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 With the current traditional fossil fuels depleting at an alarming rate 

coupled with environmental degradation because of toxic emissions, 

there is a mounting desire in search of renewable and sustainable energy 

resources. In this regard, bioenergy is considered as one of the greatest 

potentials to address the global energy demands in order to foster 

confidence in energy security, economic sustainability, and 

environmental protection.  Global use of biomass to generate electricity 

and enhanced green energy transport is expected to increase in the near 

future. Accordingly, the demand for renewable energy is aimed at 

minimizing energy poverty and mitigation against climate change. 

Bioenergy despite bioconversion challenges is one of the key solutions 

to the world’s current energy demands. Model bioenergy plant sources – 

Croton megalocarpus, palm oil, Jatropha, and soybeans are briefly 

discussed in this review as major sources of bioenergy.  The increased 

focus on bioenergy has been necessitated by high oil and gas prices, and 

the desire for sustainable energy resources.  Nonetheless, corrupt 

practices and lack of political goodwill has hampered efforts towards 

achieving the full utilization of bioenergy. Corruption has been widely 

cited as a major setback to bioenergy development in a range of global 

jurisdictions. In order to minimize environmental damage, carbon trade 

has been projected as a necessary action by developing countries to 

reduce carbon emissions. Generally, the analysis of the use of fossil 

fuels across the world shows a strong interrelationship involving energy 

utilization, degradation of air quality, and environmental health 

concerns.   
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Introduction 

Rural households face inadequacies associated 

with reliable and clean energy resources. This 

ultimately has forced rural communities, 

especially in developing countries to continue 

using low-grade fuels such as coal and solid 

biomass materials [1]. The condition where 

households are unable to afford and access clean 

energy for domestic applications is referred to as 

energy poverty. Women and mainly school-going 

children are the most affected because they are 

responsible for collecting biomass fuels [1]. The 

harnessing of firewood is time-consuming and 

deprives communities of time needed for diverse 

income-generating activities such as farming and 

small scale business activities [2]. Collection of 

firewood as a source of fuel in rural settings may 

prevent children from attending school and this 

is a precursor for child labour [3]. Energy 

poverty is assessed using different parameters; 

accessibility to modest energy resources – 

biofuels, liquefied petroleum, kerosene, charcoal, 

and conventional energy resources such as wood 

and animal waste. It is another parameter that 

has been used in evaluating the amount and 

quality of energy that households consume per 

year [4]. The inability of households to afford 

energy may be attributed to low incomes, 

unemployment, or the high cost of energy 

services provided [5]. Other challenges to clean 

energy resources include lack of education, 

corrupt practices in the energy sector, and 

energy pricing [6]. Ultimately, the scarcity of 

conventional fossil fuels has pushed up the prices 

lately and slowed down economies. Accordingly, 

the search for renewable energy resources – 

bioenergy, in particular, is increasingly necessary 

for the 21st century. Clearly, with an intensified 

focus on the energy supply and problems caused 

by fossil fuels, increased attention to tap 

renewable and clean energy from biomass 

materials has become progressively unstoppable 

[7-9]. Bioenergy is considered the greatest 

potential to address the global energy demands 

in various sectors of the economy; transport, 

power, energy security, manufacturing, and 

construction [10]. The compelling reasons 

underpinning the intense interest in renewable 

energy sources (RES) is motivated by the fast 

depletion of fossil fuels, the looming climate 

crisis, advancement in scientific technologies, 

energy security, and social acceptance among the 
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energy consumers [11]. Owing to the 

aforementioned features of RES, bioenergy 

possesses elegant potentially attractive features 

in fulfilling the primary energy demands 

worldwide with industrialized nations – USA 

[12], Germany, Brazil, Japan, and China [13] 

marked the highest energy consumers. 

Opportunities, advantages, barriers, and 

technical issues that impede bioenergy systems 

have been widely reported in the literature [14]. 

Bioenergy is carbon neutral and does not result 

in emissions of GHGs. Nonetheless, its supply 

involves key players such as the general public, 

growers of biomass materials, production of 

biomass intermediaries, regulatory authorities, 

plant owners, and energy plant operators [15]. In 

order to assess these concerns, it is necessary to 

evaluate the bioenergy developments and the 

policy framework governing the economic 

viability, environmental concerns as well as 

social acceptability [15]. 

Generally, vegetable-based fuels for diesel 

engines are becoming popular alternatives to 

petroleum diesel based-fuels because they are 

considered green and environmentally friendly 

[16]. Biofuel platforms are modest and their use 

as transport fuels is expected to enhance energy 

security, energy sustainability, and boost 

economies [17]. Incorporating new technologies 

and promoting favourable investment policies 

will significantly encourage the growth and 

development of bioenergy resources [18, 19]. 

Besides, the utilization of high-yielding 

lignocellulosic feedstocks has sustainably 

provided bioenergy for use in transport and 

other uses without jeopardizing food supplies 

[20]. The sustainability of the first, second, third, 

and fourth-generation biofuels coupled with 

state-of-the-art production technologies has 

immensely increased the capacity of bioenergy 

production [21]. The first generation utilized 

edible feedstocks whereas the second-generation 

biofuels were extracted from non-edible biomass. 

