing or co-combustion of coal and 

biomass mixtures have been studied extensively (Yang et al., 2012; Kubacki et al., 

2012; Riaza et al., 2012; Wu et al., 2013; Haykiri-Acma et al., 2013). The co-firing 

technology (CFT) has been successfully demonstrated at commercial scale in various 

boiler types (Al-Mansour and Zuwala, 2010; Basu et al., 2011). However, only fewer 

CFT has been demonstrated for long-term test runs (Baxter, 2005). Moreover, the 

major technical challenges associated with CFT are; fuel storage and preparation, 

transportation, ash disposal, fuel conversion, corrosion, and fly-ash utilization 

(Baxter, 2011). 

 

 

The second option to co-combustion is co-pyrolize coal with waste biomass 

material. During co-pyrolysis, waste biomass can serve as inexpensive source of alkali 

metal catalyst and can supply hydrogen from waste biomass to coal, which may 

upgrade the coal fuel products (Moghtaderi et al., 2004; Zhang et al., 2007). Based 

on these facts, co-pyrolysis of coal with waste biomass may not only prospect to 

improve energy products but also a step towards sustainable and clean coal utilization. 

Early co-pyrolysis studies on coal and waste biomass mostly concentrated on the 

mechanism of gas production and resulted in lack of synergy (i.e. chemical interaction 

between coal and waste biomass) in the gas phase species (Nikkhah et al., 1993; 

Collot et al., 1999; Pan et al., 1996). 
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The synergetic effects of coal-biomass blends on the yield of major pyrolysis 

products, particularly on volatile matter have been studied by Meesri and Moghtaderi 

(2002), Blesa et al. (2003), Vuthaluru (2004a), Vuthaluru (2004b) and Jones et al. 

(2005), and recently by Weiland et al. (2012), Bing et al. (2012) and Fei et al. (2012). 

These studies also reported lack of synergy. However, the synergy in terms of sulfur 

gas loss improved some coal de-sulfurization features (Blesa et al., 2003; Cordero et 

al., 2004) and sulfur fixing potential in coal-char (Haykiri-Acma and Yaman, 2007). 

Moreover, most co-pyrolysis studies were demonstrated using Thermogravimetric 

analysis (TGA), some in fluidized bed and entrained bed reactors. Conventional co-

pyrolysis fixed bed TGA reactors provide good contact of biomass and coal particles 

at low heating rate, whereas high heating rate can be achieved in fluidized and 

entrained bed reactors, but dispersion of particles can result in very slight synergies. 

Therefore, conventional co-pyrolysis fixed bed TGA, fluidized, and entrained bed 

reactors are not suitable to investigate synergy under high and low heating rate 

conditions (Yuan et al., 2012). 

 

 

The lack of synergy may be attributed to conventional co-pyrolysis heating 

systems. The coal particles require sufficiently high temperature for de-volatilization 

compared to waste biomass. More importantly, the volatiles from waste biomass will 

be released at lower temperature and subsequently leaves the conventional reaction 

system, while the volatiles from coal will be released at higher temperature. Therefore, 

conventional co-pyrolysis heating systems are unable to achieve strong synergy in the 

vapor phase species. 

 

 

 

 

1.2 Problem Statement 

 

 

Most MW assisted pyrolysis techniques developed previously mainly focused 

towards intimately mixing of MWA with pyrolysis solids (Salema and Ani, 2012a; 
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Abubakar et al., 2013; Bu et al., 2013; Bu et al., 2014) with much less attention 

towards uniform distribution method. The non-uniform distribution of MWA with 

pyrolysis solids or intimately mixing of heterogeneous solids under MW irradiation 

conditions initiate hotspots phenomena (a high temperature region formed where the 

MW energy is more frequently absorbed by the MWA than the surrounded pyrolysis 

material). These hotspots create non-uniform process heating and deteriorate 

pyrolysis reaction mechanism. For this reason, the distribution of MWA with pyrolysis 

material needs proper attention to design an energy efficient system to minimize and 

control hotspots. For this study, it was hypothesized that the uniform distribution of 

MWA over pyrolysis material by layer-to-layer arrangement method can control the 

hotspots to MWA layer, which can contribute to uniform process heating. In addition, 

it was suggested that MW energy absorption by the uniformly distributed MWA layer 

and simultaneous heat transfer to supported pyrolysis layer can improve pyrolysis 

heating performance. 

 

 

The motivation to use waste biomass with coal is growing. Researchers are 

now focused on how to exploit biomass high volatile matter and alkali metal contents 

to upgrade fuel components when co-utilized with coal. The conventional co-

utilization of coal and waste biomass resources through co-pyrolysis routes offers 

some benefits over SOx (Blesa et al., 2003; Cordero et al., 2004) and NOx emission 

(Yuan et al., 2011), but most studies observed additive fuel behaviour in blends 

(Masnadi et al., 2014; Guan et al., 2015) and were unable to achieve strong synergy 

in vapor phase species. It was established that the MW assisted pyrolysis of coal and 

biomass with carbon based MWA in isolation offers number of advantages over 

conventional pyrolysis system (Domínguez et al., 2007c; Menéndez et al., 2010; Song 

et al., 2012; Yin, 2012). 

 

 

Despite improved heating nature and fuel recovery from MW assisted 

pyrolysis of isolated fuels with carbons, most co-pyrolysis studies remained limited to 

conventional systems only. For this study, it was therefore proposed that MW assisted 

co-pyrolysis of coal and biomass over carbon surfaces is considered effective for 
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vapor phase synergies. Nonetheless, to date, co-utilization of coal and biomass 

resources has not been investigated for vapor-phase synergy in MW pyrolysis reactor. 

 

 

 

 

1.3 Objectives of the Study 

 

 

The primary aim of this study was to control hotspots by uniformly distributed 

CAC solids over OPS and coal solids in isolation to investigate its effects on MW 

heating performance, and to study the MW assisted co-pyrolysis of coal and OPS in 

segregation and blend with uniformly distributed CAC solids to observe vapor-phase 

synergy. 

 

The specific objectives of this study are to: 

i. Investigate the effects of uniformly distributed CAC to control hotspots 

over OPS solids on pyrolysis system performance at various levels of CAC 

loading, MW power and N2 flow rate. 

ii. Examine the effects of uniformly distributed CAC to control hotspots over 

coal solids on pyrolysis system performance at various levels of CAC 

loading, MW power and N2 flow rate. 

iii. Study the MW assisted co-pyrolysis of coal and OPS in segregation and 

blend with uniformly distributed CAC solids at various levels of CAC 

loading to observe vapor phase synergy. 

iv. Optimize oil, char and gas production from MW assisted co-pyrolysis of 

coal and OPS, and to study the significance and interaction effects among 

the process factors on product yield. 
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1.4 Scopes of the Study 

 

The scopes of this study are based on the objectives and are as follow: 

 

i. The OPS waste biomass and Mukah Ballingain (MB) coal were used as 

the primary feedstocks in pyrolysis and co-pyrolysis MW heating 

environment. 

ii. MMW heating cavity was utilized to treat coal and OPS solids. 

iii. The CAC solids were used as MWA with OPS and coal. 

iv. The CAC solids were uniformly distributed over OPS and coal solids. 

v. MW assisted pyrolysis of OPS and coal without and with uniformly 

distributed CAC solids in isolation were carried out at various levels of 

CAC loading (wt%), MW power (W) and N2 flow rate (LPM). 

vi. MW assisted co-pyrolysis of coal and OPS were carried out in segregation 

(upper-bed-OPS/bottom-bed-coal and upper-bed-coal/bottom-coal-OPS) 

and blend (1:1) with uniformly distributed CAC solids. 

vii. MW assisted co-pyrolysis oil, char and gas produced with blend fuel in the 

presence of uniformly distributed CAC solids were optimized with three 

process factors; CAC loading (wt%), MW power (W) and N2 flow rate 

(LPM). 

 

 

 

 

1.5 Significance of the Study 

 

 

MW energy has found widespread application in the treatment of various 

heterogeneous solids, particularly involving carbon solids: ranging from metallurgical 

and mineral processing (Marland et al., 2000; Uslu and Atalay, 2004; Yoshikawa et 

al., 2007), biomass valorization (Salema and Ani, 2011b; Salema and Ani, 2012a), 

bio-solids handling (Menendez et al., 2002; Beneroso et al., 2014), soil 

decontamination (Li et al., 2008; Xu and Lee, 2008), to the carbon catalyzed gas-
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phase reactions, such as NOx and SOx reduction (Cha and Kim, 2001) and CH4 

decomposition to H2 production (Domínguez et al., 2007b; Fidalgo et al., 2008b). 

More importantly, carbon solids have been found effective in in-situ upgrading of 

pyrolysis vapors to value-added chemicals under MW irradiation conditions (Bu et 

al., 2011; Abubakar et al., 2013). The reason behind this diverse application is 

carbons are capable of converting good amount of MW energy to thermal energy, 

which can then be transmitted to the supported materials. 

 

 

The use of carbons in MW heating process offers number of advantages, but 

with some serious technical challenges, such as non-uniform process heating, 

difficulty in measuring process temperature and hotspots formation (Luque et al., 

2012). These hotspots are thermally unstable regions created as a result of nonlinear 

dependence of MW and the variations in thermo-electromagnetic properties of the 

materials being heated. In MW treatment of heterogeneous solids, the rate at which 

the MW energy is absorbed by the MWA solids is much higher than the supported 

material. As a result, a region of very high temperature can form called hotspots. 

These localized hotspots can result in non-uniform process heating and deteriorate 

reaction mechanism. For this reason, the distribution of carbon absorber with 

supported material needs proper attention to design an energy efficient system to 

minimize and control hotspots. 

 

 

The results of this study suggests that pyrolysis and co-pyrolysis heating 

profiles of pyrolysis solids with uniformly distributed carbon solids under MW 

irradiation environment did not significantly affected MW penetration depth. In 

addition, this study measured true and real time temperature profiles of pyrolysis 

solids by placing the thermocouples into the pyrolysis solids, which otherwise was 

difficult in intimately mix method since the thermocouple tip may directly come in 

contact with carbon solids or hotspots region. These high temperature regions were 

observed to meltdown the thermocouple when carbon absorber was intimately mixed 

with OPS solids and subjected to MW irradiation conditions during preliminary 
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studies. Nonetheless, the layer-to-layer arrangement provides a unique method of 

limiting the hotspots to the carbon layers only. 

