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The thesis goal is to analyse the most efficient pathways of producing bioethanol and biogas 

from Elephant grass using nitrogen explosive decompression pretreatment method under four 

different temperatures: 150 °C, 170 °C, 190 °C and 200 °C. The usual path for producing 

bioethanol from lignocellulosic biomass was followed: pretreatment, hydrolysis, fermentation 

and distillation. However, for biogas production, the solid and the liquid fractions after 

pretreatment and hydrolysis as well as the distillation side stream and untreated biomass 

were analysed.   

Upon comparing the results, it was discovered the solid fraction after pretreatment at 150 °C 

produced the highest biogas while the highest concentration of bioethanol was discovered in 

the liquid fraction after hydrolysis of samples pretreated at 170 °C. The liquid fraction after 

pretreatment can be discarded since they hold little or no potential for biofuel production.   

 

Key words: anaerobic digestion, bioethanol, biofuel, master thesis. 
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INTRODUCTION 

Nigeria is one of the largest oil producers in Africa because of its crude oil reserve. The 

country’s transportation system utilizes 100% of refined fossil fuel. For a long time, and as a 

result of huge governmental subsidy on petroleum, the energy mix of Nigeria has been 

dominated by petroleum with 33% of the nation’s power generation coming from oil [1]. 

Nigeria is rich in energy resources; renewable and otherwise, which could makes the nation a 

viable participant in the fight against CO2 emission and global warming [2]. The country has 

great potential for biomass cultivation because of the available land area. According to a report 

by Ben-Iwo et al, there is approximately 35,000,000ha of arable land for this purpose [3]. In 

2007, the Nigerian government made a policy concerning the production of biofuels which 

made the nation one of the producers of green and sustainable energy thereby reducing CO2 

emissions [4][5].  

In the past few years, biomass has been harnessed and in fact, it contributes 10% of the 

world’s energy demand. Lignocellulosic biomass has demonstrated great potential in the 

production of sustainable biomethane, which has had positive impact on the transportation, 

energy and economic sector of developed nations worldwide [6]–[10]. Utilization of biofuels 

is seen by many countries as one important way to deal with climate change, global warming 

and to develop rural communities. Advancement in biofuel research enables developing 

countries to improve their immediate environment and better their economies[11].  

Amongst one of the most researched biomasses in Nigeria is the Napier grass popularly known 

as the elephant grass. Napier grass has a high cellulose content of about 40% which makes it 

quite promising and attractive as a feedstock for biofuels production. It has a good water use 

efficiency ratio, amazing tolerance to drought, heating value of 16.58MJ/kg and high yield per 

unit area. It mostly grows in the wild uncultivated and in some cases can be used as feed for 

herbivores [12][13]–[22]. The potential of lignocellulosic biomass has been widely studied 

including that of the Napier grass. Despite this fact, more research is needed to increase its 

efficiency.  

The essence of this thesis is to investigate the potential of the African elephant grass for 

integrated bioethanol and biomethane production using nitrogen explosive decompression as 

a pretreatment method. Different production pathways were experimented to ascertain the 

most effective and efficient means of production [23][24]. 
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AIMS AND OBJECTIVES OF THIS STUDY 

It is already a known fact that carbon derived fossil fuels are a major contributor to global 

warming and climate change. Biofuels are one of the many solutions that have been adopted 

to combat this problem and improve the standards of living. 

This research aims at discovering the possibilities of producing higher percentages of biogas 

and bioethanol by pretreating the Napier grass with nitrogen explosive decompression 

pretreatment method and experimenting different routes for more efficient production. The 

solid and liquid states of the sample was analyzed for all stages and at different pretreatment 

temperature; 150 °C, 170 °C, 190 °C and 200 °C respectively. The results were compared for 

total solids (TS), Volatile solids (VS), sugar yields, ethanol yields and biogas yields. Figure 1 

below shows the plan chosen for this experiment. 

 

Figure 1. The production pathways utilized for this study to evaluate the potential of Napier grass 

(Pennisetum purpureum/ elephant grass) for biogas and bioethanol production by means of solid–liquid 

separation. 1—untreated Napier grass; 2—solid fraction of post-pretreatment broth; 3—liquid fraction 

of post-pretreatment broth; 4—solid fraction of post-hydrolysis broth; 5—liquid fraction of post-

hydrolysis broth; 6— liquid samples of the post-distillation broth [23] 
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1. LITERATURE REVIEW 
 

1.1.  Classification of biofuels 

Biofuels can broadly be classified either as primary or secondary biofuels depending on their 

mode of utilization. 

The primary biofuels are unprocessed and are used in their natural forms, directly combusted 

to meet energy needs. The secondary biofuels are processed solids (e.g. charcoal), liquids 

(e.g. waste/ spent vegetable oil) or gases (e.g. biogas). Processed biofuels have a wider 

application range and higher efficiency than their counterparts [25]. Processing biofuels aims 

at providing fuels with well-defined characteristics. 

Secondary biofuels are further classified into first, second, third and fourth generation biofuels.  

The table 1 illustrates the biofuels classification by generation.  

Table 1. classification of biofuels based on biomass feedstock 

S/N BIOFUELS FEEDSTOCK/ BIOMASS SOURCE 

1 First generation biofuels Sugars and vegetable oil 

2 Second generation biofuels Lignocellulosic biomass 
3 Third generation biofuels Algae and seaweed 
4 Fourth generation biofuels High solar efficiency cultivation 

 

As can be observed from the table, first generation biofuels are derived from plants or cereal 

crops containing sugars [26]. First generation feedstock makes use of low-cost conversion 

technologies and brings greenhouse gas savings. However, it was necessary to evolve from 

the first to the second generation biofuels because, their biomass source was in competition 

with food crops.  

Second generation biofuels are produced from nonedible agricultural, fishery and forestry 

biomass [27][6]. Also included in this category is waste cooking oil. Although, the cost of 

pretreatment of lignocellulosic biomass is high because of the use of advance technologies, 

lignocellulosic biomass is very abundant in nature and many at times does not require 

additional land for its cultivation, and as such is not in competition with the production of fiber 

and food crops [26]. 

Third generation biofuels are obtained from algae and seaweed feedstocks. These feedstocks 

have a number of advantages such as fast growth rate, easy to cultivate, no competition with 

food crops and versatility such that they can be cultured using seawater or wastewater. As 

with most things that have advantages there are some disadvantages associate with the use 
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of algae and seaweeds. These includes low lipid content, possibility of contamination in open 

pond system and the fact that the process of cultivating algae consumes a lot of energy [27].  

The fourth generation biofuels are similar to the third generation biofuels except for the fact 

that they are mostly carbon negative or carbon neutral fuels. These generation of feedstock 

was borne in a bid to genetically modify and metabolically engineer third generation feedstock 

to increase their lipid content and biomass yield [28]. Even though research of fourth 

generation feedstock is still at its primary stage and the cost of initial investment is high, this 

generation of feedstock is quite promising as it proffers solutions to the pros of the 

aforementioned feedstocks (carbon capture and high lipid contents for algae) [27]. 

1.2.  Lignocellulosic biomass 

Lignocellulosic biomass has since been proven to be the most bio-renewable, economical and 

abundant feedstock available worldwide [29]. For example, in the European Union alone, the 

total agricultural biomass produced is estimated at 956 Million tonnes of dry matter per year 

from 2006- 2015 [30]. Lignocellulosic biomass generally comprises of agricultural and plant 

residues like wheat straw, corn stover etc., materials which serve as attractive feedstock for 

biofuel production because their use as feedstock for bioenergy does not interfere nor exhaust  

sources of food or animal feed [31]. 

Lignocellulosic biomass is generally composed of three types of biopolymers found only in the 

secondary cell wall of matured plant cells. These polymers are cellulose, hemicellulose and 

lignin. Cellulose and hemicellulose are the two components that make biomass a valuable 

feedstock for bioenergy production because, of their high polysaccharide contents. On the 

other hand, lignin comprises of polyphenols which are connected by a very complex network 

of monomeric phenyl propanoic units with different inter-unit bonds [32]. 
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Figure 2. schematics of lignocellulosic biomass cells [33] 

  

The percentages in which these polymers occur in different substrates varies from biomass to 

biomass depending on the source and type of biomass shown in the table below (table 2) [34]. 

Table 2. Contents of cellulose, hemicellulose, and lignin for different feedstocks [35][36] 

Feedstock Cellulose (%) Hemicellulose (%) Lignin (%) 

Cotton, Flax 80-95 5-20 - 

Grasses  25-40 25-50 10-30 

Hardwoods 45±2 30±5 20±4 

Hardwood barks 22-40 20-38 30-55 

Softwood 42±2 27±2 28±3 

Softwood barks 18-38 15-33 30-60 

Corn stalks 39-47 26-31 3-5 

Corn stover 38-40 28 7-21 

Sorghum stalks 27 25 11 

Sorghum straw 32 24 13 

Rice straw 28-36 23-28 12-14 

Wheat straw 33-38 26-32 17-19 

Barley straw 31-45 27-38 9-14 

Bagasse 32-48 19-24 23-32 

 

The generic chemical formula for cellulose is (C6H10O5)n. It is a linear (unbranched) 

homopolysaccharide and it is the principal constituent of the lignocellulosic biomass [37]. It is 
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insoluble both in water and in most organic solvents owing to the kind of bonds associated 

with its molecules. Cellulose is composed of a 10,000-15,000 D-glucose linked by β-(1,4) 

covalent glycosidic bond. Its strains are connected together to form cellulose fibrils which are 

in turn linked by intra and intermolecular hydrogen bonds [38]. 

At the molecular level, the hemicellulose, (C5H8O4)n, is the second most abundant polymer of 

a plant cell wall and is a highly branched heteropolysaccharide consisting of C5 and C6 sugars. 

These sugars include pentoses (β-D-xylose, α-L-arabinose), hexoses (β-D-mannose, β-D-

glucose, α-D galactose) and/or urgonic acids (α-D-glucuronic, α-D-4-O-methylgalacturonic 

and a-D-galacturonic acids). Unlike the cellulose, the side groups prevent the polymers from 

forming crystalline structures [39][37]. Their amorphous, branched short lateral chain 

structure, and their low molecular weight makes them relatively easy to hydrolyze [38]. The 

hemicellulose is tightly wrapped around the cellulose fibrils and must be detached to enhance 

digestibility of the cellulose, rate of hydrolysis and cellulose accessibility [40]. Hemicellulose 

has a small crystalline region and a small degree of polymerization. It also contains a small 

chemical bond with lignin [41]. 

The third most common polymer constituent of the lignocellulosic biomass is lignin, and it is 

distinctively different in structure from all the carbohydrate-based polymers. Lignin is a highly 

heterogenous polymer with aromatic residues rather than carbohydrate residues [42]. Lignin’s 

dense, amorphous, complex and hydrophobic nature makes it difficult for enzymes to attack. 

It is crossed linked to the hemicellulose via a cell wall protein known as extension [43][44]. 

 

1.3.  Bioethanol production process 

As already noted, the complex composition of lignocellulosic biomass makes it difficult to 

biodegrade. To achieve ultimate performance and efficiency during utilization of the cellulose, 

the biomass must go through several stages such as, pretreatment, hydrolysis, fermentation 

and distillation [18]. In other to obtain high cellulose enzymatic digestibility yield, it is 

necessary to recognize the main structural limiting factor. These factors are (1) the specific 

surface area, (2) cellulose crystallinity index, (3) degree of polymerization (4) cellulose 

sheathing by hemicellulose (4) lignin content, and (6) acetyl content [45][46]. 