On the other hand, third-generation biofuels are 

obtained from micro-organisms while the fourth 

generation biofuels are produced from modified 

micro-organisms [22]. Despite bioenergy 

maintaining low carbon emissions (LCE), 

sustainability in producing bio-based chemicals 

and biofuels via various bio-refinery technologies 

is still a major challenge [23]. Biomass feedstocks 

such as corn and sugarcane contain high levels of 

starch and glucose, respectively but their use as 

biofuel sources threaten food supply [24]. 

Lignocellulosic feedstocks on the other hand are 

still economically uncompetitive because their 

conversion to biofuels is not only laborious but 

energy-intensive [23]. It is therefore worth 

noting that, the availability of diverse varieties of 

biomass, biofuels, and bio-conversion 

technologies requires an adequate 

understanding of how bioenergy platforms can 

foster sustainable energy demands in the world 

today [25]. Biomass refinery technologies that 

are environmentally desirable [26, 27] as well as 

the ability to secure reliable feedstock [28] are 

still a major challenge towards the growth of 

bioenergy. Policymakers worldwide have 

designed strategic policies in line with 

millennium sustainable development goals [25]. 

Presently, energy policies worldwide are highly 

debated especially in the USA and mainly the 

European Union (EU) countries [29], with 

specific issues being energy sufficiency, 

decreased importation of fossil fuels, energy 

security, and volatile prices of natural gas and 

petroleum products [30-32]. Unsustainable 

bioenergy practices such as harvesting biomass 

feedstock from the forest, forest clearing for 

biofuel-crop cultivation, use of chemical 

fertilizers has led to considerable deterioration 

of natural ecosystems, emissions of GHGs due to 

declining carbon sequestration, degradation of 

agricultural lands, and loss of biodiversity [33, 

34]. Bioenergy policies have been structured to 

encourage agricultural activities [35] as well as 

to protect the environment [36]. The bioenergy 

policy framework has been developed and 
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implemented from environmental, economic, and 

political frameworks over the past decades [37]. 

These areas are often the driving forces for the 

production of biofuels at a commercial scale as 

well as other forms of renewable energy 

resources (RES) [38].  

The main focus of this study is to provide an 

overview of widely explored biomass feedstocks 

– Croton megalocarpus, soya beans, Jatropha 

curcas, and palm seeds as well as bio-oil 

technological conversion procedures that have 

been employed to improve the quality of bio-oil. 

Bioenergy is important in accelerating energy 

demands for primary applications such as 

cooking and heating. However, four dimensions 

of sustainable energy development; energy 

security, environmental sustainability, social 

acceptance, and economic viability are important 

determinants of bioenergy development. In this 

review, we provide a comprehensive study on 

the development and implementation of strategic 

decisions by policymakers in selected countries 

to ensure bioenergy platforms are sustainable. 

Accordingly, corruption as well as carbon 

taxation and energy prices are discussed based 

on the future direction of bioenergy 

development. 

Bio-oil from biomass materials  

Biomass materials offer the largest inexpensive 

and renewable energy resource on earth but 

unfortunately, the potential of such biomass is 

generally underutilized since most of it is wasted 

in agricultural practices during harvesting and 

food processing [39, 40]. Bio-oils are the main 

volatile products from the pyrolysis of biomass 

materials considered potential fuels to run diesel 

engines, gas turbines, boilers, and cooking. 

Besides, it can be used as raw materials for the 

production of essential chemicals, such as resins, 

pharmaceutical products, and hydrocarbons, by 

appropriate treatment techniques [41, 42]. 

Cellulose bio-oil displays unique saccharides and 

higher furan levels [41]. The knowledge of the 

formation mechanism of bio-oils is highly 

important for the utilization of biomass 

resources [41]. Remarkably, there has been an 

increased shift to biodiesel globally owing to the 

abundance of raw materials and the fact that 

non-petroleum-based diesel is environmentally 

friendly and this has motivated increasing 

exploration efforts in search of a variety of 

potential biodiesel feedstock [43]. Some of the 

notable feedstock currently in use as sources of 

biodiesel includes soya beans, palm oil, Jatropha, 

and lately Croton megalocarpus plant [43]. 

Among these sources, the potential for Jatropha 

and palm oil as future sources of bio-oil is 

overwhelming.  

Bio-oil from Croton megalocarpus as a model bio-
oil plant 

Croton megalocarpus plant is a relatively new 

potential source of biodiesel but it is yet to 

receive extensive attention – it is known to 

produce non-edible transparent liquid bio-oil 

[44]. Generally, bio-diesel can be prepared locally 

from non-edible oils which include C. 

megalocarpus oil, castor oil, or edible waste 

vegetable oils [7]. This presents an economical 

renewable fuel resource and has lower emissions 

than petroleum-based diesel as well as the fact 

that it can be used alone or in binary forms with 

commercial diesel [7, 45]. Figure 2 shows the C. 

megalocarpus plant and its seeds and has 

previously been considered a central source of 

biofuel. International Energy Agency's World 

Energy Outlook 2011, reports that  of the 

population in Africa, approximately 600 million 

people, and mostly in sub-Saharan Africa, did not 

have access to electricity by 2009 and proposed 

the native croton-based bio-oil be harnessed to 

electrify Africa [46]. 
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Fig. 1 Croton megalocarpus plant (a) dried croton seeds and (b) is the dried croton seeds with 
pods – modified from [45] 

Because studies have shown that Croton 

megalocarpus is an indigenous tree in East and 

South Africa which has recently attracted lots of 

interests as a biofuel source owing to its high oil 

yield; the potential solution to electrify Africa 

largely depends on biofuels, particularly because 

of the copious supply of biofuel resources in this 

continent and the affordable price for their 

application [16, 46]. Even though previous 

investigations have shown that C. megalocarpus 

bio-oil emits fine particulates and high levels of 

free radicals at elevated temperatures that can 

cause biological tissue damage [45], it is a better 

compromise and a promising solution to Africa’s 

energy problems particularly with a little 

modification in engine design or on the 

introduction of an initiator in the C. 

megalocarpus biodiesel.  