 

 

More interesting, the OPS solids with carbon surfaces achieved nearly 

complete uniformity of process heating under controlled conditions of CAC loading, 

MW power and N2 flow rate. These uniform heating conditions were observed to 

improve bio-oil yield. Moreover, uniform process heating in the presence of carbon 

surfaces improved phenol selectivity with highest detected 71.77% GC-MS area. 

More importantly, single surface carbon solids at 35 wt% carbon loading over OPS-

nuts with 300 W and 4 LPM of N2 flow rate generated quick pyrolysis conditions. 

This finding suggests that the heat generated from carbon surface and carried with N2 

gas can improve pyrolysis heating conditions at fairly low MW power, which can save 

process energy. The coal-tar obtained were complex mixture of several groups of 

chemicals. However, higher aromatics (napthalenes, benzenes and xylene) and 

saturated aliphatics (alkanes and alkenes) hydrocarbons in coal-tar needs downstream 

refining for fuel recovery. 

 

 

More importantly, the total bed height of segregated fuels in MW assisted co-

pyrolysis of coal and OPS solids was measured 10.4 cm, 12.2 cm and 14 cm with 35 

wt%, 55 wt% and 75 wt% carbon loading, respectively. Despite the increased bed 

height, the co-pyrolysis heating profiles of pyrolysis solids showed improved process 

heating rate and final pyrolysis temperature. This finding suggests that MW pyrolysis 

system can be operated with higher solid loading. The co-pyrolysis oil obtained with 

segregated and blended fuel methods were dominated with polars (phenol, phenolics 

and guaiacols) compounds. However, upper-bed-coal/bottom-bed-OPS segregated 

contact method produced much higher polar compounds compared to upper-bed-

OPS/bottom-bed-coal and blended fuel methods. More importantly, the formation of 

aromatics (naphthalenes, benzenes and xylene) and saturated aliphatics (alkanes and 

alkenes) detected were observed lowest with upper-bed-coal/bottom-bed-OPS 

arrangement. This improved polar formation with limited aromatics and saturated 
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aliphatics suggests that the presence of carbon surfaces and bio-char in the bottom-

bed catalyzed and enhanced vapor-phase synergy. 

 

 

 

 

1.6 Thesis Structure 

 

 

The research frame work of this thesis is depicted in Figure 1.1. This thesis is 

organized into eight (8) chapters and the contents of the chapters are: 

 

i. Chapter 1 contains the overview of the research background, problem 

statement, objectives, scopes and significance of this study. 

ii. Chapter 2 starts with introduction of coal and palm oil biomass resources 

of Malaysia and its potential. The physico-chemical properties of coal and 

palm oil waste biomass, and various energy recovery methods are 

reviewed. The improved features of MW pyrolysis heating over 

convectional pyrolysis system are discussed. The MW assisted pyrolysis of 

coal with carbonaceous and metal oxide absorbers, and metals, and MW 

assisted pyrolysis of waste biomass without absorber and with 

carbonaceous absorbers, inorganic and metal oxide additives are reviewed. 

The co-utilization of coal and biomass through conventional co-

gasification and co-pyrolysis routes are reviewed. Finally, MW assisted 

pyrolysis factor considerations and concerns are summarized by analyzing 

their association on process temperature, heating rate, product yield and 

composition. 

iii. Chapter 3 explains the methodology of this study which includes, sample 

collection and preparation, pyrolysis and co-pyrolysis factor selection, 

MW power calibration, experimental setup, pyrolysis and co-pyrolysis 

sample preparation and methods, and experimental design to optimize 

products and to model the co-pyrolysis process factors. The details of the 

product analysis and methods done are given at the end of the chapter. 
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iv. Chapter 4 thoroughly discusses the results of fixed bed pyrolysis behaviour 

of OPS without and with uniformly distributed CAC solids under MW 

irradiation conditions. The effects of process variables on biomass heating 

profile, pyrolysis product yield and chemical composition are reported. 

v. Chapter 5 highlights the detailed discussion on fixed bed pyrolysis 

behaviour of coal without and with uniformly distributed CAC under MW 

irradiation conditions. The effects of process variables on coal heating 

profile, pyrolysis product yield and chemical composition are reported. 

vi. Chapter 6 presents a comprehensive data analysis of fixed bed co-pyrolysis 

behaviour of coal and OPS solids in segregation and blend methods with 

uniformly distributed CAC under MW irradiation conditions. A detailed 

discussion on MW assisted co-pyrolysis heating profile, product yield and 

chemical composition of the oil obtained is presented to observe vapor-

phase synergy. 

vii. Chapter 7 details the results and discussion on optimization of products 

from MW assisted co-pyrolysis of OPS and coal with blend method. The 

response surface methodology was used to establish model yields. The 

chemical composition of co-pyrolysis oil obtained under MW operating 

conditions was analyzed using GC-MS. 

viii. Chapter 8 revisits the hypothesis and concludes with the important findings 

of this research work. The benefits of this study are presented. The 

recommendations for future work are suggested lastly. 
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Figure 1.1: Research framework of MW assisted pyrolysis and co-pyrolysis of coal 

and OPS 



 

 

 

 

 

REFERENCES 

 

 

 

 

Abdullah, N. and Gerhauser, H. (2008). Bio-oil Derived from Empty Fruit Bunches. 

Fuel. 87 (12), 2606-2613. 

Abdullah, N., Gerhauser, H. and Bridgwater, A. (2007). Bio-oil from Fast Pyrolysis 

of Oil Palm Empty Fruit Bunches. Journal of Physical Science. 18 (1), 57-74. 

Abella, L., Nanbu, S. and Fukuda, K. (2007). A Theoretical Study on Levoglucosan 

Pyrolysis Reactions yielding Aldehydes and a Ketone in Biomass. Mem Fac 

Eng, Kyushu Univ. 67 (2), 67-74. 

Abnisa, F., Wan Daud, W. M. A. and Sahu, J. N. (2011). Optimization and 

Characterization Studies on Bio-oil Production from Palm Shell by Pyrolysis 

Using Response Surface Methodology. Biomass and Bioenergy. 35 (8), 3604-

3616. 

Aboyade, A. O., Görgens, J. F., Carrier, M., Meyer, E. L. and Knoetze, J. H. (2013). 

Thermogravimetric Study of the Pyrolysis Characteristics and Kinetics of Coal 

Blends with Corn and Sugarcane Residues. Fuel Processing Technology. 106 

(0), 310-320. 

Abubakar, Z., Salema, A. A. and Ani, F. N. (2013). A New Technique to Pyrolyse 

Biomass in a Microwave System: Effect of Stirrer Speed. Bioresource 

technology. 128, 578-585. 

Al-Mansour, F. and Zuwala, J. (2010). An Evaluation of Biomass Co-firing in 

Europe. Biomass and Bioenergy. 34 (5), 620-629. 

Al Shra’ah, A. and Helleur, R. (2014). Microwave Pyrolysis of Cellulose at Low 

Temperature. Journal of Analytical and Applied Pyrolysis. 105 (0), 91-99. 



241 

Amin, N. A. S., Misson, M., Haron, R., Kamaroddin, M. F. A., Nor, W., Omar, N. 

W. and Haw, K.-G. (2012). Bio-oils and Diesel Fuel Drived from Alkaline 

Treated Empty Fruit Bunch (EFB). Carbon. 47 (40.70), 6-14. 

Anderson, M. J. and Whitcomb, P. J. (2005). RSM Simplified, Optimizing Processes 

Using Response Surface Methods for Design of Experiments  New York: 

Productivity Press. 

Andrés, J. M., Ferrando, A. C. and Ferrer, P. (1998). Liquefaction of Low-Rank 

Coals with Hydriodic Acid and Microwaves. Energy & Fuels. 12 (3), 563-

569. 

Ani, F. N. (2006). Fast Pyrolysis of Bioresources into Energy and Other Applications. 

Paper presented at the conversion of bioresources into energy and other 

applications, FRIM, Kepong Malaysia.  

Anjum, M. F., Tasadduq, I. and Al-Sultan, K. (1997). Response Surface 

Methodology: A Neural Network Approach. European Journal of 

Operational Research. 101 (1), 65-73. 

Arenillas, A., Fernández, Y. and Menéndez, J. Á. (2011). Microwave Heating Applied 

to Pyrolysis. In S. Grundas (Ed.), Advances in Induction and Microwave 

Heating of Mineral and Organic Materials: InTech. 

Atwater, J. E. and Wheeler Jr, R. R. (2003). Complex Permittivities and Dielectric 

Relaxation of Granular Activated Carbons at Microwave Frequencies between 

0.2 and 26 GHz. Carbon. 41 (9), 1801-1807. 

Atwater, J. E. and Wheeler Jr, R. R. (2004). Temperature Dependent Complex 

Permittivities of Graphitized Carbon Blacks at Microwave Frequencies 

between 0.2 and 26 GHz. Journal of Materials Science. 39 (1), 151-157. 

Averitt, P. (1975). Coal Resources of the United States, January 1, 1974  

Washington: U.S. Geological Survey Bulletin. 

Aziz, A. A., Das, K., Husin, M. and Mokhtar, A. (2002). Effects of Physical and 

Chemical Pre-Treatments on Xylose and Glucose Production from Oil Palm 

Press Fibre. Journal of Oil Palm Research. 14 (2), 10-17. 

Aznar, M. P., Caballero, M. A., Sancho, J. A. and Francés, E. (2006). Plastic Waste 

Elimination by Co-gasification with Coal and Biomass in Fluidized Bed with 

Air in Pilot Plant. Fuel Processing Technology. 87 (5), 409-420. 



242 

Bai, X., Kim, K. H., Brown, R. C., Dalluge, E., Hutchinson, C., Lee, Y. J. and 

Dalluge, D. (2014). Formation of Phenolic Oligomers during Fast Pyrolysis of 

Lignin. Fuel. 128, 170-179. 

Balat, M. (2006). Biomass Energy and Biochemical Conversion Processing for Fuels 

and Chemicals. Energy Sources, Part A: Recovery, Utilization, and 

Environmental Effects. 28 (6), 517-525. 

Balat, M., Balat, M., Kırtay, E. and Balat, H. (2009). Main Routes for the Thermo-

Conversion of Biomass into Fuels and Chemicals. Part 1: Pyrolysis Systems. 

Energy Conversion and Management. 50 (12), 3147-3157. 

Baş, D. and Boyacı, İ. H. (2007). Modeling and Optimization I: Usability of Response 

Surface Methodology. Journal of Food Engineering. 78 (3), 836-845. 

Basheer, N., Hussain, K., Khan, K. M. and Hussain, Z. (2010). Gas 

Chromatographic-Mass Spectrometric Analysis of the Products Obtained by 

Microwave-Metal Interaction Pyrolysis of Coal. Journal of the Chemical 

Society of Pakistan. 32 (6), 786-789. 