1.3.1.  Pretreatment 

The pretreatment is a necessary upstream process for the conversion of lignocellulosic 

material to ethanol because of the complex structure of the cellulose, hemicellulose and lignin 
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which prevents its decomposition [47]. The pretreatment step exposes the cellulose and 

hemicellulose for subsequent hydrolysis [6]. Pretreatment is the separation and solubilization 

of one or more of the biomass components by either physical, chemical, physio-chemical and 

biological pretreatments. This process breaks down the lignocellulosic matrix to reduce the 

degree of crystallinity of the cellulose and increase the amorphous cellulose part [48]. Worthy 

of note however, is the fact that many lignocellulosic biomasses have different physical and 

chemical properties, and it is therefore important to use pretreatment technology that suits 

their characteristics [49].  

The physical pretreatment method is aimed at mechanical decrystallization, size reduction, 

particle density and surface area increase. This pretreatment process includes grinding, 

chipping, milling, freeze/ thaw cycles (pyrolysis) and radiation.  

Grinding, chipping and milling is a very energy intensive process which mostly results in higher 

energy consumption than available theoretical energy in the biomass. The biomass sample 

can be reduced to particle sizes as low as 10-30mm or 0.2-2mm depending on whether it was 

chipped or milled/grinded respectively. While size reduction is very beneficial in reducing 

cellulose crystallinity and thus yielding good results, very fine particle sizes can negatively 

affect the enzymatic hydrolysis process. Finely milled biomass can form clumps in succeeding 

processes [50][51].    

Pyrolysis requires less energy than milling. This process requires that the material be treated 

to a temperature greater than 300OC, to form gaseous products such as hydrogen, carbon 

monoxide and residual char [52].  

Irradiating the biomass materials greatly increases the surface area and reduces the 

crystallinity. Although, this method is very expensive, the presence of phenolics in the 

irradiated samples proves its effectiveness in breaking the lignin-cellulose complex [49]. 

The chemical pretreatment method as the name implies, requires a chemical agent to 

break the complex covalent bonds of the cellulose. This process includes treatment with alkali, 

dilute/concentrated acids, ozonolysis and Organosolv [40]. The principle of the acid 

pretreatment method involves the use of an acid (usually sulphuric acid) to improve cellulose 

hydrolysis as the acid medium attacks the polysaccharides [53].  

Although acid pretreatment is widely used, it can result in the formation of several inhibitors 

such as acetic acid, furfural and 5-hydroxymethylfurfural, which inhibits the growth of 

microorganisms. Moreover, the use of concentrated acids requires a reactor that is resistant 
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to corrosion. These reactors are expensive and can lead to an increase in the cost of production 

[49]. 

Unlike the acid pretreatment method, the alkali pretreatment uses hydroxides of sodium, 

potassium, ammonium and calcium. The alkali mostly dissolves the lignin. It removes the non-

productive absorption sites of the lignin and eliminates the acetyl groups of the hemicellulose, 

thus making the cellulose available for enzymatic degradation. This process has been proven 

to be very effective depending on the material’s lignin content. Compared with other 

pretreatment technologies, this process utilizes low temperature and pressure [27]. 

The ozone treatment can be operated at room temperatures and pressures. In ozonolysis, no 

toxic residues are produced since ozone can be decomposed by simply increasing the 

temperature or using a catalytic bed. Although, the process is expensive because of the use 

of large quantity of ozone, the degradation of the lignocellulosic biomass is limited to the lignin 

component [49]. 

The organosolvation process utilizes organic solvents (methanol, ethanol, acetic acid etc.) to 

break the lignin and hemicellulose bond [54]. 

The physico-chemical pretreatment method includes steam explosion, ammonia fiber 

explosion, nitrogen explosive decompression and carbon dioxide explosion. Treatment of 

lignocellulose biomass by steam requires that the material be heated at high pressures for a 

few minutes, and the reaction suddenly stopped by decompression in atmospheric pressure 

[55][56]. The fibres are separated once the steam expands within the matrix of the biomass 

[57]. This process effectively degrades the hemicellulose, but only partially degrades the 

lignin. This process does not require excessive amount of energy especially when compared 

with the mechanical grinding and there is no formation of toxic compounds. However, some 

inhibitors are formed during the degradation process, which would mean that the pretreated 

material must be washed with water to get rid of these inhibitors.      

The ammonia fiber explosion (AFEX) pretreatment process mimics the steam explosion 

pretreatment process. The only exception is that it employs the use of liquid ammonia and 

there is no formation of inhibitor materials [57]. The effectiveness of this process is based on 

the lignin content i.e. for biomass like softwood newspaper which has a high lignin content 

(recall table 2), the AFEX pretreatment method is not very effective [58]. 

The nitrogen explosive decompression method makes use of high temperatures of up to 175°C 

and highly pressurized nitrogen of about 6MPa together with explosive decompression to open 

the biomass structure. The high pressure allows the cells of the biomass to become filled with 
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water saturated with nitrogen, and the sudden change in volume due to rapid pressure 

decrease to normal pressure causes the cells to rupture, thus exposing them to better 

enzymatic actions [59][60]. 

The carbon dioxide explosion pretreatment method is a similar operation technique to the 

steam and ammonia explosion methods. It, however, does not produce inhibitors and has a 

higher conversion yield than the steam explosion pretreatment [61].  

Biological pretreatment of lignocellulose biomass relies on the use of specific enzymes such 

as white rot fungi containing oxidoreductases, for biodegradation of the cellulose and 

hemicellulose. These enzymes specifically degrade the lignin components of the matrix and 

increases the hemicellulose accessibility for hemi cellulase [62]. This process as compared 

with the physical, chemical and physicochemical pretreatments is inexpensive, low energy 

consuming, less harmful to the environment; but, very slow and time consuming as the bio-

delignification requires extended time to run to completion [49]. 

To improve the pretreatment efficiency, it is possible to combine any of the above described 

methods [63]. Although, acid, alkaline and hydrothermal treatments are commonly used today 

[64], there exists other efficient, chemical free, cheaper and environmentally attractive 

pretreatment methods like the nitrogen decompression pretreatment method [59], [65]–[67]. 

 

1.3.2.  Hydrolysis 

After the sample has been pretreated, it is then subjected to hydrolysis/ saccharification; 

either using acids or enzymes. Hydrolysis aims at converting the pretreated cellulose and 

hemicellulose content to fermentable monomeric sugars [26][41]. Enzymatic hydrolysis is 

affected by four major parameters of the material: (1) the pretreatment conditions, (2) 

amount of lignin present in the material, (3) the concentration of the substrates and (4) the 

activity of the cellulase [6][68][69]. 

The most common and oldest method used in the saccharification of lignocellulosic biomass is 

acid hydrolysis using sulphuric acid. Although, other dilute or concentrated mineral acids such 

as nitric acid, hydrochloric and fluoric acids can be used, the most widely utilized acid for this 

process is the sulphuric acid. It is important to note that if concentrated acids are used, the 

operating temperature must be lowered and vice versa for dilute acids [49]. This hydrolysis 

method is expensive because of the further treatment the hydrolyzed material must undergo 
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prior to fermentation and the need to neutralize the yeast, due to the formation of inhibiting 

compounds [70]. 

Enzymatic hydrolysis on the other hand, has proven to be more advantageous than the acid 

hydrolysis because it does not form compounds that harm the environment, and they are 

easily biodegradable. Enzyme based technology is used for large scale manufacturing of 

ethanol. Since enzymes are specific to the reaction they catalyze, it is important that the right 

enzymes are chosen for great yield. Cellulase enzymes catalyze the breakdown of cellulose 

into glucose [49].  

 

1.3.3.  Fermentation  

Simply put, and as related to bioethanol production, fermentation is the biological method of 

converting lignocellulosic biomass to ethanol, using yeasts or bacteria which feed on simple 

sugars [49]. Fermentation can be carried out by four different processes (1) separate 

hydrolysis and fermentation (SHF), (2) simultaneous saccharification and fermentation (SSF), 

(3) Simultaneous Saccharification and co-fermentation (SSCF) and (4) consolidated 

bioprocessing (CBP).    

Separate hydrolysis and fermentation are a two-step process of hydrolysis action and 

fermentation actions which is performed separately in the aforementioned order, using specific 

enzymes. It is however, a long process which is both expensive and leads to the formation of 

inhibitors and contaminants [71][72].  

Simultaneous saccharification and fermentation is a single step process which combines the 

hydrolysis and fermentation processes to convert cellulose to D-glucose and subsequently to 

ethanol using specific enzymes and microorganisms [73]. The downside of SSF is that the 

cellulases and fermenting microorganisms have different optimal operating temperatures, 

which must be compromised, thus, neither the saccharification nor fermentation is performed 

under optimal conditions [49].  

The simultaneous saccharification and co-fermentation process is similar to the SHF except 

for the fact that it has higher yields and saccharification rates, since both processes are carried 

out in the same bioreactor, thus leading to lower investment cost [74]–[76]. 

The consolidated bio-processing is still in the development stage as research is still ongoing 

to determine a suitable microorganism that can efficiently degrade the lignocellulosic biomass 
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whilst feeding on the sugars to produce ethanol, since the aim is to combine three processes 

viz production of cellulase, hydrolysis and fermentation into one single step [77]. 

1.4.  Distillation 

Distillation of fermented ethanol is carried out either by ordinary distillation, azeotropic 

distillation, liquid extraction fermentation hybrid, absorption or membrane separation [64]. 

However, in order to be able to achieve up to 99.9% recovery of ethanol, it is necessary to 

dehydrate it further [40]. Worthy of note however, is the fact that factors such as cost, energy 

requirements and separation capacity can affect the choice off distillation used. Although, 

these factors also depend on the enzymatic hydrolysis and fermentation [78][36][79]. 

 

1.4.1.  Ordinary distillation 

Ordinary distillation utilizes the differences in the boiling points or relative volatilities of the 

ethanol-water azeotrope. This process can recover only 95% of ethanol. This purification 

procedure is not economical because, the further process of achieving anhydrous ethanol is 

an energy intensive process and is limited in its capability to separate volatile compounds 

[80]. 

1.4.2.  Liquid extraction fermentation hybrid  

Liquid extraction or fermentation hybrid or extractive fermentation is a combination of liquid- 

liquid extraction and fermentation which uses highly efficient solvent such as oleyl alcohol to 

extract anhydrous ethanol and inhibitory compounds from the fermentation broth. This in situ 

fermentation process has the advantage of high ethanol yield and low freshwater consumption 

[80].      

1.4.3.  Adsorption distillation 

Adsorption distillation uses molecular sieves of 3Å to separate the water from the ethanol-

water mixture by utilizing the differences in their molecular size (the diameter of ethanol 

molecules being 4Å and water molecules being 2.5Å). This process requires a minimum of two 

bed absorbents which could either be organic or inorganic. However, the use of inorganic 

absorbent beds is highly favored because they are regenerative, cheap and environmentally 

friendly [27]. 
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1.4.4.  Azeotropic distillation 

Azeotropic distillation can be used when the ethanol-water mixture disobeys Raoult’s law of 

thermodynamics, then a third chemical (entrainer) is added to amend the relative volatilities 

of the azeotropes. This entrainer can be recovered by any recovery method that ensures its 

reusability. Some common entrainers include benzene, cyclohexane, hexane, acetone, diethyl 

ether, iso octane, n-heptane, n-pentane and polymers. The high principal cost, energy input 

and the use of harmful substances such as benzene draws a lot of concern to this form of 

distillation [27]. 

1.4.5.  Absorption or membrane separation 

Membrane distillation uses a semipermeable membrane to separate the azeotropic mixture by 

mass transfer. Only the volatile component is transferred through the membrane. Typical 

organic matters can be used as membranes. One advantage of membrane separation is that 

it can be used at a low temperature, however there are still some issues concerning proper 

selection of membrane material for use and the high cost involved in its fabrication [27].  