Bio-oil from palm oil 

Although many Asian countries produce palm oil, 

Malaysia is the global leader in terms of 

production and its utilization of palm oil as a 

biodiesel source [43]. In terms of bio-oil yields, 

palm oil has a higher yield compared with the 

other common resources of bio-oil (Fig. 3) per 

hectare of farmland. Peak oil yields of 12 

have been recorded in small scale 

palm plantations although maximum yields are 

predicted theoretically at 18.5 t oil , yet 

the average productivity worldwide has 

stagnated at about 3 t oil [47]. 

Moreover, the cultivation of palm oil is cost-

effective because it requires low application of 

fertilizer and other inputs such as pesticides. 

Palm oil has also been reported to have better 

oxidative stability compared with other bio-oil 

feedstock such as jatropha, even though its oil 

has negatively been associated with NOX 

emission [48]. Nonetheless, such emissions can 

significantly be reduced by using catalytic 

converters in automobiles [49]. 

 Jatropha curcas as a source of bio-oil 

Jatropha plant has been identified as a major 

source of biodiesel owing to its high oil content of 

approximately 30% by weight, and it reportedly 

yields up to 5 tons of seed yearly Ha-1 [51]. 

Jatropha is believed to have originated in North 

America and later on introduced to South Africa, 

Mozambique, India, Indonesia, and the 

Philippines by colonialists. Besides holding the 

prospect of being a major bioenergy source, 

Jatropha is an extremely hardy plant grown in 

semi-arid areas and can withstand drought and 

survive in harsh temperature conditions where 

other plants cannot. 
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Fig. 2 Palm oil seeds - adapted from [50] 

Jatropha yields higher biodiesel of 51.78% when 

compared to palm oil whose yield is 

approximately 23.44% [52]. Several studies have 

revealed that Jatropha has a significantly high 

potential to generate electricity effectively 

minimizing overreliance on petroleum diesel 

[53]. Furthermore, the cultivation of Jatropha is 

an income earner, contributing to economic 

growth among farmers and small-scale 

enterprises [54]. Nevertheless, some varieties of 

Jatropha are toxic to humans because of 

poisonous chemicals found in its seeds – phorbol 

esters, trypsin inhibitors, lectins, and phytates 

[52]. Extraction of bio-oil from Jatropha is via 

either a mechanical process or by a chemical-

aided process [55]. Engine-driven screw press is 

a widely used method produces up to 80% of the 

available Jathropa seed oil [56], which is lower 

than that from the chemical extraction process 

(solvent extraction) that yields approximately 98 

% of the available oil, although the chemical 

procedure is only economical in large scale 

production [52]. Transesterification is also useful 

in obtaining biodiesel from Jatropha oil, where 

lower molecular weight alcohol such as methanol 

displaces glycerol from triglycerides leaving 

methyl esters (biodiesel) [57]. This is an 

equilibrium process in which alcohol is added to 

the oil in the ration 6:1 to shift the equilibrium to 

the right thus favouring the production of 

biodiesel; in this case, NaOH or KOH is 

introduced as a catalyst to achieve the 98% yield 

within a reaction time of two hours at 60  [57]. 

Soybean as a biodiesel source 

Soybean is a leguminous crop that has been 

utilized by many countries as a major biodiesel 

source and it is a major crop in Asia and the 

United States [58, 59]. The United States is the 

world’s largest producer of this crop accounting 

for 32% of the world’s production whereas South 

Africa is the largest producer in Africa [60]. 

Brazil produces 28 % of the world’s soybean 

production [61]. The attractiveness of soya bean 

as biodiesel feedstock is attributed to the high oil 

content of its seeds which when crushed yields 

18 - 20% oil [62]. In the last decade, biodiesel 

production from soybean has significantly 

increased into billions of gallons but the major 

challenge is that soybean oil has various 

competing uses; notably as cooking oil and its 

wide industrial applications [60]. Soya biodiesel 

is a fuel alternative obtained from soya bean oil 

through transesterification to yield methyl esters 

(biodiesel) and glycerine [61]. Soya biodiesel can 

be efficiently used in diesel engines without any 

form of modification because it is free from 

petroleum diesel although the two can be 

blended to produce better combustion 

characteristics [60]. Biodiesel from soybean has 

advantages over petroleum diesel in that it has 

been proven a better lubricant, and is associated 

with reduced emissions to the environment in 

the form of unburned hydrocarbons, carbon 

monoxide, soot, and the notorious greenhouse 

gas CO2 [61]. 

Transesterification of bio-oil to biodiesel 

Plant-oil is transformed into biodiesel by 

transesterification (Scheme 1) of vegetable oils 

using short-chained alkanols, preferably 

methanol or ethanol – a process that involves 

catalysis by an alkaline solution or acids whereas 

other studies have proposed its conversion to 
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fatty acids and ultimate transformation into 

biodiesel [63]. The attractive nature of bio-oil lies 

in its characteristics, for example, bio-oil from 

palm oil is currently quite attractive owing to its 

properties such as non-toxicity, easily 

biodegradable, absence of greenhouse gas 

emissions, and most importantly the fact is 

sulfur-free [64].  