Basu, P. (2010). Biomass Gasification and Pyrolysis: Practical Design and Theory: 

Academic press. 

Basu, P., Butler, J. and Leon, M. A. (2011). Biomass Co-firing Options on the 

Emission Reduction and Electricity Generation Costs in Coal-fired Power 

Plants. Renewable Energy. 36 (1), 282-288. 

Baumann, H., Bittner, D., Beiers, H.-G., Klein, J. and Jüntgen, H. (1988). Pyrolysis 

of Coal in Hydrogen and Helium Plasmas. Fuel. 67 (8), 1120-1123. 

Baxter, L. (2005). Biomass-Coal Co-Combustion: Opportunity for Affordable 

Renewable Energy. Fuel. 84 (10), 1295-1302. 

Baxter, L. (2011). Biomass-Coal Cofiring: An Overview of Technical Issues Solid 

Biofuels for Energy (pp. 43-73): Springer. 

Beattie, W. H., Berjoan, R. and Coutures, J.-P. (1983). High-temperature Solar 

Pyrolysis of Coal. Solar Energy. 31 (2), 137-143. 

Belanger, J. M. R. and Pare, J. R. J. (2006). Applications of Microwave-Assisted 

Processes (MAP (TM)) to Environmental Analysis. Analytical and 

Bioanalytical Chemistry. 386 (4), 1049-1058. 



243 

Beneroso, D., Bermúdez, J., Arenillas, A. and Menéndez, J. (2014). Integrated 

Microwave Drying, Pyrolysis and Gasification for Valorisation of Organic 

Wastes to Syngas. Fuel. 132, 20-26. 

Bermúdez, J., Beneroso, D., Rey-Raap, N., Arenillas, A. and Menéndez, J. (2015). 

Energy Consumption Estimation in the Scaling-up of Microwave Heating 

Processes. Chemical Engineering and Processing: Process Intensification. 

95, 1-8. 

Bing, L. H., Yin, G. Z., Tao, Z., Xingmin, F., Jingwei, J., Jia, Y. and Qian, S. X. 

(2012). Research on Liquid Fuels and Chemicals of Waste Blends 

Copyrolysis. Advanced Materials Research. Vols. 391-392, 1455-1458. 

Binner, E., Mediero-Munoyerro, M., Huddle, T., Kingman, S., Dodds, C., Dimitrakis, 

G., Robinson, J. and Lester, E. (2014). Factors Affecting the Microwave 

Coking of Coals and the Implications on Microwave Cavity Design. Fuel 

Processing Technology. 125, 8-17. 

Blesa, M. J., Miranda, J. L., Moliner, R., Izquierdo, M. T. and Palacios, J. M. (2003). 

Low-Temperature Co-Pyrolysis of a Low-Rank Coal and Biomass to Prepare 

Smokeless Fuel Briquettes. Journal of Analytical and Applied Pyrolysis. 70 

(2), 665-677. 

Bodman, S., Monsef-Mirzai, P., Manak, H. and McWhinnie, W. R. (1997). Does 

Microwave Heating have a Role in Functional Group Reactions of Coal? Fuel. 

76 (13), 1315-1318. 

Borges, F. C., Du, Z., Xie, Q., Trierweiler, J. O., Cheng, Y., Wan, Y., Liu, Y., Zhu, 

R., Lin, X. and Chen, P. (2014). Fast Microwave Assisted Pyrolysis of 

Biomass Using Microwave Absorbent. Bioresource Technology. 

BP. (2013). BP Statistical Review of World Energy. London,UK. 

Bradshaw, S., Van Wyk, E. and De Swardt, J. (1998). Microwave Heating Principles 

and the Application to the Regeneration of Granular Activated Carbon. 

Journal of the South African Institute of Mining and Metallurgy(South 

Africa). 98 (4), 201-210. 

Bridgwater, A. V. (2012a). Review of fast pyrolysis of biomass and product 

upgrading. Biomass and Bioenergy. 38, 68-94. 

Bridgwater, A. V. (2012b). Upgrading biomass fast pyrolysis liquids. Environmental 

Progress & Sustainable Energy. 31 (2), 261-268. 



244 

Bridgwater, A. V. and Anders, M. (1994). Production Costs of Liquid Fuels by 

Indirect Coal Liquefaction. International Journal of Energy Research. 18 (2), 

97-108. 

Bridgwater, A. V. and Peacocke, G. V. C. (2000). Fast Pyrolysis Processes for 

Biomass. Renewable and Sustainable Energy Reviews. 4 (1), 1-73. 

Brown, R. C., Liu, Q. and Norton, G. (2000). Catalytic Effects Observed during the 

Co-gasification of Coal and Switchgrass. Biomass and Bioenergy. 18 (6), 

499-506. 

Bu, Q., Lei, H., Ren, S., Wang, L., Holladay, J., Zhang, Q., Tang, J. and Ruan, R. 

(2011). Phenol and Phenolics from Lignocellulosic Biomass by Catalytic 

Microwave Pyrolysis. Bioresource Technology. 102 (13), 7004-7007. 

Bu, Q., Lei, H., Ren, S., Wang, L., Zhang, Q., Tang, J. and Ruan, R. (2012). 

Production of Phenols and Biofuels by Catalytic Microwave Pyrolysis of 

Lignocellulosic Biomass. Bioresource Technology. 108 (0), 274-279. 

Bu, Q., Lei, H., Wang, L., Wei, Y., Zhu, L., Liu, Y., Liang, J. and Tang, J. (2013). 

Renewable Phenols Production by Catalytic Microwave Pyrolysis of Douglas 

Fir Sawdust Pellets with Activated Carbon Catalysts. Bioresource 

Technology. 

Bu, Q., Lei, H., Wang, L., Wei, Y., Zhu, L., Zhang, X., Liu, Y., Yadavalli, G. and 

Tang, J. (2014). Bio-based Phenols and Fuel Production from Catalytic 

Microwave Pyrolysis of Lignin by Activated Carbons. Bioresource 

technology. 162, 142-147. 

Bu, Q., Lei, H., Wang, L., Yadavalli, G., Wei, Y., Zhang, X., Zhu, L. and Liu, Y. 

(2015). Biofuel Production from Catalytic Microwave Pyrolysis of Douglas 

Fir Pellets over Ferrum-modified Activated Carbon Catalyst. Journal of 

Analytical and Applied Pyrolysis. 112, 74-79. 

Budarin, V. L., Clark, J. H., Lanigan, B. A., Shuttleworth, P., Breeden, S. W., 

Wilson, A. J., Macquarrie, D. J., Milkowski, K., Jones, J., Bridgeman, T. and 

Ross, A. (2009). The Preparation of High-Grade Bio-oils Through the 

Controlled, Low Temperature Microwave Activation of Wheat Straw. 

Bioresource Technology. 100 (23), 6064-6068. 

Budarin, V. L., Clark, J. H., Lanigan, B. A., Shuttleworth, P. and Macquarrie, D. J. 

(2010). Microwave Assisted Decomposition of Cellulose: A New 



245 

Thermochemical Route for Biomass Exploitation. Bioresource technology. 

101 (10), 3776-3779. 

Budarin, V. L., Shuttleworth, P. S., De bruyn, M., Farmer, T. J., Gronnow, M. J., 

Pfaltzgraff, L., Macquarrie, D. J. and Clark, J. H. (2015). The Potential of 

Microwave Technology for the Recovery, Synthesis and Manufacturing of 

Chemicals from Bio-wastes. Catalysis Today. 239 (0), 80-89. 

Cappiello, A., Mangani, F., Bruner, F. and Bonfanti, L. (1996). New Approach to the 

Characterization of Pyrolysis Coal Products by Gas Chromatography-Mass 

Spectrometry. Journal of Chromatography A. 736 (1–2), 185-194. 

Cha, C. Y. and Kim, B. I. (1993a). Electromagnetic Enhancement of Chemical 

Reactions (Devolatilization of Char and Coal). Fuel Science and Technology 

International. 11 (9), 1175-1202. 

Cha, C. Y. and Kim, B. I. (1993b). Reaction Rate of Microwave Pyrolysis of Coal in 

Char Bed. Fuel Science and Technology International. 11 (9), 1269-1287. 

Cha, C. Y. and Kim, D. S. (2001). Microwave Induced Reactions of Sulfur Dioxide 

and Nitrogen Oxides in Char and Anthracite Bed. Carbon. 39 (8), 1159-1166. 

Chakravartty, S. C., Dutta, D. and Lahiri, A. (1976). Reaction of Coals under Plasma 

Conditions: Direct Production of Acetylene from Coal. Fuel. 55 (1), 43-46. 

Chao, C. Y. H., Kwong, P. C. W., Wang, J. H., Cheung, C. W. and Kendall, G. 

(2008). Co-Firing Coal with Rice Husk and Bamboo and the Impact on 

Particulate Matters and Associated Polycyclic Aromatic Hydrocarbon 

Emissions. Bioresource Technology. 99 (1), 83-93. 

Chatterjee, I. and Misra, M. (1990). Dielectric Properties of Various Ranks of Coal. 

Journal of microwave power and electromagnetic energy. 25 (4). 

Chen, M. Q., Wang, J., Zhang, M. X., Chen, M. G., Zhu, X. F., Min, F. F. and Tan, 

Z. C. (2008). Catalytic Effects of Eight Inorganic Additives on Pyrolysis of 

Pine Wood Sawdust by Microwave Heating. Journal of Analytical and 

Applied Pyrolysis. 82 (1), 145-150. 

Chiaramonti, D., Oasmaa, A. and Solantausta, Y. (2007). Power Generation Using 

Fast Pyrolysis Liquids from Biomass. Renewable and Sustainable Energy 

Reviews. 11 (6), 1056-1086. 

Choi, G.-G., Oh, S.-J., Lee, S.-J. and Kim, J.-S. (2015). Production of Bio-based 

Phenolic Resin and Activated Carbon from Bio-oil and Biochar derived from 



246 

Fast pyrolysis of Palm Kernel Shells. Bioresource Technology. 178 (0), 99-

107. 

Clark, D. E., Folz, D. C. and West, J. K. (2000). Processing Materials with 

Microwave Energy. Materials Science and Engineering: A. 287 (2), 153-158. 

Collot, A. G., Zhuo, Y., Dugwell, D. R. and Kandiyoti, R. (1999). Co-Pyrolysis and 

Co-Gasification of Coal and Biomass in Bench-Scale Fixed-Bed and Fluidised 

Bed Reactors. Fuel. 78 (6), 667-679. 