1.5.  Anaerobic digestion 

Anaerobic digestion (AD) is a promising method for producing environmentally friendly and 

socio-economically beneficial renewables like biogas [81]. AD is a mature technology which 

uses microorganisms to biodegrade organic materials in the presence of oxygen to produce 

biogas as the main product [82]. There are four stages involved in the anaerobic digestion of 

organic biodegradables: fermentation (hydrolysis), acidogenesis, dehydrogenation/ 

acetogenesis and methanogenesis (methanation) [83][84]. Each stage uses a different 

microorganism. 

In hydrolysis, the microorganisms (exoenzymes) secretes hydrolase to convert the large 

complex polysaccharides, proteins and lipids into their equivalent monomers [85]. It is the 

key and rate limiting step of the entire AD process [86].  

The acidogenesis stage uses fermentative bacteria such as Peptoccus, Clostridium, 

Lactobacillus, Geobacter etc to convert the hydrolyzed polymers to volatile fatty acids 

monomers, ammonia, hydrogen and carbon dioxide [85], [87]–[89]. 

Acetogenic bacteria such as Acetobacterium woodii and Clostridium aceticum converts organic 

acids and alcohol into acetates, hydrogen and carbon dioxide [83].  
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In methanogenesis, methane and carbon dioxide are produced when acetotrophic and 

hydrogenotrophic methanogens degrade acetate and hydrogen respectively. Methanosarcina 

and Methanosaeta are examples of typical methanogens used for this AD process [90][91]. A 

diagrammatic representation of the process is shown below [92][83]. 

 

  

Figure 3. The three anaerobic digestion stages [93]  

As a result of the action of bacteria in the AD process, the overall process is sensitive to and 

depends on a number of factors such as, the pH, biochemical oxygen demand (BOD), 

temperature, concentration of volatile fatty acid, particle size, C/N ratio, substrate mixing, 

inoculum, organic loading rate, hydraulic retention time, and solid concentration of the mix 

[94]. Some of these important parameters have been described below. 

1.5.1.  Temperature 

Few experiments show that high temperatures support the formation of methane by the 

actions of thermophilic bacteria more than those of mesophilic ones. In fact, temperatures 

reaching 55oC have been recorded. Worthy of note however, is that the operating 
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temperatures must be stable and closely monitored as too high temperatures enhance the 

hydrolytic process rather than the methanogenic process. More so, the thermophilic process 

generates inhibitor compounds [94][95]. Temperatures less than 20oC enhances psychrophilic 

activities while those of 20-40oC and greater than 40oC favor mesophilic and thermophilic 

methanogenesis respectively [96][97]. Studies have also demonstrated that there can be 

deviations from these operating temperatures as a result of some factors such as organic 

loading rate (OLR) and hydraulic retention time (HRT) [98][99]. 

1.5.2.  Particle size 

Substrate with smaller and finer particle size are more easily digested than bigger and more 

coarse ones. Particulate matter should be such that they are not too small as very small 

particle size can lead to accumulation of acids and too large particle size will not allow for 

efficient biogas production [94][100]. 

1.5.3.  pH effect 

6.0 to 7.6 is the ideal range for methanogenesis to occur with the optimum at 7.0 to 7.2. At 

pH below this range, non-ionized sulphides are formed and at pH greater than the ideal, 

inhibitor compounds such as, non-ionized ammonia are formed in excess of their ionized 

counterpart. Therefore, pH fluctuations should be avoided as much as possible to prevent 

formation of toxic compounds, encourage microbial activity and an overall efficient anaerobic 

digestion process [101][97]. 

1.5.3.  Hydraulic retention time (HRT) and organic loading rate (OLR) 

The time needed for the microbes to maintain contact with the organic matter is known as the 

hydraulic retention time while the mass of organic matter per unit reactor volume per unit 

time is the organic loading rate [102]. To prevent quick microbial washout, and for optimal 

results, a short HRT should be avoided and one which encourages at least 75% of substrate 

degradation should be embraced [94]. 

1.5.4.  C/N ratio of substrate 

Microbes require carbon, nitrogen, phosphorus as well as other macronutrients such as cobalt, 

copper, zinc and calcium to properly function [103]. In some case studies, it has been shown 

that nitrogen deficit prevents the effective carbon utilization by the bacteria whereas excess 

nitrogen enhances formation of inhibitor compounds like non ionized ammonia [103][102]. 
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The optimal carbon/ nitrogen ratio for easy biodegradation is in the range from 16:1 to 25:1 

[104]. 

1.5.5.  Oxidation reduction potential (ORP) and substrate mixing 

ORP is defined as the amount of available oxidants and reductants that are able to gain or 

lose electrons. ORP higher than 50mv suggest an oxidizing environment while a ORP lower 

than 50mv suggests a reducing environment [105][96]. 

 

1.6.  Challenges and future prospective of anaerobic digestion of 

biomass 

Major challenge of the anaerobic digestion process is the presence of lignin because it is an 

inhibitor to microbial activity. Therefore, proper pretreatment is needed to combat the lignin 

effect and increase the quantity and quality of produced biofuel. Through the use of advanced 

technology such as, the solid-state AD process, environmentally friendly biofuels can be 

produced. However, commercially, these processes are not viable as a result of their instability 

and low methane yields [28], [37], [106], [107].  
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2. MATERIALS AND METHOD 

 

2.1. Bioethanol production process 

 

2.1.1. Biomass  

Elephant grass (Pennisetum Purpureum also called Napier grass) was the selected biomass 

for these experiments. This feedstock was harvested towards the end of the harmattan period 

in January 2019 from Effrune town, Delta state, Nigeria. It was harvested and sun dried to a 

moisture content of 10% or 100g kg-1 before being transported to Tartu, Estonia for further 

processing.  

Using a cutting mill SM 100 (Retsch GmBh), the biomass particle size was reduced to 3mm or 

less and sieved in preparation for a pretreatment. 

 

2.1.2. Pretreatment 

The milled biomass was treated with nitrogen explosive decompression (NED) method in order 

to access the cellulose and hemi cellulose that are otherwise strongly intertwined. For this 

experiment, NED was carried out at four different temperatures: 150 °C, 170 °C, 190 °C, and 

200 °C respectively. 

100g of the sample was weighed using the Mettler Toledo scale and added into a 2L non-

stirred high-pressure reactor vessel. 800g of distilled water was added into this vessel and 

stirred to achieve a uniform slurry-like consistency. The reactor lid was tightly shut to prevent 

any leakage of nitrogen gas. The reactor was heated from room temperature to the 

temperature to be studied, under pressure of 30 bar with one-minute retention time. As soon 

as the desired conditions was achieved, the reactor was allowed to cool down to 80 oC (this 

cooling process took about an hour and it was done in other to allow the material cool to a 

point where it was considered safe to handle). Using a pressure valve located at the top of the 

lid, the pressure was abruptly released, resulting in an explosive sound (hence the name 

nitrogen explosive decompression). The sample was taken out of the reactor vessel right after 

the explosion and put in glass flasks to allow it cool to at least 50 oC.  Figure 3 below illustrates 

the vessel schematics for the nitrogen explosive decompression method.   
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Figure 4. Diagram of Nitrogen explosive decompression pretreatment system. 1- N2 tank, 2- pressure 

control valve; 3- manometer; 4- modified pressure vessel lid; 5- Parr instruments pressure vessel; 6- 

ceramic contact heater; 7- pressure release valve; 8- ventilation system; 9- thermocouple; 10- 

temperature controller unit [66] 

 

2.1.3. Hydrolysis 

After the sample had cooled to 50 oC, it was taken out of the reactor and put into a 1000 mL 

Erlenmeyer flask, 30 FPU per g of cellulose of the cellulase complex Accelerase 1500 © 

(DuPontde Nemours) was added to the mixture and topped up with distilled water to the 

1000 mL mark. The flask was sealed with aluminum foil and secured tightly in an orbital shaker 

(IKA®-Werke GmbH & Co. KG, Staufen im Breisgau, Germany) (KS 4000 I control) for a 

period of 24 hours, at temperature of 50 °C and rotation speed of 250 rpm. 

2.1.4. Fermentation 

The glucose formed in the hydrolysis step was converted into ethanol in the fermentation 

stage using yeast. Firstly, the liquid and the solid hydrolysate were separated. Then the 

hydrolyzed liquid was placed in a 1000 mL glass bottle and 2.5 g of commercial yeast; 

Saccharomyces cerevisiae (Turbo yeast T3) was added. The bottle was tightly corked using 

special water-caps and left to ferment at room temperature for seven days. 
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2.1.5. Distillation 

This process separates the liquids based on the differences in their boiling temperatures and 

vapor pressures. The sample to be distilled was placed in the Buchi R-210 Rotavapor System 

from BÜCHI Labortechnik (Flavil, Switzerland) at 175 mbar. After distillation, the stillage was 

analyzed in the biomethane potential assay (BMP) to ascertain its potential for biomethane 

production. 

2.2. Anaerobic digestion 

The solid and the liquid fractions were separated from the pretreatment and hydrolysis stages. 

Anaerobic digestion was conducted for the untreated elephant grass biomass, each separated 

fraction (solid and liquid) and for the stillage. 

2.2.1. Inoculum 

The inoculum employed for this study was procured from the Tartu municipality wastewater 

treatment plant in Estonia. Before its utilization, it was stabilized for four days at 36 oC in an 

incubator. This temperature and time were enough to allow the residual organic matter to be 

consumed, and removal of dissolved gasses by degasification.  

2.2.2. Biomethane potential assay (BMP) 

Using a modified version of Owen et al. and Angelidaki et al. guidelines [108] [109], the BMP 

assay was carried out until the gas pressure of the substrates and inoculum reached a constant 

value. Usually, it took 42 days to achieve constant results. The assays were performed in 

triplicates and at mesophilic conditions (37 °C±1 °C) in 575 mL plasma bottles. The glass 

bottles were filled with a substrate to inoculum ratio of 0.25 and total volume of 200 mL, 

which was estimated from analyzing the total and volatile solids. In accordance with the 

method 1684 (U.S. Environmental Protection Agency- EPA), the total solids (TS) was obtained 

by heating the samples for 24 hours and 105 oC, while the volatile solids (VS) were analyzed 

by incinerating the residue from the total solid (TS) for 2 hours and 550oC. Before the bottles 

were sealed with rubber stoppers and aluminum caps, nitrogen gas was purged into the 

375 mL headspace of the bottles for 3 mins, to get rid of the oxygen and to ensure anaerobic 

conditions. After flushing and sealing, the bottles were mixed and incubated at 36 oC until the 

methane produced was less than 1% of the total amount produced.   

The bottles were shaken to mix the samples within, and the methane production was 

measured every day for the first week of the experiment. In the second week it was measured 
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every other day, in the third and fourth week, measurement was taken twice a week, and by 

the fifth and sixth week, measurement was taken only once per week. The amount of biogas 

produced was analyzed by measuring the pressure increase in the bottles before and after the 

gas chromatograph (GC) analysis using a pressure meter WAL BMP-Testsystem (from WAL 

Mess-und Regelsysteme GmbH, Germany). The gas chromatograph had a thermal conductivity 

detector, 2 Molsieve 5A Backflush heated column and a PoraPLOT U heated column. Columns 

1 and 2 had argon and helium, respectively, as carrier gases. For column 1, the injection 

temperature was 110 oC, while the column temperature was 120 oC and the column pressure 

was 50 Psi. For column 2, the injection temperature remained the same, while the column 

temperature and pressure were set to 150 oC and 22 Psi. A SevenMulti™ S47-dual 

pH/conductivity meter was used at the end of each experiment to measure the pH of the 

samples, to ensure that they stayed within acceptable anaerobic digestion range of (6.8- 7.2) 

[110]. 

Accompanying each set of experiments was a blank test made up of only inoculum sludge. 

The biomethane produced from the blanks was also measured and recorded, and its value 

subtracted from that of the substrate samples to obtain the final biogas and methane 

production of the substrates. The results were expressed in moles of methane per 100 g of 

initial dry biomass at standard condition. 