Parameters affecting the yield of bio-oil  

Recent advances on biomass pyrolysis have 

focused on the yield and quality of bio-oil 

produced by numerous types of biomass 

materials [65]. The formation of bio-oils from 

various biomass components can be 

demonstrated by several mechanistic channels. 

The yield depends on biomass composition as 

well as reactor parameters such as temperature, 

reaction time, heating rate, feed rate, and the 

catalyst applied [65, 66]. Temperature besides 

having the highest influence on biomass 

pyrolysis is positively correlated with bio-oil 

yield [65]. Table 1 shows that other than 

temperature influence, the yield of bio-oil also 

depends on the nature of biomass and reactor 

type. Other factors such as the particulate size of 

the feedstock, elemental composition of the 

biomass, and its pre-treatment have been 

reported to significantly affect the bio-oil yield 

[67]. 

Biomass can also be converted into important 

carbon materials as well as essential chemicals 

[84] via physio-chemical [85], biochemical [86], 

and thermochemical processes. Wastes from 

biomass can be utilized in the generation of char 

which plays a significant role in wastewater 

treatment, soil amendment, and energy recovery 

[87-89]. Through various thermochemical 

technologies, biomass can be used to generate 

important products [90] such as formic acid and 

lactic acid [84]. Figure 3 illustrates various 

thermochemical processes and important 

products derived from biomass. Ideally, pyrolysis 

is not only the first stage of combustion but also 

an individual technique to form liquid products 

of high energy density and it is a promising 

thermochemical conversion route for biomass 

components in limited oxygen to produce bio-oil, 

gases, and bio-char which has found significant 

importance in water purification and soil 

improvement [91].  

 

 
Scheme 1 Formation of biodiesel from palm oil via transesterification procedures 
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Table 1 Type of biomass and corresponding bio-oil yields 

Biomass type Type of reactor Temp. 
(o C) 

Bio-oil yield 
(wt%) 

Type of 
pyrolysis 

Ref. 

Grape bagasse Stainless steel fixed-
bed reactor 

550 27.6 Fast pyrolysis [68] 

Hardwood and softwood 
from pine tree 

Tubular vacuum 
pyrolysis reactor 

450  55.0 Fast pyrolysis [69] 

Municipal, livestock, and 
wood waste 

Internal circulating 
fluidized-bed (ICFB) 
reactor  

500 39.7 Fast pyrolysis [70] 

Plant thistle, Onopordum 
acanthium L. 

Fixed-bed reactor 550 27.0 Slow pyrolysis [71] 

Potato skin Stainless steel fixed-
bed reactor 

550 24.8 Steam 
pyrolysis 

[72] 

Pinewood sawdust Conical spouted bed 
reactor 

500 75.0 Fast pyrolysis [73] 

Pinewood Auger reactor 450 50.0 Fast pyrolysis [74] 

Waste furniture sawdust Fluidized-bed reactor 450 65.0 Fast pyrolysis [75] 

Rice husks Fluidized-bed reactor 450 60.0 Fast pyrolysis [76] 

Sugar cane waste Fixed-bed fire-tube 
heating reactor 

475 56.0 Fast pyrolysis [77] 

Corn cobs and stover Bubbling fluidized 
bed reactor 

650 61.9 Fast pyrolysis [78] 

Laurel (Laurus nobilis L.) 
extraction 

Fixed-bed reactor 500 21.9 Fast pyrolysis [79] 

Corncob Fluidized-bed reactor 550 56.8 Fast pyrolysis [80] 

June stick Continuous feeding 
fluidized bed reactor 

500 66.7 Fast pyrolysis [81] 

Apricot Pulp Fixed-bed reactor 550 22.4 Fast pyrolysis [82] 

Wood sawdust Cyclone 650 74.0 Fast pyrolysis [83] 
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Fig. 3 Various thermochemical processes of biomass and their products [84] 

The quality of bio-oils can be improved by 

hydrogenation [92], catalytic cracking [93, 94], 

and steam reforming [95, 96]. These methods 

transform oxygenated compounds in bio-oils to 

hydrocarbons, aromatics, hydrogen, and syngas 

[86]. From a chemical perspective, bio-oil is a 

multi-component mixture containing water and 

different types of organic compounds, including 

hydrocarbons and oxygenated compounds such 

as phenols, furans, aldehydes, and ketones, 

among other organics [97-99]. Despite its dark 

brown viscous appearance, elemental analysis of 

bio-oil indicates that it contains relatively little 

sulfur and nitrogen content, but has a high 

oxygen content, typically between 40 wt% and 

50 wt% including water, implying that bio-oils 

are highly oxygenated, contains complex 

mixtures, viscous, relatively unstable, and 

susceptible to ageing and this is a major 

challenge towards its utilization [7, 41]. 

