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ABSTRACT 

The need for energy is always expanding along with industrialization and 

population increase, and the availability of energy supplies cannot keep up with the 

mounting consumption. In 2000, one estimate predicted that about 20 million metric 

tons of CO2 will be released into the atmosphere yearly. While this pattern continues, 

extreme natural catastrophes, such as excessive rainfall and the ensuing floods, 

droughts, and local imbalance, are to be expected. The world's oil reserves are expected 

to run out by 2050. Considering the mentioned aspects there has been an elevating 

demand for renewable resources of energies. One of such mentionable sources of 

energy is palm oil leftovers or palm kernel shells (PKS). Low moisture content, 

compact and having a high calorific content are some of the mentionable factors 

contributing to the popularity of PKS. Considering the mentioned aspects, in this 

study, the potential of palm kernel shell waste as a solid biofuel by using pyrolysis and 

hydrogenation process has been evaluated along with analysing the impact of 

temperature in achieving a higher calorific value. In order to evaluate the heating 

values of the samples, Bomb calorimeter has been used and TGA analysis has been 

performed to evaluate the impact of temperature and associated changes in the weight 

of the sample. For analysing the compound group present in the samples, FTIR 

analysis has been conducted. The highest heating value of 25.96 MJ/kg was obtained 

for sample prepared at 300oC hydrogenation temperature at 1 hour with the use 

Ru/Mn/ce-65 as catalyst. Significant C-H stretching and vibration was observed at 

2850 – 3000 cm-1 and 1120-1250 cm-1 wavelength which indicate increasing C-H 

adsorption at carbon surface that become a major contribution to higher heating value. 

In addition to that, temperature has been observed to have major impact on the 

performance of the samples in attaining higher calorific value as compared to reaction 

time. Therefore, PKS proved to have a great potential as green waste to be used as a 

high-quality solid biofuel for combustion purposes. 
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ABSTRAK 

Keperluan untuk tenaga sentiasa berkembang seiring dengan perindustrian dan 

pertambahan penduduk, dan ketersediaan bekalan tenaga tidak dapat bersaing dengan 

penggunaan yang semakin meningkat. Pada tahun 2000, satu anggaran meramalkan 

bahawa kira-kira 20 juta tan metrik CO2 akan dibebaskan ke atmosfera setiap tahun. 

Walaupun corak ini berterusan, malapetaka semula jadi yang melampau, seperti hujan 

yang berlebihan dan banjir, kemarau dan ketidakseimbangan setempat, adalah 

dijangkakan. Rizab minyak dunia dijangka akan kehabisan menjelang 2050. 

Memandangkan aspek-aspek yang disebutkan, terdapat permintaan yang meningkat 

untuk sumber tenaga boleh diperbaharui. Salah satu sumber tenaga yang boleh disebut 

ialah sisa minyak sawit atau cangkerang isirong sawit (PKS). Kandungan lembapan 

yang rendah, padat dan mempunyai kandungan kalori yang tinggi adalah antara faktor 

yang boleh disebut menyumbang kepada populariti PKS. Dengan mengambil kira 

aspek-aspek yang dinyatakan, dalam kajian ini, potensi penggunaan sisa tempurung 

isirong sawit sebagai biobahan api pepejal dengan menggunakan pirolisis dan 

penghidrogenan telah dinilai bersama-sama dengan menganalisis kesan suhu dalam 

mencapai nilai kalori yang lebih tinggi. Untuk menilai nilai pemanasan sampel, 

kalorimeter Bom telah digunakan dan analisis TGA telah dilakukan untuk menilai 

kesan suhu dan perubahan yang berkaitan dalam berat sampel. Untuk menganalisis 

kumpulan kompaun yang terdapat dalam sampel, analisis FTIR telah dijalankan. Nilai 

pemanasan tertinggi iaitu 25.96 MJ/kg diperolehi bagi sampel yang disediakan pada 

suhu penghidrogenan 300oC pada 1 jam dengan menggunakan Ru/Mn/ce-65 sebagai 

mangkin. Regangan dan getaran C-H yang ketara diperhatikan pada 2850 – 3000 cm-

1 dan 1120-1250 cm-1 panjang gelombang yang menunjukkan peningkatan penjerapan 

C-H pada permukaan karbon yang menjadi sumbangan utama kepada nilai pemanasan 

yang lebih tinggi. Di samping itu, suhu telah diperhatikan mempunyai kesan besar ke 

atas prestasi sampel dalam mencapai nilai kalori yang lebih tinggi berbanding dengan 

masa tindak balas. Oleh itu, PKS terbukti mempunyai potensi besar sebagai sisa hijau 

untuk digunakan sebagai biofuel pepejal berkualiti tinggi untuk tujuan pembakaran.  
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Research Background 