2.3. Analytical methods 

An ANKOM 2000 analyzer (ANKOM Technology, Macedon, NY, USA) was used to determine 

the fiber content (i.e. the proportion of cellulose, hemicellulose and lignin) of the biomass, 

while the Kern MLS-50-3D moisture analyser from Kern & Sohn GmbH was used to measure 

the moisture content.  

The solid and the liquid fractions analysed in the experiments were separated after the 

pretreatment and hydrolysis stages and were analysed for biomethane production. The broth 

obtained after pretreatment and hydrolysis were separated using a centrifuge 

(Thermoscientific Heraeus Megafuge) at a rotational speed of 10,000 rpm for 20 min. Before 

rinsing the solid fraction with distilled water to get rid of residual solubles, a vacuum filtration 

pump was used to separate the liquid fractions from the solid fractions. To finalize the drying 

process, the solid fraction was placed in an oven for 24 hours at 40 oC, to reduce the moisture 

content to 4.5 % or less. 

Liquid fractions from post hydrolysis and post fermentation were quantified for glucose, 

xylose, galactose, arabinose, mannose, glycerol, acetic acid, and ethanol using a HPLC 
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(Prominence-i LC-2030C 3D Plus, Shimadzu, Japan) with a RID detector at 60 oC (20A, 

Shimadzu, Japan), a mobile phase Milli-Q water with flow rate of 0.6mL/min, the Rezex RPM-

monosaccharide Pb2+ column (Phenomenex, Torrance,USA) operating at 85 °C was used to 

quantify sugar concentrations while the HPX-87H (Biorad, Hercules, USA) at 50 oC and mobile 

phase of 5 mM sulphuric acid was used to measure acid content [111].  

2.4.  Calculations 

The initial quantity of methane gas produced in the plasma bottle [CH4 I] (mol CH4) was 

calculated using equation (1): 

    [CH4 I] = MF 
P𝐼V𝐻𝑆

R(273.15+T) 
      (1) 

Where 

PI (Pa) is the total pressure at the headspace determined prior to the GC analysis  

VHS (m
3) is the volume of the headspace of the bottle  

MF is the methane fraction determined by the GC in the current period  

R is the ideal gas constant (8.314 Jmol−1 K−1)   

T is the temperature in the incubator (°C). 

The final quantity of methane gas in the plasma bottle headspace [CH4 F] is calculated using 

equation (2): 

     [CH4 F] =  MF
P𝐹V𝐻𝑆

R(273.15+T) 
     (2) 

where PF (Pa) is the total pressure at the headspace determined after the GC analysis. 

The cumulative molar concentration in the current time period is determined using equation 

(3): 

    [CH4C]t= ([CH4I]t−[CH4F]t−1) + [CH4C]t−1    (3) 

where  

[CH4C]t is the initial quantity of methane in the head space of the test bottle in the current 

time period 

[CH4I]t is the final concentration of methane in the test bottle head space in the prior period 

of time  
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[CH4F]t−1 is the cumulative molar concentration of methane gas produced in the previous time 

period 

[CH4C]t−1 is the cumulative amount of methane produced in the previous time interval. 

The results of the methane gas produced were modelled using a nonlinear regression model 

in the statistics software GraphPad Prism 5.0 that was further inserted in an exponential first-

order association model (Equation (4). 

     B = Bmax (1 – 𝑒−𝑘𝑡)      (4) 

Where 

B is the cumulative methane produced (mol CH4/100g) at time interval(t) 

Bmax is the maximum methane yield (mol CH4/100 g)  

k is the kinetics rate constant (d−1) [19][20]. 

2.5. Statistical analysis 

The software GraphPad Prism 5. Was used to analyze the statistics while the normal variables 

distribution was determined using the Shapiro-Wilk’s normality test. The differences between 

the variables was determined using the Kruskal–Wallis test and the post hoc test Dunn’s 

multiple comparison test. These results are represented by their standard errors (±SE) and 

when p-value was p ≤ 0.05, the results was considered different. 
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3. RESULTS AND DISCUSSION 

This study used the NED pretreatment method to analyze the potential of the Napier grass for 

biomethane and bioethanol production. An extended version of the results is available in annex 

1. 

3.1. Chemical composition 

In table 3, the proportions of cellulose, hemicellulose and lignin of the Napier grass are 

presented. The Napier grass contains 35.7 of cellulose, 26.9% of hemicellulose, 5.2% of lignin, 

6.1% of moisture and 9.6% of ash. Comparing the cellulose values for this study to the 

cellulose values obtained by Mohammed et al. and Nascimento and Rezende, the proportion 

of cellulose in this study is slightly higher. It is 1% higher than the NGT (Napier grass total) 

cellulose values that were described by Mohammed , et al in literature [112], and 6% lower 

than the cellulose values described by Nascimento and Rezende [113]. Similar comparisons 

was also made for the hemicellulose, lignin, ash and moisture content. In relation to the 

aforementioned studies, the proportions of hemicellulose are also slightly higher than the 

hemicellulose proportion in the said literature; 2% to 6%, while the lignin is significantly lower 

(23%) in comparison with lignin values in literature. The ash and moisture content were 3% 

to 7% higher and 68% lower, than the respective ash and moisture content literature values 

[112][113]. The differences in the percentage composition of cellulose and hemicellulose may 

be due the analytical choices. In fiber analysis lignin is not really directly measure, but 

calculated. The Napier grass used in this study grew in the wild, it was harvested in early 

January, the leaves and soft part of the stem was harvested and used for the experiment and 

dried naturally in the sun. There is also the probability that Mohammed et al. may have 

included the very hard part of the stem for his analysis, and this part is found in a more 

matured form of the plant. Moreso, in the studies conducted by Mohammed et al. and 

Nascimento & Rezende the growing, harvesting, and drying conditions were closely monitored 

in order to ensure maximum growth of the Napier grass and that optimal conditions of the 

substrate were met [112][113]. Worthy of note is that the low percentages of lignin present 

implies that the pretreatment method required to break the cell wall is less intensive, thus 

making the bioethanol production attractive since the energy input would be lower than for 

example biomass with a lignin content of 27% [23]. 
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Table 3. Composition of untreated Napier grass in comparison with literature 

Component  Composition from 
experiment (%) 

Composition from literature (%) 

 This study Mohammed et al. 
(NGT) [112] 

Nascimento & 
Rezende [113] 

Cellulose 35.7 ± 0.3 34.2 ± 2.2 41.8 ± 0.2 
Hemicellulose  26.9 ± 1.2 20.4 ± 1.7 24.7 ± 1.0 
Lignin  5.2 ± 0.5 24.3 ± 1.3 28.0 ± 1.5 
Ash  9.6 ± 0.0 6.3 ± 0.0 2.0 ± 0.0 
Moisture  6.1 ± 0.3 74.2 ± 0.2 - 

 

The total solids (TS) and volatile solids (VS) content for untreated Napier grass, samples from 

the solid and liquid fraction from different steps of bioethanol production chain (pretreatment, 

hydrolysis, fermentation and distillation), pretreated with NED at different temperatures is 

presented in table 4. The TS content of untreated material was 956 g/kg. For samples of the 

solid fraction the TS content was higher, it varied between 966 g/kg and 987 g/kg and was 

lower for samples from the liquid fraction; between 13.4 g/kg and 37.4 g/kg. Statistically 

significant differences were found between TS content of samples from the solid and liquid 

fractions pretreated at different temperatures (p < 0.05). These results show that samples 

from the solid fraction had higher TS content than those from the liquid fraction. High TS 

content indicates there is more substrate available for the anaerobic digestion process, leading 

to higher methane and biogas yields. The TS content in the raw material is ten times higher 

than each step of the liquid fraction, which means that dry matter was partially decomposed 

during the pretreatment and that the NED was effective in the reduction of the TS content. 

The decrease in the TS in the post distillation broth is as a result of the loss of sugars to the 

production of ethanol.  

The VS content of untreated Napier grass was 889 g/kg. For samples of the solid fraction the 

VS content varied between 929 g/kg and 975 g/kg, and for samples from the liquid fraction 

between 994 g/kg and 1000 g/kg. The highest VS values were recorded post hydrolysis and 

post distillation of the liquid fraction. This is because the separation of the liquid phase after 

pretreatment leaves the liquid phase with mainly the hemicellulose part of the biomaterial, 

which in turn is converted into glucose by enzymes after hydrolysis, thus making the potential 

for biomethane production quite high as compared with the other fractions. This potential 

reduces after distillation because much of the sugars have been fermented and converted to 

ethanol, and as a result, the quantity bioconvertible material is reduced. Statistically 

significant differences were found between VS content of samples from the solid and liquid 

fractions pretreated at different temperatures (p < 0.05). The VS content is an indicator of 

the biodegradability of the samples and represents the portion of substrate that can be 
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converted into biogas and biomethane. Research has shown that high VS content is a desirable 

condition in the anaerobic digestion process since it leads to higher biogas and biomethane 

yields [114][115][116][23]. 

Table 4. Total solids (TS) and volatile solids (VS) content of untreated material, samples from solid 

and liquid fractions and stages pretreated at 150 °C, 170 °C, 190 °C, and 200 °C 

Fraction Stage Temperature TS VS 
g/kg g/kgTS 

Untreated  - - 956.0 ± 1.7 898.0 ± 0.7 

Solid 
fraction 
 

After 
pretreatment 

150 °C 973.0 ± 2.3 938.0 ± 4.4 

170 °C 972.0 ± 2.4 931.0 ± 3.1 
190 °C 986.0 ± 2.9 930.0 ± 4.2 

200 °C 987.0 ± 2.2 929.0 ± 3.8 

After 
hydrolysis 

150 °C 966.0 ± 2.1 930.0 ± 3.5 

170 °C 973.0 ± 5.9 972.0 ± 4.8 

190 °C 971.0 ± 3.1 970.0 ± 1.9 

200 °C 976.0 ± 3.6 975.0 ± 2.9 

Liquid 
fraction 
 

After 
pretreatment 

150 °C 15.7.0 ± 2.2 995.0 ± 0.8 

170 °C 20.9.0 ± 0.8 994.0 ± 0.2 

190 °C 22.6 ± 0.8 994.0 ± 0.2 

200 °C 15.7 ± 1.7 996.0 ± 0.5 

After 
hydrolysis 

150 °C 22.2 ± 2.4 999.0 ± 0.2 

170 °C 32.3 ± 0.6 1000.0 ± 0.4 

190 °C 34.9 ± 0.19 1000.0 ± 0.2 

200 °C 37.4 ± 3.1 1000.0 ± 0.17 

After 
distillation 

150 °C 15.4 ± 0.5 998.0 ± 0.3 

170 °C 16.8 ± 0.5 999.0 ± 0.0 

190 °C 13.4 ± 1.0 999.0 ± 0.19 

200 °C 13.9 ± 2.2 999.0 ± 0.16 

 

3.2. Sugar composition and bioethanol yields 

The liquid fractions after pretreatment and hydrolysis were further analyzed in terms of 

cellobiose, glucose, xylose, galactose, arabinose and mannose concentrations (table 5). The 

composition of the sugars in the post pretreatment broth were low and below 1.0 g/L because 

this stage is mainly to break down the lignin and expose the plants cellulose and hemicellulose 

for enzymatic hydrolysis.  

For the post hydrolysis broth, the composition of the convertible sugars (glucose) for samples 

pretreated at 150 °C was 14.9 g/L and 23.4 g/L for samples pretreated at 170 °C. While the 

samples pretreated at 190 °C and 200 °C, had glucose composition of 25.1 g/L and 31.6 g/L 

respectively. It was noticed that as the temperature increased so did the glucose yield. Hence, 
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the samples pretreated at 200 °C had the highest enzymatic conversion of cellulose and 

hemicellulose to sugars. 