Therefore, although bio‐oil is a promising 

alternative to crude oil for wide application in 

industries and internal combustion engines, its 

applications have been impeded by poor bio‐oil 

quality as a result of expensive appropriate 

technologies to convert it into high-grade 

biodiesel [100]. Scheme 2 shows the mechanistic 

pathways through which bio-oil is converted to 

various reaction products. 
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Scheme 2 Conversion of bio-oil to char and other combustion by-products through various 

mechanistic processes – Adapted from [44] 

The oxygenated compounds in bio-oil can be 

transformed into light chemical reaction 

products during the upgrading processes, which 

involve hydrogenation, hydrodeoxygenation, 

ketonization/aldol condensation, aromatization, 

and cracking [101]. For example, bio-oil cracking 

mainly comprises pyrolytic cracking of the C―C 

bond cleavage, hydrogen radical transfer, 

aromatic side-chain scission, isomerization, 

concerted reactions, rearrangements as well as 

deoxygenation reactions including 

decarboxylation, decarbonylation, and 

dehydration reactions as presented in scheme 2 

[44, 100]. 

Environmentally persistent free radicals (EPFRs) 
in bio-oil  

Electron paramagnetic resonance (EPR) 

spectroscopy is an analytical method to explore 

materials with unpaired electrons and therefore, 

it is an important technique to probe the 

presence of radicals in the bio-oil matrix [102, 

103]. Conventionally, EPR measures energy 

absorption attributed to the transition of sub-

atomic particles such as electrons between 
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different energy levels caused by the interaction 

of free radicals with the magnetic field 

component of the microwave radiation in the 

presence of an external magnetic field applied to 

the sample [45, 102]. EPR has been used broadly 

to study free radicals in various condensed 

phases, such as biochar [44, 103] – Figure 4. 

Previous research [104] has established that 

levoglucosan (a major component of bio-oil) 

breaks down in what is referred to as ring 

opening to form radicals that can rapidly react to 

form a wide range of products. However, these 

radicals are transient and may not be responsible 

for the observed stability of free radicals in the 

bio-oil matrix. Nonetheless, bio-oil produced for 

use as a transport fuel is a burden to the 

environment and public health systems because 

of the reactive free radical species which can be 

emitted during combustion [44, 105]. Although 

biodiesel is an environmentally friendly 

alternative to fossil diesel, its degradation 

triggered by radical oxidative reactions produces 

free radical species capable of damaging the 

mechanics of combustion engines [106]. The rate 

of degradation of biodiesel is associated with the 

duration of producing the free radical species, 

implying that the longer the time of radical 

formation, the longer it takes the biofuel to 

complete the oxidative radical reaction cycle 

[107]. 

 
Fig. 4 EPR spectra of bio-oil extracted from pyrolytic 

lignin – adapted from [103]  

From a public health perspective, 

environmentally persistent free radicals emitted 

from the combustion of biodiesel or bio-oil are 

candidate precursors for acute health problems 

including cancer, cardiac-related problems such 

as oxidative stress, respiratory diseases, and cell 

injury triggered by reactive oxygen species 

(ROS)[108, 109]. Because reactive free radical 

species from thermal emissions from the thermal 

degradation of bio-oil are very stable, then they 

are conventionally referred to as 

environmentally persistent free radicals (EPFRs). 

These persistent free radicals represent a class of 

reactive species that have longer lifetimes 

uniquely in ambient environments and have been 

the subject of grave scientific concern in various 

studies [110]. Generally, the term 

environmentally persistent free radicals (EPFR) 

implies radicals that have long lifetimes in the 

combustion reaction atmosphere; for example, 

the lifetime of HO2 radicals are in the region of 

1.0 ms [111]. From a biological health 

standpoint, evidence in the literature has proven 

that proteins are major targets for free radical 

attack in biological systems because of their 

abundance and high rate constants, which 

inevitably result in tissue and cell damage at 

various sites of protein components followed by 

protein unfolding and altered conformational 

interaction landscape [112]. 

The future trends in the use of biomass  

Scientists and government authorities have in 

recent times focused on the search for alternative 

sources of energy that can be generated using 

locally available resources [113]. The global 

focus has therefore shifted to bioenergy [114]. 

The increased focus on bioenergy has been 

necessitated by high oil and gas prices, and the 

desire for sustainable energy resources [114]. In 

developed countries, a shrunken global market 

for surplus farm produce has been strongly 

linked to biomass energy and this justifies the 

proposition that ‘biomass fuel can revive the 
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aborted Doha round of agricultural trade 

negotiations’ at the World Trade Organization 

[114, 115]. Low-cost biomass fuel has catalysed 

industrial activities – fetches good returns 

because it utilizes locally available resources 

[113]. Global use of biomass to generate 

electricity is expected to increase in the near 

future [116]. This trend is expected to be higher 

in developing countries where the current 

energy consumption from biomass stands at 35% 

whereas at the global stage the consumption 

stands at 14% [117]. It is estimated that global 

emissions of greenhouse gasses (GHGs) will drop 

with the increased use of renewable bioenergy 

considered cost-effective, clean, and sustainable 

[116]. The future use of biomass and biofuel use 

depends on the availability of cheap locally 

available resources and incentives to investors 

from government policies [113]. The world’s 

projected energy usage is estimated to rise to 

623 exajoules by 2035 with biofuels accounting 

for a quarter of the energy projection - only 

possible when biofuel technologies are enhanced 

[117]. It is also believed that by improving the 

efficiency of agriculture and forestry, biofuels 

generation will improve without jeopardizing 

food production. Additionally, the tendency of 

households and industries to switch to biofuels is 

largely dependent on the policymaker’s 

introduction of subsidies, tax reduction, and 

provision of incentives [117]. Currently, green 

transport relies on biodiesel and ethanol as fuels 

are obtained from canola, corn, and sugarcane 

[117]. The current production of biodiesel stands 

at 20 billion litres [113]. Extensive use of 

agricultural land in the cultivation of biofuel 

producing crops such as canola, sugarcane, corn, 

oil palm, and soya beans will increase the 

generation of biofuels and ethanol significantly in 

the future to come [117]. 