Cordero, T., Rodrı́guez-Mirasol, J., Pastrana, J. and Rodrı́guez , J. J. (2004). 

Improved Solid Fuels from Co-Pyrolysis of a High-Sulphur Content Coal and 

Different Lignocellulosic Wastes. Fuel. 83 (11–12), 1585-1590. 

Cunliffe, A. M. and Williams, P. T. (1998). Composition of Oils derived from the 

Batch Pyrolysis of Tyres. Journal of Analytical and applied Pyrolysis. 44 (2), 

131-152. 

Cypres, R. (1987). Aromatic Hydrocarbons Formation during Coal Pyrolysis. Fuel 

processing technology. 15, 1-15. 

Dawson, E. A., Parkes, G. M. B., Barnes, P. A., Bond, G. and Mao, R. (2008). The 

Generation of Microwave-Induced Plasma in Granular Active Carbons under 

Fluidised Bed Conditions. Carbon. 46 (2), 220-228. 

De Wild, P. J., Huijgen, W. J. and Gosselink, R. J. (2014). Lignin Pyrolysis for 

Profitable Lignocellulosic Biorefineries. Biofuels, Bioproducts and 

Biorefining. 

Demiral, İ. and Şensöz, S. (2008). The Effects of Different Catalysts on the Pyrolysis 

of Industrial Wastes (Olive and Hazelnut Bagasse). Bioresource Technology. 

99 (17), 8002-8007. 

Demirbas, A. (2007a). Products from Lignocellulosic Materials via Degradation 

Processes. Energy Sources, Part A: Recovery, Utilization, and Environmental 

Effects. 30 (1), 27-37. 

Demirbas, A. (2007b). Progress and Recent Trends in Biofuels. Progress in Energy 

and Combustion Science. 33 (1), 1-18. 

Demirbas, A. (2008). The Importance of Bioethanol and Biodiesel from Biomass. 

Energy Sources, Part B: Economics, Planning, and Policy. 3 (2), 177-185. 

Demirbaş, A. (2000). Mechanisms of Liquefaction and Pyrolysis Reactions of 

Biomass. Energy Conversion and Management. 41 (6), 633-646. 



247 

Demirbaş, A. (2002). Partly Chemical Analysis of Liquid Fraction of Flash Pyrolysis 

Products from Biomass in the Presence of Sodium Carbonate. Energy 

Conversion and Management. 43 (14), 1801-1809. 

Demirbaş, A. (2005). Fuel and Combustion Properties of Bio-wastes. Energy 

Sources. 27 (5), 451-462. 

DOE. (1977). AD HOC Panel on Liquefaction of Coal, Assessment of Technology 

for the Liquefaction of Coal (Fischer-Tropsch Archive ed.). Washington DC, 

US. 

Doetschman, D. C., Ito, E., Ito, O. and Kameyama, H. (1992). Photochemical 

Extraction from Tetrahydrofuran Slurries of Representative Coals. Energy & 

Fuels. 6 (5), 635-642. 

Domínguez, A., Fernández, Y., Fidalgo, B., Pis, J. and Menéndez, J. (2007a). Biogas 

to Syngas by Microwave-assisted Dry Reforming in the Presence of Char. 

Energy & fuels. 21 (4), 2066-2071. 

Domínguez, A., Fidalgo, B., Fernández, Y., Pis, J. and Menéndez, J. (2007b). 

Microwave-assisted Catalytic Decomposition of Methane over Activated 

Carbon for CO2-free Hydrogen Production. International Journal of 

Hydrogen Energy. 32 (18), 4792-4799. 

Domínguez, A., Menéndez, J., Inguanzo, M. and Pis, J. (2005). Investigations into the 

Characteristics of Oils Produced from Microwave Pyrolysis of Sewage 

Sludge. Fuel Processing Technology. 86 (9), 1007-1020. 

Domínguez, A., Menéndez, J. A., Fernández, Y., Pis, J. J., Nabais, J. M. V., Carrott, 

P. J. M. and Carrott, M. M. L. R. (2007c). Conventional and Microwave 

Induced Pyrolysis of Coffee Hulls for the Production of a Hydrogen Rich Fuel 

Gas. Journal of Analytical and Applied Pyrolysis. 79 (1–2), 128-135. 

Eccosorb. (2013). Dielectric  Chart. Retrieved 18th Sep., 2013, from 

www.eccosorb.com/ 

Effendi, A., Gerhauser, H. and Bridgwater, A. V. (2008). Production of Renewable 

Phenolic Resins by Thermochemical Conversion of Biomass: A Review. 

Renewable and Sustainable Energy Reviews. 12 (8), 2092-2116. 

Fairburn, J. A., Behie, L. A. and Svrcek, W. Y. (1990). Ultrapyrolysis of n-

hexadecane in a Novel Micro-reactor. Fuel. 69 (12), 1537-1545. 

http://www.eccosorb.com/


248 

Fang, Z., Li, C., Sun, J., Zhang, H. and Zhang, J. (2007). The Electromagnetic 

Characteristics of Carbon Foams. Carbon. 45 (15), 2873-2879. 

Fei, J., Zhang, J., Wang, F. and Wang, J. (2012). Synergistic Effects on Co-Pyrolysis 

of Lignite and High-Sulfur Swelling Coal. Journal of Analytical and Applied 

Pyrolysis. 95 (0), 61-67. 

Feldman, D., Banu, D., Natansohn, A. and Wang, J. (1991). Structure-Properties 

Relations of Thermally Cured Epoxy–Lignin Polyblends. Journal of Applied 

Polymer Science. 42 (6), 1537-1550. 

Fermoso, J., Arias, B., Plaza, M., Pevida, C., Rubiera, F., Pis, J., García-Peña, F. and 

Casero, P. (2009). High-pressure Co-gasification of Coal with Biomass and 

Petroleum Coke. Fuel Processing Technology. 90 (7), 926-932. 

Fernández, Y., Arenillas, A. and Menéndez, J. Á. (2011). Microwave Heating 

Applied to Pyrolysis, Advances in Induction and Microwave Heating of 

Mineral and Organic Materials: InTech. 

Fernández, Y. and Menéndez, J. A. (2011). Influence of Feed Characteristics on the 

Microwave-Assisted Pyrolysis Used to Produce Syngas from Biomass Wastes. 

Journal of Analytical and Applied Pyrolysis. 91 (2), 316-322. 

Ferrara, F., Orsini, A., Plaisant, A. and Pettinau, A. (2014). Pyrolysis of Coal, 

Biomass and their Blends: Performance Assessment by Thermogravimetric 

Analysis. Bioresource technology. 171, 433-441. 

Fidalgo, B., Arenillas, A. and Menéndez, J. A. (2011). Mixtures of Carbon and 

Ni/Al2O3 as Catalysts for the Microwave-Assisted CO2 Reforming of CH4. 

Fuel Processing Technology. 92 (8), 1531-1536. 

Fidalgo, B., Domínguez, A., Pis, J. J. and Menéndez, J. A. (2008a). Microwave-

Assisted Dry Reforming of Methane. International Journal of Hydrogen 

Energy. 33 (16), 4337-4344. 

Fidalgo, B., Fernández, Y., Domínguez, A., Pis, J. and Menéndez, J. (2008b). 

Microwave-assisted Pyrolysis of CH4/N2 Mixtures over Activated Carbon. 

Journal of Analytical and Applied Pyrolysis. 82 (1), 158-162. 

Fonts, I., Gea, G., Azuara, M., Ábrego, J. and Arauzo, J. (2012). Sewage Sludge 

Pyrolysis for Liquid Production: A Review. Renewable and Sustainable 

Energy Reviews. 16 (5), 2781-2805. 



249 

Fu, Y. C. and Blaustein, B. D. (1969). Pyrolysis of Coals in a Microwave Discharge. 

Industrial and Engineering Chemistry Design and Development. 8 (2), 257-

262. 

Galadima, A. and Muraza, O. (2015). In situ fast pyrolysis of biomass with zeolite 

catalysts for bioaromatics/gasoline production: A review. Energy Conversion 

and Management. 105, 338-354. 

Gasgnier, M., Albert, L., Derouet, J., Beaury, L., Loupy, A., Petit, A. and Jacquault, 

P. (1993). Chemical Syntheses by Means of Microwave Digestion as a 

Focused Open-Vessel System: Structural Properties of Oxides and Hydroxides 

as Powders. Journal of Alloys and Compounds. 198 (1–2), 73-83. 

Gasgnier, M., Petit, A., Jullien, H. and Loupy, A. (1996). Microwave-Monomode 

Energy Transfer: Chemical Syntheses, Crystallographic and Thermal 

Properties of Mineral Powders. Materials Research Bulletin. 31 (9), 1101-

1109. 

Gasner, L. L., Denloye, A. O. and Regan, T. M. (1986). Microwave and 

Conventional Pyrolysis of Bituminous Coal. Chemical Engineering 

Communications. 48 (4-6), 349-354. 

GGS. (2013). The Palm Biomass Industry. Retrieved 23rd Oct., 2013, from 

http://www.ggs.my/index.php/palm-biomass 

Ghani, Z. A., Ishak, M. A. M. and Ismail, K. (2011a). Direct Liquefaction of Mukah 

Balingian Low-Rank Malaysian Coal: Optimization Using Response Surface 

Methodology. Asia-Pacific Journal of Chemical Engineering. 6 (4), 581-588. 

Ghani, Z. A., Khamil, I. N. M., Isa, M. R. M., Jamaluddin, M. A. B., Ishak, M. A. M. 

and Ismail, K. (2011b). Pyrolysis of Jatropha Curcas L. husk: Optimization 

Solid, Liquid and Gas Yield by Using Response Surface Methodology (RSM). 

Proceedings of the 2011b Sustainable Energy & Environment (ISESEE), 2011 

3rd International Symposium & Exhibition in. 1-3 June 2011. 78-83. 

Goyal, H. B., Seal, D. and Saxena, R. C. (2008). Bio-Fuels from Thermochemical 

Conversion of Renewable Resources: A Review. Renewable and Sustainable 

Energy Reviews. 12 (2), 504-517. 

Greenwood, P. F., Van Heemst, J. D., Guthrie, E. A. and Hatcher, P. G. (2002). 

Laser Micropyrolysis GC–MS of Lignin. Journal of Analytical and Applied 

Pyrolysis. 62 (2), 365-373. 

http://www.ggs.my/index.php/palm-biomass


250 

Guan, Y., Ma, Y., Zhang, K., Chen, H., Xu, G., Liu, W. and Yang, Y. (2015). Co-

pyrolysis Behaviors of Energy Grass and Lignite. Energy Conversion and 

Management. 93, 132-140. 