Table 5. Sugars yields (g/L) after pretreatment and hydrolysis at 150 °C, 170 °C, 190 °C 

and 200 °C 

 

Table 6 shows the bioethanol yield of the samples after hydrolysis. For the post fermentation 

broth, over 98% conversion of glucose to bioethanol occurred in all examined samples. After 

the fermentation process, samples pretreated at 150 °C had ethanol yield of 8.4 g/L while 

those pretreated and hydrolyzed at 170 °C yielded 10.3 g/L bioethanol. The samples 

pretreated at 190 °C and 200 °C had ethanol yields of 8.4 g/L and 9.4 g/L respectively. 

Hydrolysates pretreated at 170 °C had the highest bioethanol theoretical yield with ethanol 

concentrations of 10.3 g/L, closely followed by substrates pretreated at 150 °C with ethanol 

concentrations of 8.4 g/L which represents a 72% increase as compared to the expected yield 

from the glucose present. Samples pretreated above 170 °C resulted in a decrease in ethanol 

yields, most likely caused by the formation of inhibitors as a result of pretreatment at a high 

temperature and the degradation of hemicellulose. At 190 °C, the ethanol yield was 8.4 g/L 

(a 78% decrease from the expected yield) and at 200 °C, the ethanol titer was 5.6 g/L which 

amounts to a 42% decrease from the expected ethanol yield with respect to the 31.6 g/L 

glucose that was present in the post hydrolysis broth [23]. 

 

Table 6. Concentration of monosaccharides, glycerol, acetic acid and ethanol yields from 
hydrolysates pretreated at 150 °C, 170 °C, 190 °C and 200 °C  

Fraction Stage Temperature Glucose 
g/L 

Xylose 
g/L 

Xylitol 
g/L 

Glycerol 
g/L 

Acetic 
acid 
g/L 

Ethanol 
g/L 

Liquid 
fraction 

After 
fermentation 

150°C 0.0±0.0 2.1±0.17 0.0±0.0 0.5±0.11 1.6±0.9 8.4±1.3 
170°C 0.0±0.0 2.4±0.4 0.0±0.0 0.8±0.16 0.7±0.11 10.3±0.8 
190°C 0.0±0.0 2.2±0.2 0.0±0.0 0.9±0.0 0.4±0.2 8.4±1.2 
200°C 0.0±0.0 2.0±0.5 0.0±0.0 0.9±0.5 0.6±0.0 9.4±0.2 

 

Fraction Stage Temperature Cellobiose 
g/L 

Glucose 
g/L 

Xylose 
g/L 

Galactose 
g/L 

Arabinose 
g/L 

Mannose 
g/L 

Liquid 
fraction 

 

After 
pretreatment 

150°C 0.3±0.0 0.8±0.0 0.0±0.0 0.3±0.0 0.12±0.0 0.8±0.0 

170°C 0.16±0.0 0.4±0.0 0.0±0.0 0.17±0.0 0.2±0.0 0.5±0.0 

190°C 0.13±0.0 0.3±0.0 0.4±0.0 0.0±0.0 0.17±0.0 0.3±0.0 

200°C 0.11±0.0 0.3±0.0 0.3±0.0 0.0±0.0 0.13±0.0 0.2±0.0 

After 
hydrolysis 

150°C 0.5±0.0 14.9±1.8 2.1±0.2 0.0±0.0 0.3±0.0 0.0±0.0 

170°C 0.5±0.0 23.4±0.6 3.0±0.19 0.0±0.0 0.3±0.0 0.0±0.0 

190°C 0.8±0.12 25.1±0.9 2.2±0.13 0.0±0.0 0.2±0.1 0.2±0.0 

200°C 0.5±0.15 31.6±1.4 2.5±0.2 0.0±0.0 0.14±0.12 0.3±0.0 
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3.3. Biogas recovery 

The biogas produced in the anaerobic digestion process of the samples of solid and liquid 

fractions from different stages of bioethanol production process is presented in figures 5, 6, 

7, 8 and 9.  Figure 10 represents the maximum biogas yield for samples from all the stages 

of bioethanol production process. The biogas yield was 2.04 mol CH4/100 g for the untreated 

biomass material. At the end of the experiment, the samples pretreated at 150 °C had the 

highest biogas yield of 2.00 mol CH4/100 g, closely followed by the samples that were 

pretreated at 170 °C with a biogas recovery of 1.86 mol CH4/100 g. For samples pretreated 

at 190 °C and 200 °C, the biogas produced was 1.78 mol CH4/100 g and 1.63 mol CH4/100 g 

respectively. It could be observed that as the biomass pretreatment temperature increased, 

the quantity of biogas produced decreased. This decrease in biogas yield as temperature 

increased might have been as a result of reduction in the amount of volatile solids present in 

the solid material due to their more efficient degradation at high temperatures as well as 

formation of inhibitors like furfurals which hinder the activities of microbes. [117][118][119]. 

Same trend was observed in the solid samples after hydrolysis; with samples pretreated at 

150 °C and 200 °C having the highest and lowest methane yield of 1.81 mol CH4/100 g and 

1.17 mol CH4/100 g respectively. 

Samples from the liquid fraction of post pretreatment broth had the highest biogas production 

of 0.42 mol CH4/100 g at 190 °C and the lowest biogas production was at 150 °C (0.26 mol 

CH4/100 g). At 170 °C, the biogas recovery was 0.38 mol CH4/100 g and at 200 °C, the biogas 

recovery was 0.29 mol CH4/100 g. For the post hydrolysis broth, the highest biogas yield was 

at 200 °C (0.99 mol CH4/100 g) while the lowest biogas yield was still at 150 °C (0.69 mol 

CH4/100 g). Samples from the liquid fraction after the distillation that were pretreated at 170 

°C and 190 °C had the same composition of biogas (0.59 mol CH4/100 g), while samples 

pretreated at 200 °C had the lowest biogas yield (0.26 mol CH4/100 g). In general, the 

hydrolysates had the highest biogas yield because of the formation of glucose from the 

cellulose. The post treatment broth has the lowest biogas yield because there has not any 

conversion of cellulose to sugars, only loosening of the structures of the complex biomass 

structure has occurred and the separation of the fractions (solid and liquid fractions). The 

biogas yield in the distillate side stream was between 0.26 mol CH4/100 g and 0.59 mol 

CH4/100 g because part of the sugars after the fermentation stage have been converted to 

ethanol. 

Overall, the solid fractions had higher biogas yields than the liquid fractions mainly due to the 

fact that the solid fraction has high total solids; high composition of cellulose and lignin which 
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means more sugar release for conversion (because of the presence of cellulose) and slower 

reactions (because of the lignin). Also, the difference between the biogas yield of the solid and 

the liquid fractions were statistically significant (p < 0.05). 

 

 

Figure 5. Solid fraction after pretreatment at 150 °C, 170 °C, 190 °C, and 200 °C in mol CH4/100 g 

raw biomass 

 

Figure 6. Solid fraction after hydrolysis at 150 °C, 170 °C, 190 °C, and 200 °C in mol CH4/100 g raw 

biomass 
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Figure 7. Liquid fraction after pretreatment at 150 °C, 170 °C, 190 °C, and 200 °C in mol CH4/100 g 

raw biomass 

 

 

 

Figure 8. Liquid fraction after hydrolysis at 150 °C, 170 °C, 190 °C, and 200 °C in mol CH4/100 g raw 

biomass 
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Figure 9. Liquid fraction after distillation at 150 °C, 170 °C, 190 °C, and 200 °C in mol CH4/100 g raw 

biomass 

  

 

Figure 10. Maximum biogas yield 
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3.4. Kinetic evaluation of biomass bioconversion 

Figure 11 represents the kinetic rate constant (k) for all the samples from the solid and liquid 

fractions that were pretreated at 150 °C, 170 °C, 190 °C, and 200 °C. The solid pretreatment 

broth had slower kinetic rates ranging from 0.1167 to 0.204 for both the post pretreatment 

and post hydrolysis stages over the four different temperatures, while for the liquid fraction 

had faster/higher kinetic rates ranging from 0.278 to 0.6732 for all three stages of analysis 

at different temperature. The overall highest kinetic rate was at 200 °C (0.6732±0.06) from 

the liquid fraction post distillation broth, while the solid fraction pretreated at 200 °C had the 

overall lowest kinetic rate of 0.1167. The overall correlation coefficient (R2) varied between 

0.9991 and 0.9849 for the entire anaerobic digestion process. The kinetic rates for the solid 

fractions were slower because of the presence of lignin in the broth, which was recalcitrant to 

the microorganisms resulting in slower reactions. However, the liquid fractions only contained 

hemicellulose, hence the microorganisms were able to acclimatize quickly to the substrate and 

biodegrade faster. 

 

Figure 11. Kinetic rate constant of all the analyzed samples 

 

Table 7 contains values which indicates the time it took for the microorganisms to achieve 

85% Bmax and 95% Bmax. in general, the time taken for all biomaterial to reach 85% Bmax varied 
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from 3 days to ~16 days, and to reach 95% Bmax, it took ~5 to ~26 days. It took the untreated 

biomass ~10 days to reach 85% Bmax (1.74 mol CH4/100 g) and ~16 days to attain 95% Bmax 

(1.94 mol CH4/100 g). The solid fraction samples had the longest anaerobic digestion time as 

compared with both the untreated Napier grass and the liquid fractions. The digestion time of 

this lot varied from t = 9.9. to t = 16.4 for the 85% Bmax and t = 15.2 to t = 25.5. For the 

post treatment solid fraction, as the pretreatment temperature increased, the digestion time 

and 85% Bmax and 95% Bmax decreased. Samples pretreated at 150 °C had 85% Bmax of 1.70 

mol CH4/100 g at t = 10.5 days and 95% Bmax of 1.90 mol CH4/100 g at t = 16.8 days, which 

declined until t = 9.9 days (0.99 mol CH4/100 g), 85% Bmax and t = 15.2 days (1.55 mol 

CH4/100 g), 95% Bmax. The digestion time (85% Bmax and 95% Bmax) of samples from the solid 

fraction after hydrolysis were the longest (t = 11.6 days to t = 16.4 days and t = 18.1 days 

to t = 25.5 days respectively), with the 200 °C hydrolyzed broth having the highest overall 

digestion time of t = 16.4 days, 85% Bmax  and t = 25.5 days, 95% Bmax. on the other hand, 

the 170 °C hydrolyzed broth had the lowest digestion time of the solid samples analyzed after 

hydrolysis: t = 11.6 days, 85% Bmax and t = 18.1 days, 95% Bmax. 

For the liquid fraction, the opposite was the case. The lowest post pretreatment digestion time 

was at the 150 °C, t = 4.5 days (85% Bmax) and t = 7.0 days, 95% Bmax, while the highest was 

at the 200 °C, t = 7.1 days, 85% Bmax and t = 11.0 days, 95% Bmax. After hydrolysis, the 

digestion times reduced. The liquid broth with the lowest digestion time was pretreated at 190 

°C and 200 °C with the same digestion times of t = 3.1 days for 85% Bmax and t = ~4.7 days, 

95% Bmax. The post distillation broth pretreated at 200 °C had the overall shortest anaerobic 

digestion time of t = 3.0 days to reach 85% Bmax and t = 4.7 days to reach 95% Bmax.  