Policymakers and researchers opine that besides 

generating electricity, the use of biomass 

materials can be largely cost-effective and may 

be applied in heating homes [118-120]. This 

study also reported that saving one ton of carbon 

dioxide (CO2) will cost an estimated $149 when 

biomass replaces coal in a power plant [118]. 

Furthermore, the same study reported that by 

using biomass in boilers instead of fossil fuel oil, 

a significant amount of money more than $52 is 

saved for every ton of CO2 decreased [118]. 

Therefore, owing to a myriad of factors involved, 

it is a challenge to predict the cost-cutting 

potential of biomass because of factors that 

determine the cost reduction capacity of biomass 

which is not limited to nature and supply of 

feedstock, land availability, industrial utilization, 

and deforestation related issues, reduction in the 

cost of feedstock and increased production at 

relatively low cost which will, in turn, make 

bioenergy prices very competitive [121, 122]. 

Nonetheless, the cost of storage and 

transportation of biomass pellets is significantly 

lower than those of fossil fuel oils although it is 

suggested that the incorporation of biomass with 

common agricultural activities such as crop 

rotation can enhance yields at lower costs [118]. 

The cost benefits of using biomass can therefore 

be summed up as: lowered energy cost, reduction 

in greenhouse gas emissions, guaranteed security 

of power supply, enhanced economic growth, 

increased employment opportunities, and better 

waste management [121, 123, 124].  

Bioenergy development and the existing policy 

framework in a developing country – Kenya  

Currently, the usage of biomass as a renewable 

energy resource in Kenya stands at 68% relative 

to other forms of energy, with 89% and 34% 

consumption of wood fuel and charcoal, 

respectively in rural Kenya according to 2009 

statistics [125]. The development of biofuels in 

developing countries has not been robust 

because of the intense focus on poverty 

reduction, environmental health concerns, and 

lack of technologies to convert biomass to 

modest biofuel [126]. Kenya has enormous 

potential for the development of bioenergy 
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mainly for power generation and in form of 

liquid biofuel such as ethanol whose annual 

production is estimated at 41 million litres [125]. 

The ever increasing global oil prices have pushed 

Kenya to focus on the development of alternative 

sources of energy in the form of biofuel and 

subsequently come up with a policy framework 

for the establishment of biofuel plants [125]. 

Recently, Kenya has come up with policy and 

legislation on energy, forest, and charcoal 

protocols that are intended to shape biomass 

energy development. The policy framework that 

encourages the utilization of biomass is 

contained in Sessional Paper No.4 of 2004 on 

Energy, Energy Act of 2006, and Feed-in Tariff 

Policy for Renewable Energy [127].  

The report explored the possible ways in which 

biomass use or development of bioenergy can be 

supported or impeded by societal, fiscal, or 

environment-related issues [127]. The major 

bottlenecks in the development of bioenergy as a 

source of electricity and motor use are: (i) 

limitations related to unavailability of technical 

expertise, (ii) lack of confidence in sugar farmers, 

(iii) unclear mode of financing, (iv) imminent 

sale of existing sugar factories and (v) lack of 

feed-in tariffs [127, 128]. Nonetheless, the report 

highlighted the following as key policy 

recommendations; 

• a reliable and sustainable supply of 

feedstock 

• a clear way of financing farmers 

• clear revenue sharing formula between 

farmers and the state 

• modernization of boiler technology 

The challenges faced by Kenya towards the 

development of bioenergy and the salient 

recommendations that the country has put in 

place can be replicated in many other developing 

as well as developed countries. Overcoming these 

teething problems will promise better energy 

security and a cleaner environment. 

 

Bioenergy development and the existing policy 

framework in the eu and brazil 

Due to the increase in demand for energy, 

various energy supplies have been diversified in 

various parts of the world to mitigate against 

climate change as well as provide an enabling 

environment for the development of European 

industries [129]. Currently, bioenergy in the EU 

is the most consumed and flexible energy with 

EU’s biomass production higher than coal and 

domestic gas [130]. The consumption of energy 

in the EU member states aims at achieving a low 

carbon economy [131]. Moving towards a low-

carbon economy, the EU, has been tasked to 

produce liquid biofuels that are economically, 

environmentally, and socially acceptable [132]. 

This aims at replacing conventional fossil fuels as 

transport fuels as well as reducing 

overdependence on imported energy resources. 

A range of energy sustainability development 

perspectives is environmental, social, economic, 

and politically motivated policies [133]. There 

have been legislative policies that promote the 

adoption of green energy and hence realizing low 

net GHGs emissions [131]. The Renewable 

Energy Directive (RED) 2009/28/EC that was 

proposed in 2012 aimed at replacing 20% of the 

total energy and 10% of the energy used in the 

transport sector with RES by the year 2015 

[131]. The deployment of bioenergy in the region 

is tied to major policies of renewable energy as a 

whole [130]. Policies promoting bioenergy 

include, agricultural policies that promote the 

cultivation of energy crops, stimulated residue 

collection, and/or improving crop yields [130]. In 

2014, the European Council targeted at least 

40% domestic reductions of GHGs emissions by 

the year 2030 compared with 1990 in line with 

the 2030 Climate and Energy Framework [134]. 