Guo, C. T. (1996). Coal Chemistry: Chemical Industry Press, Beijing. 

Hascakir, B. and Akin, S. (2009). Recovery of Turkish Oil Shales by Electromagnetic 

Heating and Determination of the Dielectric Properties of Oil Shales by an 

Analytical Method. Energy & Fuels. 24 (1), 503-509. 

Haykiri-Acma, H. and Yaman, S. (2007). Synergy in Devolatilization Characteristics 

of Lignite and Hazelnut Shell during Co-Pyrolysis. Fuel. 86 (3), 373-380. 

Haykiri-Acma, H. and Yaman, S. (2010). Interaction between Biomass and Different 

Rank Coals during Co-Pyrolysis. Renewable Energy. 35 (1), 288-292. 

Haykiri-Acma, H., Yaman, S. and Kucukbayrak, S. (2013). Co-Combustion of Low 

Rank Coal/Waste Biomass Blends Using Dry Air or Oxygen. Applied Thermal 

Engineering. 50 (1), 251-259. 

He, Q., Wan, K., Hoadley, A., Yeasmin, H. and Miao, Z. (2015). TG–GC–MS Study 

of Volatile Products from Shengli Lignite Pyrolysis. Fuel. 156, 121-128. 

Hein, K. R. G. and Bemtgen, J. M. (1998). EU Clean Coal Technology—Co-

Combustion of Coal and Biomass. Fuel Processing Technology. 54 (1–3), 

159-169. 

Hernández, J. J., Aranda-Almansa, G. and Serrano, C. (2010). Co-gasification of 

Biomass Wastes and Coal-coke Blends in an Entrained Flow Gasifier: an 

Experimental Study. Energy & Fuels. 24 (4), 2479-2488. 

Huang, Y.-F., Kuan, W.-H., Chang, C.-C. and Tzou, Y.-M. (2013). Catalytic and 

Atmospheric Effects on Microwave Pyrolysis of Corn Stover. Bioresource 

Technology. 

Huang, Y., Wei, Z., Qiu, Z., Yin, X. and Wu, C. (2012). Study on Structure and 

Pyrolysis behavior of Lignin derived from Corncob Acid Hydrolysis Residue. 

Journal of Analytical and Applied Pyrolysis. 93, 153-159. 

Huang, Y. F., Kuan, W. H., Lo, S. L. and Lin, C. F. (2008). Total Recovery of 

Resources and Energy from Rice Straw Using Microwave-Induced Pyrolysis. 

Bioresource Technology. 99 (17), 8252-8258. 



251 

Huang, Y. F., Kuan, W. H., Lo, S. L. and Lin, C. F. (2010). Hydrogen-Rich Fuel Gas 

from Rice Straw via Microwave-Induced Pyrolysis. Bioresource Technology. 

101 (6), 1968-1973. 

Idris, S. S., Rahman, N. A., Ismail, K., Alias, A. B., Rashid, Z. A. and Aris, M. J. 

(2010). Investigation on Thermochemical Behaviour of Low Rank Malaysian 

coal, Oil Palm Biomass and their Blends during Pyrolysis via 

Thermogravimetric Analysis (TGA). Bioresource Technology. 101 (12), 

4584-4592. 

IEA. (2010). World Energy Outlook 2010. Paris: International Energy Agency. 

IEA. (2011). Key World Energy Statistics. Peris: Internation Energy Agency  

IEA. (2014a). Key World Energy Statistics. France: International Energy Agency. 

IEA. (2014b). Statistics of Malaysia. Retrieved 8th Oct., 2014, from 

http://www.iea.org/countries/non-membercountries/malaysia/ 

Isa, K. M., Daud, S., Hamidin, N., Ismail, K., Saad, S. A. and Kasim, F. H. (2011). 

Thermogravimetric Analysis and the Optimisation of Bio-oil Yield from Fixed-

Bed Pyrolysis of Rice Husk Using Response Surface Methodology (RSM). 

Industrial Crops and Products. 33 (2), 481-487. 

Ismail, K., Zakaria, Z. and Ishak, M. (2005). Thermal Behavior Study of Mukah 

Balingian Coal and Biomass Blends during Pyrolysis via Thermogravimetric 

Analysis. Proceedings of the 2005 Proceedings of the 22nd International 

Pittsburgh Coal Conference, Oct, 9-4. 

Jain, V. (2011). Challenge of Economic Growth and the Concern for Energy Security: 

A Comparative Analysis of South and South-East Asia. Millennial Asia. 2(2), 

207-227. 

Jamaluddin, M. A., Ismail, K., Mohd Ishak, M. A., Ab Ghani, Z., Abdullah, M. F., 

Safian, M. T.-u., Idris, S. S., Tahiruddin, S., Mohammed Yunus, M. F. and 

Mohd Hakimi, N. I. N. (2013). Microwave-assisted Pyrolysis of Palm Kernel 

Shell: Optimization using Response Surface Methodology (RSM). Renewable 

Energy. 55, 357-365. 

Jie, W. and Jiankang, Y. (1994). Behaviour of Coal Pyrolysis Desulfurization with 

Microwave Energy. Fuel. 73 (2), 155-159. 

Jin, S. H., Lee, H. W., Ryu, C., Jeon, J.-K. and Park, Y.-K. (2015). Catalytic fast 

pyrolysis of Geodae-Uksae 1 over zeolites. Energy. 81, 41-46. 

http://www.iea.org/countries/non-membercountries/malaysia/


252 

Jones, D. A., Lelyveld, T. P., Mavrofidis, S. D., Kingman, S. W. and Miles, N. J. 

(2002). Microwave Heating Applications in Environmental Engineering-A 

Review. Resources, Conservation and Recycling. 34 (2), 75-90. 

Jones, J. M., Kubacki, M., Kubica, K., Ross, A. B. and Williams, A. (2005). 

Devolatilisation Characteristics of Coal and Biomass Blends. Journal of 

Analytical and Applied Pyrolysis. 74 (1–2), 502-511. 

Kajitani, S., Zhang, Y., Umemoto, S., Ashizawa, M. and Hara, S. (2009). Co-

gasification Reactivity of Coal and Woody Biomass in High-Temperature 

Gasification†. Energy & Fuels. 24 (1), 145-151. 

Kappe, C. O. (2013). How to Measure Reaction Temperature in Microwave-heated 

Transformations. Chemical Society Reviews. 42 (12), 4977-4990. 

Khor, C. S. and Lalchand, G. (2014). A Review on Sustainable Power Generation in 

Malaysia to 2030: Historical Perspective, Current Assessment, and Future 

Strategies. Renewable and Sustainable Energy Reviews. 29, 952-960. 

Kim, S.-J., Jung, S.-H. and Kim, J.-S. (2010). Fast Pyrolysis of Palm Kernel Shells: 

Influence of Operation Parameters on the Bio-oil Yield and the Yield of 

Phenol and Phenolic Compounds. Bioresource technology. 101 (23), 9294-

9300. 

Kingman, S. W., Jackson, K., Cumbane, A., Bradshaw, S. M., Rowson, N. A. and 

Greenwood, R. (2004). Recent Developments in Microwave-Assisted 

Comminution. International Journal of Mineral Processing. 74 (1-4), 71-83. 

Komarov, V. V. (2012). Handbook of Dielectric and Thermal Properties of 

Materials at Microwave Frequencies: Artech House. 

Kong, Y. and Cha, C. (1996). Reduction of NOx Adsorbed on Char with Microwave 

Energy. Carbon. 34 (8), 1035-1040. 

Kong, Y. and Cha, C. Y. (1995). NOx Abatement with Carbon Adsorbents and 

Microwave Energy. Energy & fuels. 9 (6), 971-975. 

Krieger-Brockett, B. (1994). Microwave Pyrolysis of Biomass. Research on 

Chemical Intermediates. 20 (1), 39-49. 

Kuan, W.-H., Huang, Y.-F., Chang, C.-C. and Lo, S.-L. (2013). Catalytic Pyrolysis of 

Sugarcane Bagasse by using Microwave Heating. Bioresource Technology. 

Kubacki, M. L., Ross, A. B., Jones, J. M. and Williams, A. (2012). Small-Scale Co-

Utilisation of Coal and Biomass. Fuel. 101 (0), 84-89. 



253 

Kuehl, R. O. and Kuehl, R. (2000). Design of Experiments: Statistical Principles of 

Research Design and Analysis.  (pp. 469-72). Pacific Grove, CA: 

Duxbury/Thomson Learning. 

Kumabe, K., Hanaoka, T., Fujimoto, S., Minowa, T. and Sakanishi, K. (2007). Co-

gasification of Woody Biomass and Coal with Air and Steam. Fuel. 86 (5), 

684-689. 

Laporterie, A., Marquié, J. and Dubac, J. (2004). Microwave-Assisted Reactions on 

Graphite Microwaves in Organic Synthesis (pp. 219-252): Wiley-VCH Verlag 

GmbH & Co. KGaA. 

Lehmann, J. and Joseph, S. (Eds.) (2009). Biochar for Environmental Management: 

Science and Technology: Routledge.. 

Lei, H., Ren, S. and Julson, J. (2009). The Effects of Reaction Temperature and Time 

and Particle Size of Corn Stover on Microwave Pyrolysis. Energy & Fuels. 23 

(6), 3254-3261. 

Lester, E. (2004). Effect of Microwave Heating on the Physical and Petrographic 

Characteristics of a U.K. Coal. Energy and Fuels. 18 (1), 140-147. 

Li, D., Quan, X., Zhang, Y. and Zhao, Y. (2008). Microwave-induced Thermal 

Treatment of Petroleum Hydrocarbon-contaminated Soil. Soil & Sediment 

Contamination. 17 (5), 486-496. 

Li, K., Zhang, R. and Bi, J. (2010). Experimental Study on Syngas Production by Co-

gasification of Coal and Biomass in a Fluidized Bed. International journal of 

hydrogen energy. 35 (7), 2722-2726. 

Lin, H., Zhu, H., Guo, H. and Yu, L. (2008). Microwave-Absorbing Properties of 

Co-Filled Carbon Nanotubes. Materials Research Bulletin. 43 (10), 2697-

2702. 

Lin, X., Wang, C., Ideta, K., Miyawaki, J., Nishiyama, Y., Wang, Y., Yoon, S. and 

Mochida, I. (2014). Insights into the Functional Group Transformation of a 

Chinese Brown Coal during Slow Pyrolysis by Combining Various 

Experiments. Fuel. 118, 257-264. 