Due to the growing industrialization and growth of the population, the energy 

demand is continually rising, and the potential for energy resources is not sustaining 

with the escalating consumption. Even after multiplying energy output, developed 

countries are still experiencing difficulties balancing the supply and demand for energy 

because of growth pressure. By 2050, the world's oil supplies are predicted to be 

exhausted. Energy sources including coal, oil, natural gas, and others are used to offset 

the majority of the energy demand. A hazard to the global climate is posed by rising 

greenhouse Gases (GHG) emissions, specifically CO2. Over 20 million metric tons of 

CO2 were anticipated to be emitted into the environment annually in 2000, according 

to one estimate (Bridgwater, 2003). 

In the future, this trend is likely to result in extreme natural disasters, such as 

excessive rainfall and floods, droughts, and local imbalances. These toxic gases 

discharged into the environment lead to changes in atmospheric conditions and 

degradation of human health. The challenge is to explore about alternative energy 

sources, which biomass offers. In 2005, according to statistics from the “International 

Energy Agency” (IEA), biomass accounted for 10% of the world's demand for primary 

energy (Abdullahi et al., 2017).  

Palm oil leftovers are used to produce a significant quantity of biomass in 

Malaysia, Indonesia, and Nigeria (Yaro et al., 2022). The pellets and briquettes 

produced from these biomasses make appropriate fuels. Vegetable oil has been 

identified as one of the most efficacious renewable sources in many studies on biomass 

fuels (Meher et al., 2013). In Southeast Asia, biomass waste from the palm oil sector 

is a valuable source of renewable energy. With the rapid growth of the palm oil sector 
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in Indonesia, Malaysia, and Thailand, the availability of these biomass resources is on 

the rise. There is a general oversupply of by-products in the palm oil value chain, and 

there is a poor utilization rate for these by-products. The shell fragments left over after 

the nut has been taken out and crushed in the palm oil mill are known as palm kernel 

shells (PKS) (Obibuzor et al., 2012). Since PKS are fibrous materials, they may be 

moved straight from the production line to the intended application in bulk. Along with 

dust-like fractions and minute fibers, small and large shell fractions are mixed together. 

When compared to other biomass leftovers, the kernel shell moisture content is low; 

estimates from several sources range between 11% and 13% (Zafar, 2022).  

The reason why palm kernel shells possess a slightly greater heating value than 

ordinary lignocellulosic biomass is owing to the presence of palm oil leftovers in them 

(Asadullah et al., 2013). Palm kernel shells are a superior biomass fuel to other 

industrial waste because they have a consistent size distribution, are simple to handle 

and crush, and have little biological activity because of their low moisture content 

(Jeguirim, & Khiari, 2023).  

Being compact and having a high calorific content, PKS has become a popular 

biomass product. Palm kernel shell has gained popularity as a source of renewable 

energy due to its high calorific values (4000 Kcal/kg on average) and low ash and 

Sulphur contents, particularly in nations with less fossil energy storage like Korea, 

Japan, and Europe (Dey et al., 2021) . In addition to that, apart from its compact size, 

its optimal natural density (1.1 g/cm-3), also makes the palm kernel shell more 

convenient to store, handle, and transport than other industrial fuel resources.  

Additionally, burning palm kernel shell produces far fewer damaging 

pollutants and greenhouse gases in the environment due to the relatively low ash and 

sulfur concentrations. Conventionally, the press fiber and kernel shell produced by 

palm oil mills have been utilized as solid fuels for steam boilers (Saidur et al., 2011). 