Currently, the EU signed the Paris Agreement in 

2016 that replaced the Kyoto Protocol [135, 

136], and subsequently, the European council 

parliament adopted the 2030 climate and Energy 
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Framework in 2018 [130]. The key highlights of 

this legislative package were: 

• The reduction of annual GHGs emissions 

by its member states from 2021 to 2030. 

• The European Parliament and the 

European council included GHGs 

emissions and removal from the forestry, 

land use, and land-use change in the 

2030 climate and energy framework. 

This policy aimed at removing CO2 from 

the atmosphere in the period 2021 to 

2030. 

The European Commission also published a 

climate strategy proposal for the years up to 

2050 with a major aim being to ensure a carbon 

neutral EU economy by the year 2050 [130]. 

Besides, it was proposed that at least 25% of the 

annual budget be injected into this strategic plan 

[130]. The severe acute respiratory syndrome 

coronavirus-2019 (SARS Covid-2019) has 

challenged the renewable energy policies by 

causing a financial burden worldwide and has 

immensely disrupted economies in Europe and 

across the world. It is more likely that the current 

policies in place will be tremendously challenged 

by the COVID-19 global pandemic. 

Brazil has heavily invested in bioenergy, 

currently being the pioneer in the utilization of 

liquid biofuels such as unique ethanol and 

biodiesel blends as transport fuel [137]. Brazil’s 

economy has attracted considerable attention 

mainly because of its ability to reduce 

overdependence on conventional fuels and foster 

energy security with clean bioenergy resources 

[138]. Sugarcane is the primary feedstock that is 

largely utilized in Brazil for bioenergy production 

[139]. Using biofuels has enhanced the 

decarbonization of transport fuels but has also 

had indirect and direct impacts on biodiversity 

[140]. These impacts include an increase in GHGs 

as a result of land use, land erosion, loss of soil 

fertility, and scarcity of freshwater [141]. The 

competing human needs such as adequate food 

supply and freshwater availability has triggered 

a serious debate on the production of bioenergy 

in the region. The efforts of Brazil to mitigate 

climate change according to the United Nations 

Framework Convention on Climate Change 

(UNFCCC) and the Kyoto Protocol have been 

boosted by the availability of sugarcane 

considered suitable for ethanol production [142].  

The current global pandemic (COVID-19) has 

stretched government budgets especially in 

putting in place containment measures against 

the pandemic [143]. The investment in clean 

energy is therefore challenged. The pandemic is a 

reminder to policymakers and the people to pay 

attention to scientific matters to reduce GHGs 

emissions including carbon taxation and energy 

pricing. The scientific community should be 

mandated to pursue potential strategic energy 

policies to ease natural disasters and possible 

future pandemics.  

Bioenergy development, consumption, and 
corruption 

Corruption has been widely cited as a major 

setback to energy development especially 

bioenergy development in a range of global 

jurisdictions [144]. The energy sector 

particularly the renewable energy system has 

become a target for corruption practices. This is 

motivated by huge revenues allocated to the 

sector, excessive oversight powers by public 

officials over energy resources, and the 

remoteness of major energy operations [144]. 

More importantly, both the oil and gas sectors 

have been criticized for condoning bribery 

according to the Bribe Payers Index 

commissioned by Transparency International – 

Kenya [145]. Besides slowing economic growth, 

corruption in the energy sector leads to severe 

consequences some of which include slowed rate 

in technological advancement, poor health, 

compromised living standards, loss of funds, and 

ultimately increased cost of energy which in turn 

has a negative ripple effect on other sectors of 
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the economy [145, 146]. World Bank which has 

been a major financier of the energy sector in 

developing countries has emphasized 

strengthening governance as a mechanism to 

stem runaway corruption and bribery [145]. 

Data from developed and developing countries 

have revealed a strong relationship between 

institutional quality, corruption, and energy 

consumption [147]. Menegaki and Ozturk (2013) 

observed that political stability can either abate 

or hinder corruption [148]. In a related study, 

Sekrafi and Sghaier (2018) reported that 

corruption and energy consumption are 

positively correlated, and consequently, 

escalated corruption increases energy 

consumption [149]. Corruption being the use of 

public office for personal gain reportedly 

influences policy formulation and 

implementation especially those that concern 

bioenergy development but also provides 

immunity against adverse penalties arising from 

specific stringent energy-related policies [150]. 

Corruption retards the political will to support 

bioenergy development and in most cases 

plummets the subsidies directed to companies 

that deal with bioenergy production [150]. 