Liu, Q., Wang, S., Zheng, Y., Luo, Z. and Cen, K. (2008). Mechanism Study of 

Wood Lignin Pyrolysis by using TG–FTIR Analysis. Journal of Analytical 

and Applied Pyrolysis. 82 (1), 170-177. 



254 

Liu, Q. and Xia, H. (2012). The Effect of Additive on Temperature Rising 

Characteristics during Coal Pyrolysis in Microwave Field. Advanced Materials 

Research Vols. 512 - 515. Renewable and Sustainable Energy II, 1790-1794. 

Liu, X., Quan, X., Bo, L., Chen, S., Zhao, Y. and Chang, M. (2004). Temperature 

Measurement of GAC and Decomposition of PCP Loaded on GAC and GAC-

supported Copper Catalyst in Microwave Irradiation. Applied Catalysis A: 

General. 264 (1), 53-58. 

Lopez, M. B., Blanco, C., Martınez-Alonso, A. and Tascón, J. (2002). Composition 

of Gases released during Olive Stones Pyrolysis. Journal of analytical and 

applied pyrolysis. 65 (2), 313-322. 

Luque, R., Menendez, J. A., Arenillas, A. and Cot, J. (2012). Microwave-Assisted 

Pyrolysis of Biomass Feedstocks: The Way Forward? Energy Environ. Sci. 5, 

5481. 

Ma, J., Diehl, J. F., Johnson, E. J., Martin, K. R., Miskovsky, N. M., Smith, C. T., 

Weisel, G. J., Weiss, B. L. and Zimmerman, D. T. (2007). Systematic Study of 

Microwave Absorption, Heating, and Microstructure Evolution of Porous 

Copper Powder Metal Compacts. Journal of Applied Physics. 101 (7), 

074906-074906-074908. 

Ma, Z., Troussard, E. and van Bokhoven, J. A. (2012). Controlling the selectivity to 

chemicals from lignin via catalytic fast pyrolysis. Applied Catalysis A: 

General. 423, 130-136. 

Mae, K., Hasegawa, I., Sakai, N. and Miura, K. (2000). A New Conversion Method 

for Recovering Valuable Chemicals from Oil Palm Shell Wastes Utilizing 

Liquid-Phase Oxidation with H2O2 under Mild Conditions. Energy & Fuels. 

14 (6), 1212-1218. 

Marland, S., Han, B., Merchant, A. and Rowson, N. (2000). Effect of Microwave 

Radiation on Coal Grindability. Fuel. 79 (11), 1283-1288. 

Marland, S., Merchant, A. and Rowson, N. (2001). Dielectric Properties of Coal. 

Fuel. 80 (13), 1839-1849. 

Masnadi, M. S., Habibi, R., Kopyscinski, J., Hill, J. M., Bi, X., Lim, C. J., Ellis, N. 

and Grace, J. R. (2014). Fuel Characterization and Co-Pyrolysis Kinetics of 

Biomass and Fossil Fuels. Fuel. 117, 1204-1214. 



255 

McGill, S. L., Walkiewicz, J. W. and Smyres, G. A. (1988). The Effects of Power 

Level on the Microwave Heating of Selected Chemicals and Minerals. 

Proceedings of the 1988 MRS Proceedings, 247. 

McKee, D. W., Spiro, C. L., Kosky, P. G. and Lamby, E. J. (1983). Catalysis of Coal 

Char Gasification by Alkali Metal Salts. Fuel. 62 (2), 217-220. 

Meesri, C. and Moghtaderi, B. (2002). Lack of Synergetic Effects in the Pyrolytic 

Characteristics of Woody Biomass/Coal Blends under Low and High Heating 

Rate Regimes. Biomass and Bioenergy. 23 (1), 55-66. 

MEIH. (2014). Malaysia Energy Information Hub Statistics. Retrieved 23rd April, 

2014, from http://meih.st.gov.my/statistics 

Menéndez, J., Domínguez, A., Fernández, Y. and Pis, J. (2007). Evidence of Self-

gasification during the Microwave-induced Pyrolysis of Coffee Hulls. Energy 

and fuels. 21 (1), 373-378. 

Menendez, J., Inguanzo, M. and Pis, J. (2002). Microwave-induced Pyrolysis of 

Sewage Sludge. Water research. 36 (13), 3261-3264. 

Menéndez, J., Menéndez, E., Garcia, A., Parra, J. and Pis, J. (1999). Thermal 

Treatment of Active Carbons: A Comparison between Microwave and 

Electrical Heating. Journal of Microwave Power and Electromagentic 

Energy. 34 (3), 137-143. 

Menéndez, J. A., Arenillas, A., Fidalgo, B., Fernández, Y., Zubizarreta, L., Calvo, E. 

G. and Bermúdez, J. M. (2010). Microwave Heating Processes involving 

Carbon Materials. Fuel Processing Technology. 91 (1), 1-8. 

Menéndez, J. A., Juárez-Pérez, E. J., Ruisánchez, E., Bermúdez, J. M. and Arenillas, 

A. (2011). Ball Lightning Plasma and Plasma Arc Formation during the 

Microwave Heating of Carbons. Carbon. 49 (1), 346-349. 

Meredith, R. (1988). Engineers' Handbook of Industrial Microwave Heating London, 

UK: The Institution of Electrical Engineers. 

Mijović, J. and Wijaya, J. (1990). Review of Cure of Polymers and Composites by 

Microwave Energy. Polymer composites. 11 (3), 184-191. 

Miller, B. G. (2005). Coal Energy Systems: Elsevier Academic Press. 

Mingos, D. M. P. (1993). Microwave Syntheses of Inorganic Materials. Advanced 

Materials. 5 (11), 857-859. 

http://meih.st.gov.my/statistics


256 

Miura, M., Kaga, H., Sakurai, A., Kakuchi, T. and Takahashi, K. (2004). Rapid 

Pyrolysis of Wood Block by Microwave Heating. Journal of Analytical and 

Applied Pyrolysis. 71 (1), 187-199. 

Moen, J., Yang, C., Zhang, B., Lei, H., Hennessy, K., Wan, Y., Le, Z., Liu, Y., Chen, 

P. and Ruan, R. (2010). Catalytic Microwave Assisted Pyrolysis of Aspen. 

International Journal of Agricultural and Biological Engineering. 2 (4), 70-

75. 

Moghtaderi, B. (2001). The Safety Implication of Low Heating Rate Pyrolysis of 

Coal/Biomass Blends in Pulverised Fuel Boilers. Journal of Loss Prevention 

in the Process Industries. 14 (3), 161-165. 

Moghtaderi, B., Meesri, C. and Wall, T. F. (2004). Pyrolytic Characteristics of 

Blended Coal and Woody Biomass. Fuel. 83 (6), 745-750. 

Mohan, D., Pittman, C. U., Jr. and Steele, P. H. (2006). Pyrolysis of Wood/Biomass 

for Bio-oil: A Critical Review. Energy & Fuels. 20 (3), 848-889. 

Mokhlisse, A., Chanâa, M. B. and Outzourhit, A. (2000). Pyrolysis of the Moroccan 

(Tarfaya) Oil Shales under Microwave Irradiation. Fuel. 79 (7), 733-742. 

Monsef-Mirzai, P., Ravindran, M., McWhinnie, W. R. and Burchil, P. (1992). The use 

of Microwave Heating for the Pyrolysis of Coal via Inorganic Receptors of 

Microwave Energy. Fuel. 71 (6), 716-717. 

Monsef-Mirzai, P., Ravindran, M., McWhinnie, W. R. and Burchill, P. (1995). Rapid 

Microwave Pyrolysis of Coal: Methodology and Examination of the Residual 

and Volatile Phases. Fuel. 74 (1), 20-27. 

Motasemi, F., Afzal, M. T., Salema, A. A., Mouris, J. and Hutcheon, R. (2014). 

Microwave Dielectric Characterization of Switchgrass for Bioenergy and 

Biofuel. Fuel. 124, 151-157. 

MPOB. (2013a). Economics and Industrial Dvelopment Division. Retrieved 23rd 

Oct., 2013, from http://bepi.mpob.gov.my/ 

MPOB. (2013b). Malaysian Palm Oil Industry. Retrieved 23rd Oct., 2013, from 

http://www.palmoilworld.org/ 

MPOB. (2014). Malaysian Palm Oil Board. Retrieved 8th Oct., 2014, from 

www.mpob.gov.my 

MTIB. (2012). Malaysian Timber Statistics 2009-2011. Kuala Lumpur: Malaysian 

Timber Industry Board. 

http://bepi.mpob.gov.my/
http://www.palmoilworld.org/
http://www.mpob.gov.my/


257 

Mutyala, S., Fairbridge, C., Paré, J. R. J., Bélanger, J. M. R., Ng, S. and Hawkins, R. 

(2010). Microwave Applications to Oil Sands and Petroleum: A Review. Fuel 

Processing Technology. 91 (2), 127-135. 

Myers, R. H., Montgomery, D. C. and Anderson-Cook, C. M. (1995). Response 

Surface Methodology: Process and Product Optimization Using Designed 

Experiments  New York: John Wiley & Sons, Inc. 

Natrella, M. (2010). NIST/SEMATECH E-handbook of Statistical Methods. 

NEB. (2011). National Energy Balance. Putrajaya, Malaysia: Suruhanjaya Tenaga 

Energy Comission. 

NEB. (2012). National Energy balance. Putrajaya, Malaysia: Suruhanjaya Tenaga 

Energy Comission, Malaysia. 

Nikkhah, K., Bakhshi, N. N. and MacDonald, D. G. (1993). Co-Pyrolysis of Various 

Biomass Materials and Coals in a Quartz Semi-Batch Reactor. Energy from 

Biomass and Wastes. 16, 857-857. 

Nokkosmäki, M. I., Krause, A. O. I., Leppämäki, E. A. and Kuoppala, E. T. (1998). 

A Novel Test Method for Catalysts in the Treatment of Biomass Pyrolysis Oil. 

Catalysis Today. 45 (1–4), 405-409. 

Nokkosmäki, M. I., Kuoppala, E. T., Leppämäki, E. A. and Krause, A. O. I. (2000). 

Catalytic Conversion of Biomass Pyrolysis Vapours with Zinc Oxide. Journal 

of Analytical and Applied Pyrolysis. 55 (1), 119-131. 

Nurul Islam, M., Zailani, R. and Nasir Ani, F. (1999). Pyrolytic Oil from Fluidised 

Bed Pyrolysis of Oil Palm Shell and its Characterisation. Renewable Energy. 