The steam produced is utilized to power electricity-generating turbines. The energy 

requirements of a palm oil mill may be more than adequately satisfied by these two 

solid fuels alone. By utilizing cogeneration with mesocarp fibers and kernel shells, the 

majority of palm oil mills in the area are energy self-sufficient. In Malaysia, Indonesia, 
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and Thailand, the demand for palm kernel shells has grown significantly, pushing up 

the price to a level comparable to coal (Silalertruksa et al., 2012). Due to the 

advantages associated with Clean Development Mechanism (CDM), cement firms are 

already replacing coal with palm kernel shells. 

Several techniques, including mechanical (chopping, palletizing, and 

briquetting), thermochemical (pyrolysis, combustion, gasification, and torrefaction), 

and biochemical (anaerobic digestion and fermentation) conversion processes, can be 

used to convert biomass into biofuels or bioenergy (Umar et al., 2021). The type of 

biomass (solid, liquid, or mixed sample), the desired energy product, and the properties 

and characteristics of the biomass, its intended use, the conversion costs, as well as 

storage and transportation considerations, are just a few of the factors that must be 

taken into account when choosing the most advantageous biomass conversion process 

from these options (Palamanit et al., 2019). This is because numerous kinds and forms 

of biofuels or bioenergy are produced when biomass is converted using these 

procedures. Biomass may be converted into biofuels via pyrolysis, which is one of the 

thermochemical conversion processes that produces a byproduct such as biochar, and 

pyrolysis gas. 

Pyrolysis of biomass is the thermal breakdown of biomass that takes place 

without oxygen (K N et al., 2022). It is the foundational chemical reaction that 

naturally takes place in the first two seconds and is the precursor to both the 

gasification and combustion processes. The flexible and appealing process of pyrolysis 

can successfully produce heat, electricity and chemicals from solid biomass that can 

utilize a variety of biomass as feedstock. The feedstock's moisture content, which 

should be approximately 10%, has a significant impact on the pyrolysis process (Scott 

et al., 1999). High quantities of water are created at higher moisture contents, while at 

lower levels, there is a chance that the process will only produce dust rather than oil. 

There are two types of pyrolysis processes called slow pyrolysis and fast pyrolysis. 

The major product of slow pyrolysis, which takes many hours to finish, is biochar 

(Brown et al., 2011). 
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On the contrary hand, fast pyrolysis produces 60% bio-oil and just needs a few 

seconds to finish. It also provides 20% syngas and 20% charcoal. Considering the 

above discussed advantages associated with PKS as a biofuel, the current study has 

considered analyzing the potential of PKS’s use as a solid biofuel (Zafar, 2009). 

1.2 Problem Statement  

In spite of the above discussed aspects and applicability of pyrolysis processes, 

the pyrolysis process of biomass is still associated with various challenges because of 

quality and quantity of pyrolysis products, which are impacted by various factors, 

which include, biomass type and properties, operating parameters, type of reactor, and 

pyrolysis type, among other mentionable factors (Mettler et al., 2012). The biochar 

produced from the pyrolysis process has a high carbon to hydrogen ratio and an 

inclination to self-polymerize due to the existence of many unsaturated alkene and 

alkyne linkages, hydrocarbons produced by the pyrolysis of solid carbonaceous 

sources are typically of poor economic value. To enhance the economics of pyrolysis 

operations, low value hydrocarbons are commonly hydrogenated in a hydrogenation 

reactor. 

The focus on the various aspects which impact the process of pyrolysis of 

biomass is still significantly limited. Furthermore, there is a lack evaluation or analysis 

of hydrogenation in enhancing the fuel quality of solid fuel and there is still large 

opportunity for analysis in this area. 

Finally, the existing calorific value (CV) of palm kernel shells is reported to be 

under 20 MJ/kg which is low compared to commercially available coal (25 MJ/kg) 

(Sukiran et al., 2017). The underlying reason behind the comparatively low CV of PKS 

is a lower level of elemental carbon, higher oxygen and fixed carbon, which contribute 

to the lower CV of PKS (Indrawan, & Susanto, 2022). The enhancement of palm 

kernel shells into a high heat content solid fuel is necessary in order to analyse the PKS 

potential as biofuel and become alternative fuel to replace coal and other conventional 

fuels. 
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1.3 Objective of Study 

i. To study the potential of palm kernel shell waste as a solid biofuel by using 

pyrolysis and catalytic hydrogenation process. 

ii. To analyse the effect of hydrogenation temperature on C-H bonding for higher 

calorific value PKS-derived biofuel. 