Data in from table 8 was represented in a bar chart in figure 10. 
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Table 7. Digestion time (85% Bmax and 95% Bmax) for the untreated Napier grass and NED treated 

fractions of biogas production process pretreated at 150 °C, 170 °C, 190 °C, and 200 °C 

Fraction Stage  Temperature 85% Bmax 95% Bmax 
mol 

CH4/100g 

Days mol 

CH4/100g 

Days 

Untreated - - 1.74 10.5 1.94 16.4 

Solid 
fraction  

After 
pretreatment 

150°C 1.70 10.8 1.90 16.8 
170°C 1.58 10.3 1.77 16.0 
190°C 1.51 10.6 1.69 16.4 
200°C 1.39 9.9 1.55 15.2 

After 
hydrolysis 

150°C 1.54 13.7 1.72 21.4 
170°C 1.23 11.6 1.37 18.1 
190°C 1.14 15.8 1.28 24.5 
200°C 0.99 16.4 1.11 25.5 

Liquid 
Fraction 
 

After 
pretreatment 

150°C 0.23 4.5 0.26 7.0 
170°C 0.32 4.8 0.36 7.5 
190°C 0.36 6.0 0.40 9.4 
200°C 0.25 7.1 0.28 11.0 

After 
hydrolysis 

150°C 0.59 3.7 0.66 5.7 
170°C 0.76 3.3 0.85 5.1 
190°C 0.78 3.1 0.87 4.8 
200°C 0.85 3.1 0.95 4.7 

After 
distillation 

150°C 0.47 4.5 0.53 7.0 
170°C 0.50 4.3 0.56 6.6 

190°C 0.50 5.3 0.56 8.3 
200°C 0.23 3.0 0.25 4.7 
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SUMMARY 

In the wake of discovering more clean, affordable and sustainable alternatives to energy 

generation in Nigeria, this study evaluated the possibility of the utilization of the Nigerian 

Napier grass for efficient production of bioethanol and biogas. By pretreating this inedible 

lignocellulosic biomass with the novel nitrogen explosive decompression (NED) method at four 

temperatures (150 °C, 170 °C, 190 °C, and 200 °C), and separating the phases (solid and 

liquid fractions) for each stage of analysis (pretreatment, hydrolysis and distillation 

sidestreams), the following results were obtained. 

After the individual fractions of samples were hydrolyzed, the lowest glucose and ethanol yield 

was gotten from samples pretreated at 150 °C; 14.9 g/L and 8.45 g/L respectively. On the 

other hand, the highest glucose and ethanol yield was found in samples pretreated at 200 °C 

(31.6 g/L) while the highest bioethanol yield was discovered in samples pretreated at 170 °C 

(10.3 g/L) respectively. These results demonstrate that an increase in temperature provides 

more energy to the NED process of breaking down the complex plant structure, thus exposing 

more cellulose and hemicellulose for enzymatic conversion to glucose in the hydrolysis step. 

However, after fermentation, the sample with the highest glucose composition produced less 

bioethanol, because of the formation of inhibitors when pretreating at high temperature. 

Therefore, for more efficient production of bioethanol using Napier grass as feedstock, NED 

should be carried out at 170 °C. 

The biogas yield was higher in the solid fractions than in the liquid ones. The highest biogas 

yield was the solid fraction after pretreatment at 150 °C; 2.00 mol CH4/100 g while the lowest 

biogas yield was the liquid fraction after pretreatment at 200 °C; 0.26 mol CH4/100 g. It was 

also observed that the rate of kinetics was much lower for the solid fraction samples than for 

the liquid fraction samples because the solid fraction is made up of cellulose and lignin; a 

structure which hampers the anaerobic digestion process, whereas the liquid fraction is 

composed of hemicellulose with no lignin and as such, no inhibition of the digestion process. 

However, the composition of hemicellulose (26.9%) is little as compared to the cellulose value 

(35.7%) and coupled with the fact that part of the sugars have been used up by the 

fermentation process the distillation sidestream sample pretreated at 200 °C yielded the least 

biogas. 

  



44 
 

LIST OF REFERENCES 

[1] International Energy Agency, “Africa Energy Outlook. A focus on the energy prospects 
in sub-Saharan Africa,” 2014. 

[2] M. Shaaban and J. O. Petinrin, “Renewable energy potentials in Nigeria: Meeting rural 
energy needs,” Renewable and Sustainable Energy Reviews. 2014, doi: 
10.1016/j.rser.2013.08.078. 

[3] J. Ben-Iwo, V. Manovic, and P. Longhurst, “Biomass resources and biofuels potential 
for the production of transportation fuels in Nigeria,” Renewable and Sustainable 
Energy Reviews. 2016, doi: 10.1016/j.rser.2016.05.050. 

[4] O. B. B and T. S. A, “Effects of biofuel production on selected local Communities in 

Nigeria,” J. Pet. Technol. Altern. Fuels, 2016, doi: 10.5897/jptaf2015.0123. 
[5] A. A. Rafindadi, “Does the need for economic growth influence energy consumption 

and CO2 emissions in Nigeria? Evidence from the innovation accounting test,” 
Renewable and Sustainable Energy Reviews. 2016, doi: 10.1016/j.rser.2016.05.028. 

[6] L. Rocha-Meneses, M. Raud, K. Orupõld, and T. Kikas, “Second-generation bioethanol 
production: A review of strategies for waste valorisation,” Agronomy Research. 2017. 

[7] S. Roj-Rojewski, A. Wysocka-Czubaszek, R. Czubaszek, A. Kamocki, and P. Banaszuk, 
“Anaerobic digestion of wetland biomass from conservation management for biogas 
production,” Biomass and Bioenergy, 2019, doi: 10.1016/j.biombioe.2019.01.038. 

[8] D. Lazarevic and M. Martin, “Life cycle assessment calculative practices in the Swedish 
biofuel sector: Governing biofuel sustainability by standards and numbers,” Bus. 
Strateg. Environ., 2018, doi: 10.1002/bse.2214. 

[9] C. Sassanelli, P. Rosa, R. Rocca, and S. Terzi, “Circular economy performance 

assessment methods: A systematic literature review,” Journal of Cleaner Production. 
2019, doi: 10.1016/j.jclepro.2019.05.019. 

[10] I. D’Adamo, P. M. Falcone, and F. Ferella, “A socio-economic analysis of biomethane in 
the transport sector: The case of Italy,” Waste Manag., 2019, doi: 
10.1016/j.wasman.2019.06.005. 

[11] A. S. Aliyu, A. A. Deba, H. Saidu, I. L. Mohammed, and M. M. Usman, “Biofuel 
development in Nigeria: Prospect and challenges,” J. Adv. Res. Fluid Mech. Therm. 

Sci., 2017. 
[12] I. Y. Mohammed, Y. A. Abakr, and R. Mokaya, “Biofuel and valuable products recovery 

from Napier grass pre-processing: Process design and economic analysis,” J. Environ. 
Chem. Eng., 2019, doi: 10.1016/j.jece.2019.102962. 

[13] R. Narinthorn, W. Choorit, and Y. Chisti, “Alkaline and fungal pretreatments for 
improving methane potential of Napier grass,” Biomass and Bioenergy, 2019, doi: 
10.1016/j.biombioe.2019.105262. 

[14] W. F. Anderson, B. S. Dien, S. D. Masterson, and R. B. Mitchell, “Development of 
Near-Infrared Reflectance Spectroscopy (NIRS) Calibrations for Traits Related to 
Ethanol Conversion from Genetically Variable Napier Grass (Pennisetum purpureum 
Schum.),” Bioenergy Res., 2019, doi: 10.1007/s12155-018-9946-8. 

[15] A. T. Negawo, A. Teshome, A. Kumar, J. Hanson, and C. S. Jones, “Opportunities for 
napier grass (Pennisetum purpureum) improvement using molecular genetics,” 
Agronomy. 2017, doi: 10.3390/agronomy7020028. 

[16] K. Meiramkulova, A. Bayanov, T. Ivanova, B. Havrland, J. Kára, and I. Hanzlíková, 
“Effect of different compositions on anaerobic co-digestion of cattle manure and agro-
industrial by-products,” Agron. Res., 2018, doi: 10.15159/AR.18.008. 

[17] M. H. Tsai, W. C. Lee, W. C. Kuan, S. Sirisansaneeyakul, and A. Savarajara 
(Akaracharanya), “Evaluation of different pretreatments of Napier grass for enzymatic 
saccharification and ethanol production,” Energy Sci. Eng., 2018, doi: 
10.1002/ese3.243. 



45 
 

[18] R. Suntivarakorn, W. Treedet, P. Singbua, and N. Teeramaetawat, “Fast pyrolysis 
from Napier grass for pyrolysis oil production by using circulating Fluidized Bed 
Reactor: Improvement of pyrolysis system and production cost,” Energy Reports, 
2018, doi: 10.1016/j.egyr.2018.08.004. 

[19] Q. Wang et al., “Polyhydroxyalkanoates in waste activated sludge enhances anaerobic 
methane production through improving biochemical methane potential instead of 
hydrolysis rate,” Sci. Rep., 2016, doi: 10.1038/srep19713. 

[20] S. Zeng, X. Yuan, X. Shi, and Y. Qiu, “Effect of inoculum/substrate ratio on methane 
yield and orthophosphate release from anaerobic digestion of Microcystis spp.,” J. 
Hazard. Mater., 2010, doi: 10.1016/j.jhazmat.2010.01.047. 

[21] B. W. Wanjala et al., “Genetic diversity in Napier grass (Pennisetum purpureum) 

cultivars: Implications for breeding and conservation,” AoB Plants, 2013, doi: 
10.1093/aobpla/plt022. 

[22] B. P. Singh, H. P. Singh, and E. Obeng, “Elephantgrass,” in Biofuel Crops: Production, 
Physiology and Genetics, 2013. 

[23] L. Rocha-Meneses, O. F. Otor, N. Bonturi, K. Orupõld, and T. Kikas, “Bioenergy Yields 
from Sequential Bioethanol and Biomethane Production: An Optimized Process Flow,” 
Sustainability, 2019, doi: 10.3390/su12010272. 

[24] T. (2020). Otor, Oghenetejiri Frances; Rocha-Meneses, Lisandra; Kikas, “The potential 
of sequential bioethanol and biomethane production from Nigerian Napier grass : an 
optimized process flow. Book of abstracts: 11th International Conference on 
Biosystems Engineering 2020. Tartu: Eesti Maaülikool.,” p. 36. 

[25] D. Thrän, “Wood energy -terminology, information, statistics and standards,” An 
international journal of forestry and forest industries - Vol. 53, 2002. [Online]. 
Available: http://www.fao.org/docrep/005/y4450e/y4450e03.htm. [Accessed: 23-Jun-

2014]. 
[26] K. Dutta, A. Daverey, and J. G. Lin, “Evolution retrospective for alternative fuels: First 

to fourth generation,” Renewable Energy. 2014, doi: 10.1016/j.renene.2014.02.044. 
[27] H. B. Aditiya, T. M. I. Mahlia, W. T. Chong, H. Nur, and A. H. Sebayang, “Second 

generation bioethanol production: A critical review,” Renewable and Sustainable 
Energy Reviews. 2016, doi: 10.1016/j.rser.2016.07.015. 

[28] S. Paul and A. Dutta, “Challenges and opportunities of lignocellulosic biomass for 
anaerobic digestion,” Resources, Conservation and Recycling. 2018, doi: 
10.1016/j.resconrec.2017.12.005. 

[29] C. H. Zhou, X. Xia, C. X. Lin, D. S. Tong, and J. Beltramini, “Catalytic conversion of 
lignocellulosic biomass to fine chemicals and fuels,” Chem. Soc. Rev., vol. 40, no. 11, 
pp. 5588–5617, Oct. 2011, doi: 10.1039/c1cs15124j. 

[30] S. García-Condado et al., “Assessing lignocellulosic biomass production from crop 
residues in the European Union: Modelling, analysis of the current scenario and 

drivers of interannual variability,” GCB Bioenergy, vol. 11, no. 6, pp. 809–831, Jun. 
2019, doi: 10.1111/gcbb.12604. 

[31] H. Ishizaki and K. Hasumi, “Ethanol Production from Biomass,” in Research 
Approaches to Sustainable Biomass Systems, Elsevier Inc., 2013, pp. 243–258. 