17 (1), 73-84. 

Oh, T. H., Pang, S. Y. and Chua, S. C. (2010). Energy Policy and Alternative Energy 

in Malaysia: Issues and Challenges for Sustainable Growth. Renewable and 

Sustainable Energy Reviews. 14 (4), 1241-1252. 

Omar, R., Idris, A., Yunus, R., Khalid, K. and Aida Isma, M. I. (2011). 

Characterization of Empty Fruit Bunch for Microwave-Assisted Pyrolysis. 

Fuel. 90 (4), 1536-1544. 

Ong, H. C., Mahlia, T. M. I. and Masjuki, H. H. (2011). A Review on Energy 

Scenario and Sustainable Energy in Malaysia. Renewable and Sustainable 

Energy Reviews. 15 (1), 639-647. 



258 

Othman, M., Zakaria, R. and Fernando, W. (2009). Strategic planning on carbon 

capture from coal fired plants in Malaysia and Indonesia: a review. Energy 

Policy. 37 (5), 1718-1735. 

Pan, L., XianHua, W., WeiTing, G., HaiPing, Y., YingQuan, C. and HanPing, C. 

(2013). Effects of Metal Salt Additives on Biomass Microwave Pyrolysis 

Characteristic. Nongye Jixie Xuebao, Transactions of the Chinese Society for 

Agricultural Machinery. 44 (6), 162-167. 

Pan, Y., Velo, E., Roca, X., Manya, J. and Puigjaner, L. (2000). Fluidized-bed Co-

gasification of Residual Biomass/poor Coal Blends for Fuel Gas Production. 

Fuel. 79 (11), 1317-1326. 

Pan, Y. G., Velo, E. and Puigjaner, L. (1996). Pyrolysis of Blends of Biomass with 

Poor Coals. Fuel. 75 (4), 412-418. 

Park, D. K., Kim, S. D., Lee, S. H. and Lee, J. G. (2010). Co-Pyrolysis 

Characteristics of Sawdust and Coal Blend in TGA and a Fixed Bed Reactor. 

Bioresource Technology. 101 (15), 6151-6156. 

Pedersen, L. S., Nielsen, H. P., Kiil, S., Hansen, L. A., Dam-Johansen, K., Kildsig, F., 

Christensen, J. and Jespersen, P. (1996). Full-scale Co-firing of Straw and 

Coal. Fuel. 75 (13), 1584-1590. 

Pettersen, R. C. (1984). The Chemical Composition of Wood The Chemistry of Solid 

Wood (Vol. 207, pp. 57-126): American Chemical Society. 

Pickles, C., Gao, F. and Kelebek, S. (2014). Microwave Drying of a Low-rank Sub-

bituminous Coal. Minerals Engineering. 62, 31-42. 

Pinto, F., André, R. N., Franco, C., Lopes, H., Gulyurtlu, I. and Cabrita, I. (2009). 

Co-gasification of Coal and Wastes in a Pilot-scale Installation 1: Effect of 

Catalysts in Syngas Treatment to Achieve Tar Abatement. Fuel. 88 (12), 

2392-2402. 

Pinto, F., Franco, C., Andre, R. N., Tavares, C., Dias, M., Gulyurtlu, I. and Cabrita, I. 

(2003). Effect of Experimental Conditions on Co-gasification of Coal, 

Biomass and Plastics Wastes with Air/Steam Mixtures in a Fluidized Bed 

System. Fuel. 82 (15), 1967-1976. 

Pueschner. (2013). Microwave Power Systems, Industrial Microwave Heating Plants, 

Penetration Depth. Retrieved 6th Sep., 2013, from 

http://www.pueschner.com/ 

http://www.pueschner.com/


259 

Pütün, E. (2010). Catalytic Pyrolysis of Biomass: Effects of Pyrolysis Temperature, 

Sweeping Gas Flow Rate and MgO Catalyst. Energy. 35 (7), 2761-2766. 

Pütün, E., Ateş, F. and Pütün, A. E. (2008). Catalytic Pyrolysis of Biomass in Inert 

and Steam Atmospheres. Fuel. 87 (6), 815-824. 

Reguera, E., Díaz-Aguila, C. and Yee-Madeira, H. (2005). On the Changes and 

Reactions in Metal Oxides under Microwave Irradiation. Journal of Materials 

Science. 40 (19), 5331-5334. 

Reimbert, C. G., Minzoni, A. A. and Smyth, N. F. (1996). Effect of Radiation Losses 

on Hotspot Formation and Propagation in Microwave Heating. IMA Journal 

of Applied Mathematics. 57 (2), 165-179. 

Ren, S., Lei, H., Wang, L., Bu, Q., Chen, S. and Wu, J. (2014). Hydrocarbon and 

Hydrogen-rich Syngas Production by Biomass Catalytic Pyrolysis and Bio-oil 

upgrading over Biochar Catalysts. RSC Advances. 4 (21), 10731-10737. 

Riaza, J., Gil, M. V., Álvarez, L., Pevida, C., Pis, J. J. and Rubiera, F. (2012). Oxy-

Fuel Combustion of Coal and Biomass Blends. Energy. 41 (1), 429-435. 

Rizkiana, J., Guan, G., Widayatno, W. B., Hao, X., Wang, Z., Zhang, Z. and 

Abudula, A. (2015). Oil Production from Mild Pyrolysis of Low-rank Coal in 

Molten Salts Media. Applied Energy. 154, 944-950. 

Robinson, J. P., Kingman, S. W., Snape, C. E. and Shang, H. (2007). Pyrolysis of 

Biodegradable Wastes using Microwaves. Proceedings of the ICE-Waste and 

Resource Management. 160 (3), 97-103. 

Roy, R., Peelamedu, R., Grimes, C., Cheng, J. P. and Agrawal, D. (2002). Major 

Phase Transformations and Magnetic Property Changes Caused by 

Electromagnetic Fields at Microwave Frequencies. Journal of Materials 

Research. 17 (12), 3008-3011. 

Rydholm, S. A. (1965). Pulping Processes New York: Wiley. 

Sadhukhan, A. K., Gupta, P., Goyal, T. and Saha, R. K. (2008). Modelling of 

Pyrolysis of Coal-Biomass Blends Using Thermogravimetric Analysis. 

Bioresource Technology. 99 (17), 8022-8026. 

Safian, M. T., Ghani, Z. A., Ismail, K. and Ishak, M. A. M. (2011). Coal Liquefaction 

Using Semi-Continuous Solvent Flow Two-Stage Reactor System: Optimizing 

Using Response Surface Methodology (RSM). Proceedings of the 2011 



260 

Sustainable Energy & Environment (ISESEE), 2011 3rd International 

Symposium & Exhibition in. 1-3 June 2011. 55-62. 

Salema, A. A. and Ani, F. N. (2011a). Heating Characteristics of Biomass and 

Carbonaceous Materials under Microwave Radiation. Proceedings of the 

2011a Proceedings of IEEE 1st Conference on Clean Energy Technology 

Kuala Lumpur, Malaysia, 72–77. 

Salema, A. A. and Ani, F. N. (2011b). Microwave Induced Pyrolysis of Oil Palm 

Biomass. Bioresource Technology. 102 (3), 3388-3395. 

Salema, A. A. and Ani, F. N. (2012a). Microwave-Assisted Pyrolysis of Oil Palm 

Shell Biomass Using an Overhead Stirrer. Journal of Analytical and Applied 

Pyrolysis. 96 (0), 162-172. 

Salema, A. A. and Ani, F. N. (2012b). Pyrolysis of Oil Palm Empty Fruit Bunch 

Biomass Pellets using Multimode Microwave Irradiation. Bioresource 

Technology. 125 (0), 102-107. 

Salema, A. A., Yeow, Y. K., Ishaque, K., Ani, F. N., Afzal, M. T. and Hassan, A. 

(2013). Dielectric Properties and Microwave Heating of Oil Palm Biomass and 

Biochar. Industrial Crops and Products. 50, 366-374. 

Shafizadeh, F. (1985). Pyrolytic Reactions and Products from Biomass. 

Fundamentals of  Thermochemical Biomass Conversion  London: Elsevier 

Applied Science. 

Sharma, G. and Prasad, S. (2002). Dielectric Properties of Garlic (Allium sativum L.) 

at 2450 MHz as Function of Temperature and Moisture Content. Journal of 

food Engineering. 52 (4), 343-348. 

Sharma, R., Wooten, J., Baliga, V. and Hajaligol, M. (2001). Characterization of 

Chars from Biomass-derived Materials: Pectin Chars. Fuel. 80 (12), 1825-

1836. 

Shui, H., Cai, Z. and Xu, C. C. (2010). Recent Advances in Direct Coal Liquefaction. 

Energies. 3 (2), 155-170. 

Şimşek, E. H., Karaduman, A. and Olcay, A. (2001). Investigation of Dissolution 

Mechanism of Six Turkish Coals in Tetralin with Microwave Energy. Fuel. 80 

(15), 2181-2188. 



261 

Sjöström, K., Chen, G., Yu, Q., Brage, C. and Rosén, C. (1999). Promoted Reactivity 

of Char in Co-gasification of Biomass and Coal: Synergies in the 

Thermochemical Process. Fuel. 78 (10), 1189-1194. 

Solomon, P. R., Hamblen, D. G., Carangelo, R. M., Serio, M. A. and Deshpande, G. 

V. (1988). Models of Tar Formation during Coal Devolatilization. 

Combustion and flame. 71 (2), 137-146. 

Song, Y., Feng, J., Ji, M., Ding, T., Qin, Y. and Li, W. (2013). Impact of Biomass on 

Energy and Element Utilization Efficiency during Co-gasification with Coal. 

Fuel Processing Technology. 115, 42-49. 

Song, Y., Shi, J., Fu, J., Lan, X., Zhang, Q. and Zhou, J. (2012) Analysis of Products 

by Conventional and Microwave Induced Pyrolysis for Low Rank Coal. Vol. 

524-527 (pp. 871-875). 

Srivastava, S. K., Saran, T., Sinha, J., Ramachandran, L. V. and Rao, S. K. (1988). 

Influence of Alkali on Pyrolysis of Coals. Fuel. 67 (12), 1683-1684. 

Stefanidis, S. D., Kalogiannis, K. G., Iliopoulou, E. F., Michailof, C. M., Pilavachi, P. 

A. and Lappas, A. A. (2014). A Study of Lignocellulosic Biomass Pyrolysis 

via the Pyrolysis of Cellulose, Hemicellulose and Lignin. Journal of Analytical 

and Applied Pyrolysis. 105, 143-150. 