1.4 Scope of Study 

i. The use of palm kernel shell waste in the production of a solid biofuel 

(biochar). 

ii. The implementation of hydrogenation of pyrolysis process in the production of 

a solid biofuel (biochar) from of palm kernel shell waste. 

iii. The analysis of carbonization of hydrogenation at temperature 400°C (between 

“300 and 600°C”) in the absence of air. 

iv. The analysis of biochar as solid biofuel extracted from palm kernel shell. 

1.5 Significant of Study 

In the last decades the energy demand has elevated significantly due to 

constantly increased demand because of continuously expanding industries and 

comparatively limited availability of fossil fuels. It has resulted in considering other 

alternative sources of energy and fuels as well as replacements for conventional fossil 

fuels. In the process of replacing conventional sources of energy, biomass is a 

significantly favorable and applicable alternative. Biochar, a carbon-rich material 

produced by burning biomass in an environment with low oxygen levels, is regarded 

by some experts as the secret to revitalizing revitalising soil.  
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Biochar, which is relatively light and porous, may act as a sponge and provide 

a home for a variety of beneficial soil microbes that are proven to improve the health 

of the soil and plants. Decreased bioavailability of environmental contaminants, 

increased agricultural productivity, decreased greenhouse gas emissions and global 

warming, sequestered atmospheric carbon into the soil, decreased soil nutrient 

leaching losses, and elevated agricultural productivity are all benefits of using biochar, 

which has since evolved into a value-added product that supports the bioeconomy (Oni 

et al., 2019).  

Thus, it is with the help of the current study, with the help of which, the 

potential to the use of palm kernel shell waste as a solid biofuel, that is biochar from 

pyrolysis would be revealed. It is with the help of the current study and associated 

findings with the help of which the potential of using PKS waste as a solid biofuel 

(biochar from pyrolysis) with the help of Hydrogenation could be revealed. The 

findings would act as a contributing factor in opening new avenues in the aspect of 

biofuels add resists associated increasing demands. The findings from the current study 

would also act as a contributing factor in understanding the impact of temperature on 

attaining a higher calorific value.    

 

 

 

 



 

51 

REFERENCES 

Abdullahi, N., Sulaiman, F., & Safana, A. A. (2017). Bio-oil and biochar derived from 

the pyrolysis of palm kernel shell for briquette. Sains Malays, 46(12), 2441-

2445. 

Aditiya, H. B., Chong, W. T., Mahlia, T. M. I., Sebayang, A. H., Berawi, M. A., & 

Nur, H. (2016). Second generation bioethanol potential from selected 

Malaysia’s biodiversity biomasses: A review. Waste Management, 47, 46-61. 

Ahmad, R. K., Sulaiman, S. A., Yusup, S., Dol, S. S., Inayat, M., & Umar, H. A. 

(2022). Exploring the potential of coconut shell biomass for charcoal 

production. Ain Shams Engineering Journal, 13(1), 101499. 

Asadullah, M., Ab Rasid, N. S., Kadir, S. A. S. A., & Azdarpour, A. (2013). Production 

and detailed characterization of bio-oil from fast pyrolysis of palm kernel shell. 

Biomass and Bioenergy, 59, 316-324. 

Bastakoti, N., Dhital, H. C., & Aryal, A. (2019). Study of Effects of Temperature and 

Residence Time on Calorific Value of Torrefied Biomass. Int. J. Eng. Technol, 

7, 31-35. 

Bazargan, A., Rough, S. L., & McKay, G. (2014). Compaction of palm kernel shell 

biochars for application as solid fuel. Biomass and Bioenergy, 70, 489-497. 

Bonsu, B. O., Takase, M., & Mantey, J. (2020). Preparation of charcoal briquette from 

palm kernel shells: case study in Ghana. Heliyon, 6(10), e05266. 

Bridgwater, A. V. (2003). Renewable fuels and chemicals by thermal processing of 

biomass. Chemical engineering journal, 91(2-3), 87-102. 

Brown, T. R., Wright, M. M., & Brown, R. C. (2011). Estimating profitability of two 

biochar production scenarios: slow pyrolysis vs fast pyrolysis. Biofuels, 

Bioproducts and Biorefining, 5(1), 54-68. 