[32] W. Den, V. K. Sharma, M. Lee, G. Nadadur, and R. S. Varma, “Lignocellulosic biomass 
transformations via greener oxidative pretreatment processes: Access to energy and 
value added chemicals,” Frontiers in Chemistry. 2018, doi: 
10.3389/fchem.2018.00141. 

[33] L. Rocha-Meneses, J. A. Ferreira, M. Mushtaq, S. Karimi, K. Orupõld, and T. Kikas, 
“Genetic modification of cereal plants: A strategy to enhance bioethanol yields from 
agricultural waste,” Ind. Crops Prod., vol. 150, p. 112408, Aug. 2020, doi: 
10.1016/J.INDCROP.2020.112408. 

[34] M. Tutt, T. Kikas, and J. Olt, “Influence of harvesting time on biochemical composition 

and glucose yield from hemp,” Agron. Res., 2013. 



46 
 

[35] N. Reddy and Y. Yang, “Biofibers from agricultural byproducts for industrial 
applications,” Trends Biotechnol., 2005, doi: 10.1016/j.tibtech.2004.11.002. 

[36] J. K. Saini, R. Saini, and L. Tewari, “Lignocellulosic agriculture wastes as biomass 
feedstocks for second-generation bioethanol production: concepts and recent 
developments,” 3 Biotech. 2015, doi: 10.1007/s13205-014-0246-5. 

[37] C. Sawatdeenarunat, K. C. Surendra, D. Takara, H. Oechsner, and S. K. Khanal, 
“Anaerobic digestion of lignocellulosic biomass: Challenges and opportunities,” 
Bioresource Technology. 2015, doi: 10.1016/j.biortech.2014.09.103. 

[38] M. F. Li, Y. M. Fan, F. Xu, R. C. Sun, and X. L. Zhang, “Cold sodium hydroxide/urea 
based pretreatment of bamboo for bioethanol production: Characterization of the 
cellulose rich fraction,” Ind. Crops Prod., 2010, doi: 10.1016/j.indcrop.2010.07.004. 

[39] F. M. Gírio, C. Fonseca, F. Carvalheiro, L. C. Duarte, and S. Marques, “Bioresource 
Technology Hemicelluloses for fuel ethanol : A review,” Bioresour. Technol., 2010, doi: 
10.1016/j.biortech.2010.01.088. 

[40] H. Zabed, J. N. Sahu, A. N. Boyce, and G. Faruq, “Fuel ethanol production from 
lignocellulosic biomass: An overview on feedstocks and technological approaches,” 
Renewable and Sustainable Energy Reviews. 2016, doi: 10.1016/j.rser.2016.08.038. 

[41] T. Kikas, M. Tutt, M. Raud, M. Alaru, R. Lauk, and J. Olt, “Basis of energy crop 
selection for biofuel production: Cellulose vs. lignin,” Int. J. Green Energy, 2016, doi: 
10.1080/15435075.2014.909359. 

[42] R. M. Maier, “Biogeochemical Cycling,” in Environmental Microbiology: Third Edition, 
2015. 

[43] E. A. Paul and W. Horwath, “Chapter 12 – Carbon Cycling: The Dynamics and 
Formation of Organic Matter,” in Soil Microbiology, Ecology and Biochemistry, 2015. 

[44] A. Demirbas, “Competitive liquid biofuels from biomass,” Applied Energy. 2011, doi: 

10.1016/j.apenergy.2010.07.016. 
[45] X. Meng and A. J. Ragauskas, “Recent advances in understanding the role of cellulose 

accessibility in enzymatic hydrolysis of lignocellulosic substrates,” Current Opinion in 
Biotechnology. 2014, doi: 10.1016/j.copbio.2014.01.014. 

[46] X. Pan, N. Gilkes, and J. N. Saddler, “Effect of acetyl groups on enzymatic hydrolysis 
of cellulosic substrates,” Holzforschung, 2006, doi: 10.1515/HF.2006.062. 

[47] P. Phitsuwan, K. Sakka, and K. Ratanakhanokchai, “Improvement of lignocellulosic 
biomass in planta: A review of feedstocks, biomass recalcitrance, and strategic 
manipulation of ideal plants designed for ethanol production and processability,” 
Biomass and Bioenergy. 2013, doi: 10.1016/j.biombioe.2013.08.027. 

[48] S. H. Mohd Azhar et al., “Yeasts in sustainable bioethanol production: A review,” 
Biochemistry and Biophysics Reports. 2017, doi: 10.1016/j.bbrep.2017.03.003. 

[49] V. Kumar, P. Dhall, R. Kumar, and A. Kumar, “Bioconversion of Lignocellulosic 
Biomass for Bioethanol Production,” in Biofuels Production, 2013. 

[50] A. Pandey, Handbook of plant-based biofuels. 2008. 
[51] G. Y. S. Mtui, “Recent advances in pretreatment of lignocellulosic wastes and 

production of value added products,” African Journal of Biotechnology. 2009, doi: 
10.4314/ajb.v8i8.60134. 

[52] C. A. Cardona, J. A. Quintero, and I. C. Paz, “Production of bioethanol from sugarcane 
bagasse: Status and perspectives,” Bioresour. Technol., 2010, doi: 
10.1016/j.biortech.2009.10.097. 

[53] N. Mosier et al., “Features of promising technologies for pretreatment of lignocellulosic 
biomass,” Bioresour. Technol., 2005, doi: 10.1016/j.biortech.2004.06.025. 

[54] X. Zhao, K. Cheng, and D. Liu, “Organosolv pretreatment of lignocell1. Zhao X, Cheng 
K, Liu D (2009),” Appl. Microbiol. Biotechnol., 2009, doi: 10.1007/s00253-009-1883-
1. 

[55] M. das Neves, T. Kimura, N. Shimizu, and M. Nakajima, “State of the art and future 

trends of bioethanol production,” Dyn. Biochem. Process Biotechnol. Mol. Biol., 2007. 



47 
 

[56] Ó. J. Sánchez and C. A. Cardona, “Trends in biotechnological production of fuel 
ethanol from different feedstocks,” Bioresource Technology. 2008, doi: 
10.1016/j.biortech.2007.11.013. 

[57] M. Balat, H. Balat, and C. Öz, “Progress in bioethanol processing,” Progress in Energy 
and Combustion Science. 2008, doi: 10.1016/j.pecs.2007.11.001. 

[58] F. Talebnia, D. Karakashev, and I. Angelidaki, “Production of bioethanol from wheat 
straw: An overview on pretreatment, hydrolysis and fermentation,” Bioresour. 
Technol., 2010, doi: 10.1016/j.biortech.2009.11.080. 

[59] M. Raud, J. Olt, and T. Kikas, “N2 explosive decompression pretreatment of biomass 
for lignocellulosic ethanol production,” Biomass and Bioenergy, 2016, doi: 
10.1016/j.biombioe.2016.03.034. 

[60] V. Rooni, M. Raud, and T. Kikas, “Technical solutions used in different pretreatments 
of lignocellulosic biomass: A review,” Agronomy Research. 2017. 

[61] C. N. Hamelinck, G. Van Hooijdonk, and A. P. C. Faaij, “Ethanol from lignocellulosic 
biomass: Techno-economic performance in short-, middle- and long-term,” Biomass 
and Bioenergy, 2005, doi: 10.1016/j.biombioe.2004.09.002. 

[62] X. Miao and Q. Wu, “Biodiesel production from heterotrophic microalgal oil,” 
Bioresour. Technol., 2006, doi: 10.1016/j.biortech.2005.04.008. 

[63] E. Mupondwa, X. Li, L. Tabil, S. Sokhansanj, and P. Adapa, “Status of Canada’s 
lignocellulosic ethanol: Part I: Pretreatment technologies,” Renewable and Sustainable 
Energy Reviews. 2017, doi: 10.1016/j.rser.2017.01.039. 

[64] A. Adekunle, V. Orsat, and V. Raghavan, “Lignocellulosic bioethanol: A review and 
design conceptualization study of production from cassava peels,” Renewable and 
Sustainable Energy Reviews. 2016, doi: 10.1016/j.rser.2016.06.064. 

[65] M. Tutt, T. Kikas, H. Kahr, M. Pointner, P. Kuttner, and J. Olt, “Using steam explosion 

pretreatment method for bioethanol production from floodplain meadow hay,” Agron. 
Res., 2014. 

[66] M. Raud, V. Rooni, and T. Kikas, “Explosive decompression pretreatment: Nitrogen vs. 
compressed air,” Agron. Res., 2016. 

[67] M. Tutt, M. Raud, H. Kahr, M. Pointner, J. Olt, and T. Kikas, “Energy Sources, Part A: 
Recovery, Utilization, and Environmental Effects Nitrogen explosion pretreatment of 
lignocellulosic material for bioethanol production Nitrogen explosion pretreatment of 
lignocellulosic material for bioethanol production,” Energy Sources, Part A Recover. 
Util. Environ. Eff., 2016, doi: 10.1080/15567036.2014.1002950. 

[68] M. Raud, M. Tutt, J. Olt, and T. Kikas, “Effect of lignin content of lignocellulosic 
material on hydrolysis efficiency,” Agron. Res., 2015. 

[69] M. Raud, M. Tutt, J. Olt, and T. Kikas, “Dependence of the hydrolysis efficiency on the 
lignin content in lignocellulosic material,” Int. J. Hydrogen Energy, 2016, doi: 
10.1016/j.ijhydene.2016.03.190. 

[70] S. Gámez, J. J. González-Cabriales, J. A. Ramírez, G. Garrote, and M. Vázquez, “Study 
of the hydrolysis of sugar cane bagasse using phosphoric acid,” J. Food Eng., 2006, 
doi: 10.1016/j.jfoodeng.2005.02.005. 

[71] M. A. Kamzon, S. Abderafi, and T. Bounahmidi, “Promising bioethanol processes for 
developing a biorefinery in the Moroccan sugar industry,” Int. J. Hydrogen Energy, 
2016, doi: 10.1016/j.ijhydene.2016.07.035. 

[72] H. Chen and X. Fu, “Industrial technologies for bioethanol production from 
lignocellulosic biomass,” Renewable and Sustainable Energy Reviews. 2016, doi: 
10.1016/j.rser.2015.12.069. 

[73] L. R. Lynd, W. H. Van Zyl, J. E. McBride, and M. Laser, “Consolidated bioprocessing of 
cellulosic biomass: An update,” Current Opinion in Biotechnology. 2005, doi: 
10.1016/j.copbio.2005.08.009. 

[74] K. Olofsson, A. Rudolf, and G. Lidén, “Designing simultaneous saccharification and 

fermentation for improved xylose conversion by a recombinant strain of 



48 
 

Saccharomyces cerevisiae,” J. Biotechnol., 2008, doi: 10.1016/j.jbiotec.2008.01.004. 
[75] K. Öhgren, O. Bengtsson, M. F. Gorwa-Grauslund, M. Galbe, B. Hahn-Hägerdal, and G. 

Zacchi, “Simultaneous saccharification and co-fermentation of glucose and xylose in 
steam-pretreated corn stover at high fiber content with Saccharomyces cerevisiae 
TMB3400,” J. Biotechnol., 2006, doi: 10.1016/j.jbiotec.2006.05.001. 

[76] A. Demain, M. Newcomb, and J. Wu, “Cellulase, Clostridia, and Ethanol This review is 
dedicated to the late Marek Romaniec, who brought …,” Microbiol. Mol. Biol. Rev., 
2004. 

[77] W. C. et al., “Trends and challenges in the microbial production of lignocellulosic 
bioalcohol fuels,” Appl. Microbiol. Biotechnol., 2010. 

[78] S. Onuki, J. A. Koziel, J. Van Leeuwen, W. S. Jenks, D. Greweii, and L. Cai, “Ethanol 

production, purification, and analysis techniques: A review,” in American Society of 
Agricultural and Biological Engineers Annual International Meeting 2008, ASABE 2008, 
2008, doi: 10.13031/2013.25186. 