Carbon taxation and energy pricing 

The challenge posed by global warming to 

humanity and the environment in the world 

today as a result of fossil fuel use cannot be 

underestimated [151]. The carbon tax is a tax 

imposed on carbon from fossil fuel consumption 

and has been proven to be the only mechanism 

that can encourage the transition from fossil-

based fuels to biofuel besides increasing the cost 

of fossil fuels. Tax on carbon increases the 

competitiveness of biofuel energy [152]. The 

carbon tax is quite simple to compute and its 

computation is based on the carbon content of 

the fuel (Table 2) as the objectives of imposing 

carbon dioxide tax are aimed at impairing 

greenhouse gas (mainly CO2) emissions and 

invest in cleaner alternatives [153]. Generally, 

the carbon tax (%) can be calculated using 

expression 1: 

 (1)  

where CE = the carbon equivalent of CO2 

emissions from combustion (Mg/GJ); P = price of 

fossil fuel ($/GJ); CT = carbon emission tax 

($/Mg). Table 2 provides the amount of carbon in 

selected fossil fuels with the corresponding CO2 

emissions. Equation 1 does not apply to biofuels 

because combustion of biomass and biofuels 

releases an amount of carbon dioxide which is 

equivalent to the quantity utilized by the very 

plants used to generate bioenergy. The carbon 

tax has a direct effect on the pricing of fossil fuels 

since biofuel producers will heavily pay the 

levied tax, in turn, the prices of natural gas, coal, 

and oil will increase, and the chain continues to 

the consumers [153]. The nature gas commonly 

used by many households and other fossil fuels 

such as diesel used by power plants will be sold 

expensively [154]. 

Table 2 Fossil fuels and their carbon coefficients 

Fossil fuel Average low 
calorific value kJ/kg 

Carbon 
content  

kgC/GJ 

Rate of carbon 
oxidation 

Carbon emission 
coefficients (tc/t) 

Coal 20,908 25.8 0.913 0.4925 

Coke 28,435 29.2 0.928 0.7705 
Crude Oil 41,816 20.0 0.979 0.8187 
Natural gas 38,931(kJ/m3 ( 15.3 0.990 0.5896 tC/m3 
Fuel oil 41,816 21.2 0.985 0.8691 
Gasoline 43,070 18.9 0.980 0.7977 
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This challenge can be surmounted by imposing 

carbon border taxes to get compliance with the 

use of clean energy systems [155]. Carbon 

taxation increases energy cost resulting in a 

depressed firm’s profitability [156] 

 

The current state of global carbon pricing 

Putting a price on carbon to reduce greenhouse 

gas emissions and push investments into cleaner 

energy technologies has received positive 

momentum in many countries around the world 

[157]. It is estimated that 40 countries across the 

globe have embraced and implemented the two 

common types of carbon pricing: carbon tax or 

emission trading systems (ETS) as direct 

methods of pricing carbon [154]. The decision as 

to which to apply depends on the individual 

states and the prevailing fiscal situations [157].  

Countries can also adopt indirect ways of pricing 

carbon such as payment of greenhouse gas 

emissions, removing subsidies on fossil fuels, and 

coming up with regulations that will adopt what 

is generally known as “social cost of carbon” 

[157]. Some of the countries that currently price 

carbon by imposing carbon tax include Sweden, 

Denmark, Finland, France, Ireland, Japan, 

Norway, and Slovenia with quite several other 

countries considering adopting carbon tax [154]. 

Interestingly, the carbon tax on fuels does not 

only mitigate greenhouse gas emissions but also 

promotes economic growth as reported in the 

case of Sweden which has been pricing carbon 

since 1990 (Fig. 5) and increasing its GDP by 60 

% [152]. 

 
 Fig. 5 Carbon pricing, economic growth, biofuel 

development of Sweden [145] 

The price of carbon differs with jurisdictions, for 

example, France projects a carbon tax of 100 

Euros per ton of CO2 in the near future [154]. 

Reports indicate that Sweden heavily imposes a 

carbon tax on fossil fuels – arguably the highest 

carbon pricing for private consumers globally 

which currently stands at US$140 per tonne of 

CO2 [152]. Some state organizations have tried to 

come up with a common minimum carbon tax 

imposed by its member states. Some of the 

directives have remained inactive. For example, 

European Union (EU) has given a directive to its 

member states to impose a common minimum 

carbon tax of 20 Euros per ton of CO2 and like 

many others, this directive is yet to be processed 

for implementation [157]. 
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CONCLUSION  

There has been a remarkable shift to biodiesel 

worldwide because of the abundance of raw 

materials for the production of bio-based diesel 

which is considered environmentally friendly. 

This paper has shown that Jatropha seeds 

produce a high yield of bio-oil of 52% compared 

with most plants such as palm oil which 

produces 23% and soybean which generates 

about 18% bio-oil. This demonstrates that 

Jatropha produces bio-oil twice as much as that 

produced by palm oil and three times as much as 

that generated by soybean. This work, therefore, 

recommends the commercialization of Jatropha 

for large-scale biodiesel production especially in 

arid and semi-arid lands around the world. 

Although biodiesel is considered a green energy 

resource, its degradation to yield radical 

oxidative reactions produces free radical species 

capable of damaging the mechanics of 

combustion engines as well as impairing 

biological systems in humans. Nonetheless, 

biodiesel has excellent characteristics such as 

lowering the net greenhouse gas emission in the 

atmosphere. The by-product of biodiesel, 

glycerol, has also proven to be an alternative 

source of clean energy that can be used to 

produce hydrogen for clean energy combustion. 

Carbon trade has been projected as a necessary 

action by developing countries to reduce carbon 

emissions which ultimately are detrimental to 

the ecological environment. Nonetheless, 

implementation of a carbon tax regime has been 

cited to create uneven competition between 

companies that use taxed carbon and those in 

other jurisdictions that refuse to comply with 

carbon taxation protocols. It is also evident that 

the effort to develop bioenergy in most countries 

has been characterized by corrupt practices. The 

advancement strategy for clean energy resources 

will require not only better technological know-

how but also political goodwill. 
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