Chang, G., Miao, P., Yan, X., Wang, G., & Guo, Q. (2018). Phenol preparation from 

catalytic pyrolysis of palm kernel shell at low temperatures. Bioresource 

technology, 253, 214-219. 

Chang, G., Shi, P., Guo, Y., Wang, L., Wang, C., & Guo, Q. (2020). Enhanced 

pyrolysis of palm kernel shell wastes to bio-based chemicals and syngas using 

red mud as an additive. Journal of Cleaner Production, 272, 122847. 



 

52 

Demirbaş, A. (2003). Biodiesel fuels from vegetable oils via catalytic and non-

catalytic supercritical alcohol transesterifications and other methods: a 

survey. Energy conversion and Management, 44(13), 2093-2109. 

Dey, S., Reang, N. M., Das, P. K., & Deb, M. (2021). A comprehensive study on 

prospects of economy, environment, and efficiency of palm oil biodiesel as a 

renewable fuel. Journal of cleaner production, 286, 124981. 

Dirgantara, M., Cahyana, B. T., Suastika, K. G., & Akbar, A. R. (2020). Effect of 

temperature and residence time torrefaction palm kernel shell on the calorific 

value and energy yield. In Journal of Physics: Conference Series (Vol. 1428, 

No. 1, p. 012010). IOP Publishing. 

Domingues, R. R., Trugilho, P. F., Silva, C. A., Melo, I. C. N. D., Melo, L. C., 

Magriotis, Z. M., & Sanchez-Monedero, M. A. (2017). Properties of biochar 

derived from wood and high-nutrient biomasses with the aim of agronomic and 

environmental benefits. PloS one, 12(5), e0176884. 

Dungani, R., Aditiawati, P., Aprilia, S., Yuniarti, K., Karliati, T., Suwandhi, I., & 

Sumardi, I. (2018). Biomaterial from oil palm waste: properties, 

characterization and applications. Palm Oil, 31, 1-6. 

Duraiswamy, K., & Winter, B. L. (1979). Pyrolysis and hydrogenation process (No. 

US 4166786) 

Hassan, H. A. (2012). Palm oil: Going beyond basic oleochemicals. 

Hill, J., Nelson, E., Tilman, D., Polasky, S., & Tiffany, D. (2006). Environmental, 

economic, and energetic costs and benefits of biodiesel and ethanol 

biofuels. Proceedings of the National Academy of sciences, 103(30), 11206-

11210. 

Indrawan, D., & Susanto, H. (2022). A Comparative Life Cycle Assessment of Palm 

Kernel Shell in Ceramic Tile Production: Managerial Implications for 

Renewable Energy Usage. Sustainability, 14(16), 10100. 

Jackson, L. S., & Al-Taher, F. (2022). Processing issues: acrylamide, furan, and trans 

fatty acids. In Ensuring Global Food Safety (pp. 229-257). Academic Press. 

Jeguirim, M., & Khiari, B. (2023). Thermochemical conversion. In Palm Trees and 

Fruits Residues (pp. 391-437). Academic Press. 

Karmee, S. K. (2016). Liquid biofuels from food waste: Current trends, prospect and 

limitation. Renewable and Sustainable Energy Reviews, 53, 945-953. 



 

53 

Khan, Jahan Zeb, and Muhammad Zaheer. "Impacts of environmental changeability 

and human activities on hydrological processes and response." Environmental 

Contaminants Reviews (ECR) 1.1 (2018): 13-17. 

Kim, S. J., Jung, S. H., & 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. 

Koura, T. W., Dagbenonbakin, G. D., Kindomihou, V. M., & Sinsin, B. A. (2017). 

Palm Oil Mill Solid Waste Generation and Uses in Rural Area in Benin 

Republic: Retrospection and Future Outlook. In Solid Waste Management in 

Rural Areas. IntechOpen. 

Kurnia, J. C., Jangam, S. V., Akhtar, S., Sasmito, A. P., & Mujumdar, A. S. (2016). 

Advances in biofuel production from oil palm and palm oil processing wastes: 

a review. Biofuel Res J, 3(1), 332-346. 

Lee, X. J., Lee, L. Y., Hiew, B. Y. Z., Gan, S., Thangalazhy-Gopakumar, S., & Ng, H. 