Sutcu, H. (2007). Pyrolysis by Thermogravimetric Analysis of Blends of Peat with 

Coals of Different Characteristics and Biomass. Journal of the Chinese 

Institute of Chemical Engineers. 38 (3–4), 245-249. 

Tatscha, J. (1980). Coal Deposits: Origin, Evolution, and Present Characteristics  

Sudbury, MA: Tatsch Associates. 

Tendero, C., Tixier, C., Tristant, P., Desmaison, J. and Leprince, P. (2006). 

Atmospheric Pressure Plasmas: A Review. Spectrochimica Acta Part B: 

Atomic Spectroscopy. 61 (1), 2-30. 

Thostenson, E. T. and Chou, T. W. (1999). Microwave Processing: Fundamentals 

and Applications. Composites Part A: Applied Science and Manufacturing. 

30 (9), 1055-1071. 

Torgovnikov, G. I. (1993). Dielectric Properties of Wood and Wood-based Materials  

Berlin: Springer-Verlag. 

Ucar, S. and Ozkan, A. R. (2008). Characterization of Products from the Pyrolysis of 

Rapeseed Oil Cake. Bioresource technology. 99 (18), 8771-8776. 



262 

Ulloa, C. A., Gordon, A. L. and García, X. A. (2009). Thermogravimetric Study of 

Interactions in the Pyrolysis of Blends of Coal with Radiata Pine Sawdust. 

Fuel Processing Technology. 90 (4), 583-590. 

Uslu, T. and Atalay, Ü. (2004). Microwave Heating of Coal for Enhanced Magnetic 

Removal of Pyrite. Fuel Processing Technology. 85 (1), 21-29. 

Vamvuka, D. (2011). Bio-oil, Solid and Gaseous Biofuels from Biomass Pyrolysis 

Processes-An Overview. International Journal of Energy Research. 35 (10), 

835-862. 

Vélez, J. F., Chejne, F., Valdés, C. F., Emery, E. J. and Londoño, C. A. (2009). Co-

gasification of Colombian Coal and Biomass in Fluidized Bed: an 

Experimental Study. Fuel. 88 (3), 424-430. 

Vuthaluru, H. B. (2004a). Investigations into the Pyrolytic Behaviour of 

Coal/Biomass Blends using Thermogravimetric Analysis. Bioresource 

Technology. 92 (2), 187-195. 

Vuthaluru, H. B. (2004b). Thermal Behaviour of Coal/Biomass Blends during Co-

Pyrolysis. Fuel Processing Technology. 85 (2–3), 141-155. 

Wan, Y., Chen, P., Zhang, B., Yang, C., Liu, Y., Lin, X. and Ruan, R. (2009). 

Microwave-Assisted Pyrolysis of Biomass: Catalysts to Improve Product 

Selectivity. Journal of Analytical and Applied Pyrolysis. 86 (1), 161-167. 

Wang, L., Lei, H., Ren, S., Bu, Q., Liang, J., Wei, Y., Liu, Y., Lee, G.-S. J., Chen, 

S., Tang, J., Zhang, Q. and Ruan, R. (2012a). Aromatics and Phenols from 

Catalytic Pyrolysis of Douglas Fir Pellets in Microwave with ZSM-5 as a 

Catalyst. Journal of Analytical and Applied Pyrolysis. 98 (0), 194-200. 

Wang, L., Lei, H., Bu, Q., Ren, S., Wei, Y., Zhu, L., Zhang, X., Liu, Y., Yadavalli, 

G., Lee, J., Chen, S. and Tang, J. (2014). Aromatic Hydrocarbons Production 

from ex situ Catalysis of Pyrolysis Vapor over Zinc Modified ZSM-5 in a 

Packed-Bed Catalysis Coupled with Microwave Pyrolysis Reactor. Fuel. 129, 

78-85. 

Wang, N., Yu, J., Tahmasebi, A., Han, Y., Lucas, J., Wall, T. and Jiang, Y. (2013a). 

Experimental Study on Microwave Pyrolysis of an Indonesian Low-Rank 

Coal. Energy & Fuels. 28 (1), 254-263. 

Wang, P., Jin, L., Liu, J., Zhu, S. and Hu, H. (2013b). Analysis of Coal Tar derived 

from Pyrolysis at Different Atmospheres. Fuel. 104, 14-21. 



263 

Wang, X., Morrison, W., Du, Z., Wan, Y., Lin, X., Chen, P. and Ruan, R. (2012b). 

Biomass Temperature Profile Development and its Implications under the 

Microwave-assisted Pyrolysis Condition. Applied Energy. 99, 386-392. 

Wang, X. H., Chen, H. P., Ding, X. J., Yang, H. P., Zhang, S. H. and Shen, Y. Q. 

(2009). Properties of Gas and Char from Microwave Pyrolysis of Pine 

Sawdust. BioResources. 4 (3), 946-959. 

WCA. (2014a). Coal and Electricity. Retrieved 28th April, 2014, from 

http://www.worldcoal.org/ 

WCA. (2014b). Coal Price. Retrieved 28th April, 2014, from 

http://www.worldcoal.org/ 

Wei, L.-G., Zhang, L. and Xu, S.-P. (2011). Effects of Feedstock on Co-Pyrolysis of 

Biomass and Coal in a Free-Fall Reactor. Journal of Fuel Chemistry and 

Technology. 39 (10), 728-734. 

Wei, L., Xu, S., Zhang, L., Zhang, H., Liu, C., Zhu, H. and Liu, S. (2006). 

Characteristics of Fast Pyrolysis of Biomass in a Free Fall Reactor. Fuel 

Processing Technology. 87 (10), 863-871. 

Weiland, N. T., Means, N. C. and Morreale, B. D. (2012). Product Distributions from 

Isothermal Co-Pyrolysis of Coal and Biomass. Fuel. 94 (0), 563-570. 

Williams, P. T. and Besler, S. (1994). Polycyclic Aromatic Hydrocarbons in Waste 

derived Pyrolytic Oils. Journal of Analytical and Applied pyrolysis. 30 (1), 

17-33. 

Wu, C., Budarin, V. L., Gronnow, M. J., De Bruyn, M., Onwudili, J. A., Clark, J. H. 

and Williams, P. T. (2014). Conventional and Microwave-assisted Pyrolysis of 

Biomass under Different Heating Rates. Journal of Analytical and Applied 

Pyrolysis. 107, 276-283. 

Wu, T., Gong, M., Lester, E. and Hall, P. (2013). Characteristics and Synergistic 

Effects of Co-Firing of Coal and Carbonaceous Wastes. Fuel. 104 (0), 194-

200. 

Xie, K.-C., Lu, Y.-K., Tian, Y.-J. and Wang, D.-Z. (2002). Study of Coal Conversion 

in an Arc Plasma Jet. Energy Sources. 24 (12), 1093-1098. 

Xu, L. and Lee, H. K. (2008). Novel Approach to Microwave-assisted Extraction and 

Micro-solid-phase Extraction from Soil using Graphite Fibers as Sorbent. 

Journal of Chromatography A. 1192 (2), 203-207. 

http://www.worldcoal.org/
http://www.worldcoal.org/


264 

Xu, W.-C. and Tomita, A. (1989). Effect of Metal Oxides on the Secondary 

Reactions of Volatiles from Coal. Fuel. 68 (5), 673-676. 

Yang, H., Wu, Y., Zhang, H., Qiu, X., Yang, S., Liu, Q. and Lu, J. (2012). NOx 

Emission from a Circulating Fluidized Bed Boiler Cofiring Coal and Corn 

Stalk Pellets. Energy & Fuels. 26 (9), 5446-5451. 

Yao, Y., Jänis, A. and Klement, U. (2008). Characterization and Dielectric Properties 

of β-SiC Nanofibres. Journal of Materials Science. 43 (3), 1094-1101. 

Yin, C. (2012). Microwave-Assisted Pyrolysis of Biomass for Liquid Biofuels 

Production. Bioresource Technology. 120 (0), 273-284. 

Yorgun, S. and Şimşek, Y. E. (2008). Catalytic Pyrolysis of Miscanthus × Giganteus 

over Activated Alumina. Bioresource Technology. 99 (17), 8095-8100. 

Yoshikawa, N., Ishizuka, E., Mashiko, K. and Taniguchi, S. (2007). Carbon 

Reduction Kinetics of NiO by Microwave Heating of the Separated Electric 

and Magnetic Fields. Metallurgical and Materials Transactions B. 38 (6), 

863-868. 

Yuan, S., Dai, Z.-H., Zhou, Z.-J., Chen, X.-L., Yu, G.-S. and Wang, F.-C. (2012). 

Rapid Co-Pyrolysis of Rice Straw and a Bituminous Coal in a High-Frequency 

Furnace and Gasification of the Residual Char. Bioresource Technology. 109 

(0), 188-197. 

Yuan, S., Zhou, Z.-J., Li, J., Chen, X.-L. and Wang, F.-C. (2011). HCN and NH3 

(NOx Precursors) Released under Rapid Pyrolysis of Biomass/Coal Blends. 

Journal of Analytical and Applied Pyrolysis. 92 (2), 463-469. 

Yürüm, Y. and Yig̃insu, I. (1982). Depolymerization of Turkish lignites: 3. Effect of 

ultraviolet radiation. Fuel. 61 (11), 1138-1140. 

Zhang, L., Xu, S., Zhao, W. and Liu, S. (2007). Co-Pyrolysis of Biomass and Coal in 

a Free Fall Reactor. Fuel. 86 (3), 353-359. 

Zhao, X., Wang, M., Liu, H., Li, L., Ma, C. and Song, Z. (2012). A Microwave 

Reactor for Characterization of Pyrolyzed Biomass. Bioresource Technology. 

104 (0), 673-678. 

Zhao, X., Zhang, J., Song, Z., Liu, H., Li, L. and Ma, C. (2011). Microwave 

Pyrolysis of Straw Bale and Energy Balance Analysis. Journal of Analytical 

and Applied Pyrolysis. 92 (1), 43-49. 



265 

Zhu, W., Song, W. and Lin, W. (2008). Catalytic Gasification of Char from Co-

Pyrolysis of Coal and Biomass. Fuel Processing Technology. 89 (9), 890-896. 

Zlotorzynski, A. (1995). The Application of Microwave Radiation to Analytical and 

Environmental Chemistry. Critical Reviews in Analytical Chemistry. 25 (1), 

43-76. 


	FaisalMushtaqPFChE2015ABS
	FaisalMushtaqPFChE2015TOC
	FaisalMushtaqPFChE2015CHAP1
	FaisalMushtaqPFChE2015REF