[79] D. Farias, D. I. P. Atala, and F. M. Maugeri Filho, “Improving bioethanol production by 
Scheffersomyces stipitis using retentostat extractive fermentation at high xylose 
concentration,” Biochem. Eng. J., 2017, doi: 10.1016/j.bej.2017.02.006. 

[80] H. J. Huang, S. Ramaswamy, U. W. Tschirner, and B. V. Ramarao, “A review of 
separation technologies in current and future biorefineries,” Separation and 
Purification Technology. 2008, doi: 10.1016/j.seppur.2007.12.011. 

[81] C. Dennehy et al., “Synergism and effect of high initial volatile fatty acid 
concentrations during food waste and pig manure anaerobic co-digestion,” Waste 
Manag., 2016, doi: 10.1016/j.wasman.2016.06.032. 

[82] P. Breeze, “Waste to Energy Technologies,” in Energy from Waste, 2018. 
[83] B. Bharathiraja, T. Sudharsana, J. Jayamuthunagai, R. Praveenkumar, S. 

Chozhavendhan, and J. Iyyappan, “Biogas production – A review on composition, fuel 
properties, feed stock and principles of anaerobic digestion,” Renewable and 
Sustainable Energy Reviews. 2018, doi: 10.1016/j.rser.2018.03.093. 

[84] J. Ariunbaatar, A. Panico, G. Esposito, F. Pirozzi, and P. N. L. Lens, “Pretreatment 
methods to enhance anaerobic digestion of organic solid waste,” Applied Energy. 
2014, doi: 10.1016/j.apenergy.2014.02.035. 

[85] G. Zhen, X. Lu, H. Kato, Y. Zhao, and Y. Y. Li, “Overview of pretreatment strategies 
for enhancing sewage sludge disintegration and subsequent anaerobic digestion: 
Current advances, full-scale application and future perspectives,” Renewable and 
Sustainable Energy Reviews. 2017, doi: 10.1016/j.rser.2016.11.187. 

[86] S. K. Khanal, Anaerobic Biotechnology for Bioenergy Production: Principles and 
Applications. 2009. 

[87] J. Guo, Y. Peng, B. J. Ni, X. Han, L. Fan, and Z. Yuan, “Dissecting microbial 
community structure and methane-producing pathways of a full-scale anaerobic 

reactor digesting activated sludge from wastewater treatment by metagenomic 
sequencing,” Microb. Cell Fact., 2015, doi: 10.1186/s12934-015-0218-4. 

[88] C. Gonzalez-Fernandez, B. Sialve, and B. Molinuevo-Salces, “Anaerobic digestion of 
microalgal biomass: Challenges, opportunities and research needs,” Bioresource 
Technology. 2015, doi: 10.1016/j.biortech.2015.09.095. 

[89] L. Sun, P. B. Pope, V. G. H. Eijsink, and A. Schnürer, “Characterization of microbial 
community structure during continuous anaerobic digestion of straw and cow 
manure,” Microb. Biotechnol., 2015, doi: 10.1111/1751-7915.12298. 

[90] V. Okudoh, C. Trois, T. Workneh, and S. Schmidt, “The potential of cassava biomass 
and applicable technologies for sustainable biogas production in South Africa: A 
review,” Renewable and Sustainable Energy Reviews. 2014, doi: 
10.1016/j.rser.2014.07.142. 

[91] X. Lu, G. Zhen, M. Chen, K. Kubota, and Y. Y. Li, “Biocatalysis conversion of methanol 

to methane in an upflow anaerobic sludge blanket (UASB) reactor: Long-term 



49 
 

performance and inherent deficiencies,” Bioresour. Technol., 2015, doi: 
10.1016/j.biortech.2015.09.073. 

[92] W. Gujer and A. J. B. Zehnder, “Conversion processes inGUJER, W.; ZEHNDER, A. J. 
B. Conversion processes in anaerobic digestion. Water Science and Technology. 
Anais...1983 anaerobic digestion,” in Water Science and Technology, 1983, doi: 
10.2166/wst.1983.0164. 

[93] S. Pilli, S. Yan, R. D. Tyagi, and R. Y. Surampalli, “Anaerobic digestion of 
ultrasonicated sludge at different solids concentrations - Computation of mass-energy 
balance and greenhouse gas emissions,” J. Environ. Manage., 2016, doi: 
10.1016/j.jenvman.2015.10.041. 

[94] S. Croce, Q. Wei, G. D’Imporzano, R. Dong, and F. Adani, “Anaerobic digestion of 

straw and corn stover: The effect of biological process optimization and pre-treatment 
on total bio-methane yield and energy performance,” Biotechnology Advances. 2016, 
doi: 10.1016/j.biotechadv.2016.09.004. 

[95] M. Pohl, J. Mumme, K. Heeg, and E. Nettmann, “Thermo- and mesophilic anaerobic 
digestion of wheat straw by the upflow anaerobic solid-state (UASS) process,” 
Bioresour. Technol., 2012, doi: 10.1016/j.biortech.2012.08.063. 

[96] A. Grosser, “The influence of decreased hydraulic retention time on the performance 
and stability of co-digestion of sewage sludge with grease trap sludge and organic 
fraction of municipal waste,” J. Environ. Manage., 2017, doi: 
10.1016/j.jenvman.2017.04.085. 

[97] K. Hagos, J. Zong, D. Li, C. Liu, and X. Lu, “Anaerobic co-digestion process for biogas 
production: Progress, challenges and perspectives,” Renewable and Sustainable 
Energy Reviews. 2017, doi: 10.1016/j.rser.2016.11.184. 

[98] H. V. Kinnunen, P. E. P. Koskinen, and J. Rintala, “Mesophilic and thermophilic 

anaerobic laboratory-scale digestion of Nannochloropsis microalga residues,” 
Bioresour. Technol., 2014, doi: 10.1016/j.biortech.2013.12.115. 

[99] R. A. Labatut, L. T. Angenent, and N. R. Scott, “Conventional mesophilic vs. 
thermophilic anaerobic digestion: Atrade-off between performance and stability?,” 
Water Res., 2014, doi: 10.1016/j.watres.2014.01.035. 

[100] J. C. Motte, R. Escudié, N. Bernet, J. P. Delgenes, J. P. Steyer, and C. Dumas, 
“Dynamic effect of total solid content, low substrate/inoculum ratio and particle size 
on solid-state anaerobic digestion,” Bioresour. Technol., 2013, doi: 
10.1016/j.biortech.2013.06.057. 

[101] D. U. Santos-Ballardo, X. Font-Segura, A. S. Ferrer, R. Barrena, S. Rossi, and A. 
Valdez-Ortiz, “Valorisation of biodiesel production wastes: Anaerobic digestion of 
residual Tetraselmis suecica biomass and co-digestion with glycerol,” Waste Manag. 
Res., 2015, doi: 10.1177/0734242X15572182. 

[102] R. Ganesh Saratale, G. Kumar, R. Banu, A. Xia, S. Periyasamy, and G. Dattatraya 

Saratale, “A critical review on anaerobic digestion of microalgae and macroalgae and 
co-digestion of biomass for enhanced methane generation,” Bioresource Technology. 
2018, doi: 10.1016/j.biortech.2018.03.030. 

[103] R. Slade and A. Bauen, “Micro-algae cultivation for biofuels: Cost, energy balance, 
environmental impacts and future prospects,” Biomass and Bioenergy, 2013, doi: 
10.1016/j.biombioe.2012.12.019. 

[104] D. Deublein and A. Steinhauser, Biogas from Waste and Renewable Resources: An 
Introduction, Second Edition. 2010. 

[105] Y. N. Barbot, C. Thomsen, L. Thomsen, and R. Benz, “Anaerobic digestion of laminaria 
japonica waste from industrial production residues in laboratory- and pilot-scale,” Mar. 
Drugs, 2015, doi: 10.3390/md13095947. 

[106] L. Yang, F. Xu, X. Ge, and Y. Li, “Challenges and strategies for solid-state anaerobic 
digestion of lignocellulosic biomass,” Renewable and Sustainable Energy Reviews. 

2015, doi: 10.1016/j.rser.2015.01.002. 



50 
 

[107] C. Sawatdeenarunat et al., “Anaerobic biorefinery: Current status, challenges, and 
opportunities,” Bioresource Technology. 2016, doi: 10.1016/j.biortech.2016.03.074. 

[108] W. F. Owen, D. C. Stuckey, J. B. Healy, L. Y. Young, and P. L. McCarty, “Bioassay for 
monitoring biochemical methane potential and anaerobic toxicity,” Water Res., 1979, 
doi: 10.1016/0043-1354(79)90043-5. 

[109] I. Angelidaki et al., “Defining the biomethane potential (BMP) of solid organic wastes 
and energy crops: A proposed protocol for batch assays,” Water Sci. Technol., 2009, 
doi: 10.2166/wst.2009.040. 

[110] A. E. Cioabla, I. Ionel, G. A. Dumitrel, and F. Popescu, “Comparative study on factors 
affecting anaerobic digestion of agricultural vegetal residues,” Biotechnol. Biofuels, 
2012, doi: 10.1186/1754-6834-5-39. 

[111] L. Rocha-Meneses, J. A. Ferreira, N. Bonturi, K. Orupõld, and T. Kikas, “Enhancing 
bioenergy yields from sequential bioethanol and biomethane production by means of 
solid-liquid separation of the substrates,” Energies, 2019, doi: 10.3390/en12193683. 

[112] I. Y. Mohammed, Y. A. Abakr, F. K. Kazi, S. Yusup, I. Alshareef, and S. A. Chin, 
“Comprehensive characterization of Napier grass as a feedstock for thermochemical 
conversion,” Energies, 2015, doi: 10.3390/en8053403. 

[113] S. A. Nascimento and C. A. Rezende, “Combined approaches to obtain cellulose 
nanocrystals, nanofibrils and fermentable sugars from elephant grass,” Carbohydr. 
Polym., 2018, doi: 10.1016/j.carbpol.2017.09.099. 

[114] M. Luna-delRisco, A. Normak, and K. Orupõld, “Biochemical methane potential of 
different organic wastes and energy crops from Estonia,” Agron. Res., 2011. 

[115] R. Agrawal, B. Bhadana, A. S. Mathur, R. Kumar, R. P. Gupta, and A. Satlewal, 
“Improved enzymatic hydrolysis of pilot scale pretreated rice straw at high total solids 
loading,” Front. Energy Res., 2018, doi: 10.3389/fenrg.2018.00115. 

[116] E. Kelly Orhorhoro, “Experimental Determination of Effect of Total Solid (TS) and 
Volatile Solid (VS) on Biogas Yield,” Am. J. Mod. Energy, 2017, doi: 
10.11648/j.ajme.20170306.13. 

[117] J. N. Meegoda, B. Li, K. Patel, and L. B. Wang, “A review of the processes, 
parameters, and optimization of anaerobic digestion,” International Journal of 
Environmental Research and Public Health. 2018, doi: 10.3390/ijerph15102224. 

[118] L. Montgomery and G. Bochmann, “Pretreatment of feedstock for enhanced biogas 
production,” IEA Bioenergy, 2014. 

[119] C. Phuttaro, C. Sawatdeenarunat, K. C. Surendra, P. Boonsawang, S. Chaiprapat, and 
S. K. Khanal, “Anaerobic digestion of hydrothermally-pretreated lignocellulosic 
biomass: Influence of pretreatment temperatures, inhibitors and soluble organics on 
methane yield,” Bioresour. Technol., 2019, doi: 10.1016/j.biortech.2019.03.114. 

 
 

 

 

 

 

 

 



51 
 

ANNEX  1



52 
 



53 
 



54 
 



55 
 



56 
 



57 
 



58 
 



59 
 



60 
 



61 
 



62 
 



63 
 



64 
 



65 
 



66 
 



67 
 



68 
 



69 
 

 