K. (2020). Valorisation of oil palm wastes into high yield and energy content 

biochars via slow pyrolysis: multivariate process optimisation and combustion 

kinetic studies. Materials Science for Energy Technologies, 3, 601-610. 

Lin, S. W. (2011). 2 Palm Oil. Vegetable oils in food technology: Composition, 

properties and uses, 25. 

Meher, L. C., Churamani, C. P., Arif, M. D., Ahmed, Z., & Naik, S. N. (2013). Jatropha 

curcas as a renewable source for bio-fuels—A review. Renewable and 

Sustainable Energy Reviews, 26, 397-407. 

Mettler, M. S., Vlachos, D. G., & Dauenhauer, P. J. (2012). Top ten fundamental 

challenges of biomass pyrolysis for biofuels. Energy & Environmental 

Science, 5(7), 7797-7809. 

Nasri, N. S., Hamza, U. D., Ismail, S. N., Ahmed, M. M., & Mohsin, R. (2014). 

Assessment of porous carbons derived from sustainable palm solid waste for 

carbon dioxide capture. Journal of Cleaner Production, 71, 148-157. 

Nasri, N. S., Hamza, U. D., Ismail, S. N., Ahmed, M. M., & Mohsin, R. (2014). 

Assessment of porous carbons derived from sustainable palm solid waste for 

carbon dioxide capture. Journal of Cleaner Production, 71, 148-157. 

Obibuzor, J. U., Okogbenin, E. A., & Abigor, R. D. (2012). Oil recovery from palm 

fruits and palm kernel. In Palm Oil (pp. 299-328). AOCS Press. 



 

54 

Ogunkanmi, J. O., Kulla, D. M., Omisanya, N. O., Sumaila, M., Obada, D. O., & 

Dodoo-Arhin, D. J. C. S. I. T. E. (2018). Extraction of bio-oil during pyrolysis 

of locally sourced palm kernel shells: Effect of process parameters. Case 

studies in thermal Engineering, 12, 711-716. 

Omoriyekomwan, J. E., Tahmasebi, A., & Yu, J. (2016). Production of phenol-rich 

bio-oil during catalytic fixed-bed and microwave pyrolysis of palm kernel 

shell. Bioresource technology, 207, 188-196. 

Oni, B. A., Oziegbe, O., & Olawole, O. O. (2019). Significance of biochar application 

to the environment and economy. Annals of Agricultural Sciences, 64(2), 222-

236. 

Orfão, J. J., Antunes, F. J., & Figueiredo, J. L. (1999). Pyrolysis kinetics of 

lignocellulosic materials—three independent reactions model. Fuel, 78(3), 

349-358. 

Palamanit, A., Khongphakdi, P., Tirawanichakul, Y., & Phusunti, N. (2019). 

Investigation of yields and qualities of pyrolysis products obtained from oil 

palm biomass using an agitated bed pyrolysis reactor. Biofuel Research 

Journal, 6(4), 1065. 

Prasertsan, S., & Prasertsan, P. (1996). Biomass residues from palm oil mills in 

Thailand: an overview on quantity and potential usage. Biomass and 

Bioenergy, 11(5), 387-395. 

Rahman, A. A., Sulaiman, F., & Abdullah, N. (2016). Influence of Washing Medium 

Pre-treatment on Pyrolysis Yields and Product Characteristics of Palm Kernel 

Shell. Journal of Physical Science, 27(1). 

Rajalingam, A., Jani, S. P., Kumar, A. S., & Khan, M. A. (2016). Production methods 

of biodiesel. J. Chem. Pharm. Res, 8(3), 170-173. 

Saidur, R., Abdelaziz, E. A., Demirbas, A., Hossain, M. S., & Mekhilef, S. (2011). A 

review on biomass as a fuel for boilers. Renewable and sustainable energy 

reviews, 15(5), 2262-2289. 

Salgado, M. A. H., Tarelho, L. A., Matos, M. A. A., & Rivadeneira, D. (2019). Palm 

oil kernel shell as solid fuel for the commercial and industrial sector in 

Ecuador: tax incentive impact and performance of a prototype burner. Journal 

of Cleaner Production, 213, 104-113. 



 

55 

Scott, D. S., Majerski, P., Piskorz, J., & Radlein, D. (1999). A second look at fast 

pyrolysis of biomass—the RTI process. Journal of analytical and applied 

pyrolysis, 51(1-2), 23-37. 

Sedgwick, D. M., & Hammond, G. B. (2018). The history and future challenges 

associated with the hydrogenation of vinyl fluorides. Journal of Fluorine 

Chemistry, 207, 45-58. 

Shiri Dezaki, M., Zandian Sefiddashti, Z., Jahangiri, M., Haghani, A., & Tahmasebi, 

A. (2022). COVID-19 and renewable energy: Need for a comprehensive 

review. Renewable Energy Research and Applications, 3(2), 267-276. 

Silalertruksa, T., Bonnet, S., & Gheewala, S. H. (2012). Life cycle costing and 

externalities of palm oil biodiesel in Thailand. Journal of Cleaner Production, 

28, 225-232. 

Stichnothe, H., & Schuchardt, F. (2010). Comparison of different treatment options 

for palm oil production waste on a life cycle basis. The International Journal 

of Life Cycle Assessment, 15, 907-915. 

Sukiran, M. A., Abnisa, F., Daud, W. M. A. W., Bakar, N. A., & Loh, S. K. (2017). A 

review of torrefaction of oil palm solid wastes for biofuel production. Energy 

Conversion and Management, 149, 101-120. 

Tubiello, F. N., Salvatore, M., Rossi, S., Ferrara, A., Fitton, N., & Smith, P. (2013). 

The FAOSTAT database of greenhouse gas emissions from 

agriculture. Environmental Research Letters, 8(1), 015009. 

Umar, H. A., Sulaiman, S. A., Said, M. M., Gungor, A., Shahbaz, M., Inayat, M., & 

Ahmad, R. K. (2021). Assessing the implementation levels of oil palm waste 

conversion methods in Malaysia and the challenges of commercialisation: 

Towards sustainable energy production. Biomass and Bioenergy, 151, 106179. 

Waluyo, J., Makertihartha, I. G. B. N., & Susanto, H. (2018, June). Pyrolysis with 

intermediate heating rate of palm kernel shells: Effect temperature and catalyst 

on product distribution. In AIP Conference Proceedings (Vol. 1977, No. 1, p. 

020026). AIP Publishing LLC. 

Wang, H., & Nie, Y. (2001). Remedial strategies for municipal solid waste 

management in China. Journal of the Air & Waste Management 

Association, 51(2), 264-272. 



 

56 

Yaah, V. B. K., Zbair, M., de Oliveira, S. B., & Ojala, S. (2021). Hydrochar-derived 

adsorbent for the removal of diclofenac from aqueous solution. Nanotechnol. 

Environ. Eng., 6(1), 1-12. 

Yaro, N. S. A., Sutanto, M. H., Habib, N. Z., Napiah, M., Usman, A., Jagaba, A. H., 

& Al-Sabaeei, A. M. (2022). Application and circular economy prospects of 

palm oil waste for eco-friendly asphalt pavement industry: A review. Journal 

of Road Engineering. 

Yeboah, M. L., Li, X., & Zhou, S. (2020). Facile fabrication of biochar from palm 

kernel shell waste and its novel application to magnesium-based materials for 

hydrogen storage. Materials, 13(3), 625. 

Yogalakshmi, K. N., Sivashanmugam, P., Kavitha, S., Kannah, Y., Varjani, S., 

AdishKumar, S., & Kumar, G. (2022). Lignocellulosic biomass-based 

pyrolysis: A comprehensive review. Chemosphere, 286, 131824. 

Zafar, S. (2009). Biomass pyrolysis. AltEnergyMag. Retrieved January 9, 2023, from 

https://www.altenergymag.com/article/2009/02/biomass-pyrolysis/502/ 

Zeng, J., Zeng, H., & Wang, Z. (2022). Review on technology of making biofuel from 

food waste. International Journal of Energy Research, 46(8), 10301-10319. 

Zhongming, Z., Linong, L., Xiaona, Y., Wangqiang, Z., & Wei, L. (2021). Global 

energy review 2021 

 

 

 

https://www.altenergymag.com/article/2009/02/biomass-pyrolysis/502/



