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Abstract
Biomass and wastes are increasingly being used as major energy sources not only in Nigeria but also worldwide. Different 
wastes/biomass to energy technologies have been used in the past by several researchers but anaerobic digestion happens to 
be the best option due to its eco-friendliness and simplicity of its design. There are huge amounts of wastes generated from 
agriculture, municipalities and industries both in rural Nigeria and urban areas that are being underutilized due to lack of 
information on their potential for biogas production. Laboratory, pilot and full-scale studies have shown that agricultural, 
municipal solid and industrial wastes all have potential for bioenergy generation. The potential of bioenergy production from 
agricultural waste, municipal solid waste (MSW) and industrial waste within the country has been sought in various scientific 
databases from 1997 to 2020 and related information was obtained. This review article examines the agricultural, municipal 
solid and industrial wastes found in Nigeria and the biogas production potential from these wastes usable as alternative to 
fossil fuels. Current trend, recent issues and future prospect of anaerobic digestion are also considered in this article.

Keywords  Biogas production · Agricultural wastes · Municipal solid waste · Industrial waste · Biofuel · Anaerobic 
digestion

1  Introduction

One of the major challenges facing the world today is the 
ever-increasing solid wastes generation as well as high 
energy demand [1, 2]. Lack of proper waste management 
leads to enviromental pollution as a result of emission of 
greenhouse gases such as methane and carbon dioxide [3, 4]. 
According to Van et al. [5], approximately 1.3 billion metric 
tons of municipal solid waste (MSW) was produced world-
wide in 2010, and is expected to increase to 2.2 billion met-
ric tons by 2025. Okoro et al. [6] stated that waste manage-
ment in Nigeria has become a “tall order” despite the efforts 
of previous and current governments and even private sector. 
Increased waste production and management difficulties are 
the result of the rapid growth of many Nigerian cities [7, 8]. 
Waste generation in Nigeria is exponentially increasing day 

by day but it is arithmetically collected and disposed [6]. 
Nigeria as a country is located within latitudes 4°N to 14°N 
and longitudes 3°E to 14°E (as shown in Fig. 1) covering 
an area of about 924,000 km2 with the highest population 
in Africa estimated to be 198,583,016 that generates huge 
amount of wastes [9]. Okoro et al. [6] reported that 20–70% 
of the annual waste generated was properly collected. Con-
verting these wastes into energy not only helps to reduce 
greenhouse gas emissions but also reduces enviromental 
pollution and waste management problems in Nigeria [10].

A report from Sokan-Adeaga and Ana [11] stated that 
85% of world’s energy demand is currently being met by 
non-renewable energy sources (fossil fuels). According to 
them, by 2025, global demand for energy is expected to 
increase by about 50%. Also, Sibiya et al. [12] stated that 
more than 90% of the energy used by South Africans comes 
from non-renewable resources. Oyedepo [13] reported that 
of the energy used in Nigeria, oil accounts for 57%, natural 
gas accounts for 36% and hydroelectricity accounts for 7%. 
Over the years, fossil fuels have become a major source of 
energy, but with problems such as global climatic change, 
there is deterioration in human and animal heatlh as a result 
of greenhouse emissions and enviromental degradation [14]. 
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Depletion of fossil fuels together with reduction in the emis-
sion of greenhouse gases have led to interest in converting 
waste biomass into biogas which is a non-conventional fuel 
[15].

Nigeria as a nation is blessed with renewable energy 
resources such as biomass which are environmentally 
friendly but not properly utilized. Some examples of bio-
mass resources in Nigeria include grasses, trees, residues, 
aquatic waste, agricultural waste, municipal waste and indus-
trial waste. These resources can be replenished, and when 
converted to biogas via anaerobic digestion (AD) to use as 
fuel, they pose no threat to the environment [13]. Biogas 
composition is determined by a number of factors includ-
ing feedstock type and process design [16]. The amount of 
methane content produced depends on the types of feed-
stock introduced into the digester. Table 1 shows the differ-
ent feedstock and percentage methane content produced by 
each feedstock. Biogas generated from substrates (feedstock) 
is being used daily in households, agriculture and industries 
for cooking, heating and even for generating electricity [19].

Several biological processes had been used in the past 
for the conversion of wastes to energy. Anaerobic diges-
tion, which is a biochemical conversion of complex organic 
matter (such as waste) into biogas with the help of metha-
nogenic bacteria, is one of the most well-known biologi-
cal processes commonly used [20]. In addition to biogas 

produced by waste, digestate or soil conditioner which con-
tains nutrients such as nitrogen and phosphorus, which are 
used as bio-fertilizers are also produced [21]. Over the years, 
various wastes from municipal waste to industrial waste and 
agricultural waste have been used as substrates for biogas 
production by various researchers.

Sawyerr et al. [22] stated that the success of anaerobic 
digestion processes depends on the avalability of substrates 
for sustainability. Biogas production will not be feasible 

Fig. 1   Map of Nigeria [17]

Table 1   Methane content in 
biogas produced from different 
feedstock/substrate [16–18]

Feedstock/substrate Methane 
content 
(%)

Cattle manure 50–60
Poultry manure 68
Pig manure 60
Sheep manure 65
Wheat Straw
Barley straw

78.5
77

Grass 84
Leaves 58
Kitchen waste 50
Algae 63
Water hyacinths
Horse dung

67
66
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if there is lack or insufficient suitable substrate to be fed 
into the anaerobic digester. Also, biogas quality and quan-
tity depend on feedstock and AD technology. Furthermore, 
proper information and knowledge about the substrate to 
be introduced into a digester is very vital so as to obtain 
maximum biogas yield, although any biomass can be used 
for biogas production as long as it contains constituents such 
as carbohydrate, protein, lipid, cellulose and hemicellulose 
[23]. Therefore, this current study aims to present the poten-
tial of agricultural, municipal solid and industrial wastes for 
biogas production in Nigeria. The work comprehensively 
reviewed the empirical studies on biogas production from 
agricultural, municipal and industrial wastes in Nigeria.

2 � Mechanism of anaerobic digestion 
of wastes

Anaerobic digestion is a biological process which transforms 
organic matter into its most reduced (CH4) and most oxi-
dized (CO2) state in the absence of air [24]. AD process 
occurs at temperature range of 25–60°C [25] with total solid 
(TS) content greater than 20% for dry solid or less than 10% 
for wet solid [24]. It involves different groups of microbes 
which make the process complex and sensitive. The trans-
formation of large organic molecules found in organic 
wastes into CH4 and CO2 is as a result of activities of sev-
eral bacteria which are carried out in hydrolytic, acidogenic, 
acetogenic and methanogenic stages of AD [26]. Anaero-
bic digestion process begins with hydrolytic bacteria that 
hydrolyze or break down carbohydrates into simple sugar, 
protein to amino acid and lipid to fatty acid. Acidogenic 
bacteria (acetogens) convert sugar, amino acid and fatty acid 
into intermediate volatile fatty acids, VFAs, (propionic acid, 
butyric acid, acetic acid and ethanol), carbon dioxide and 
hydrogen. Then, intermediate VFAs to acetic acid/acetate 
together with CO2 and H2 by acetogenic bacteria. The final 
stage of AD which is methanogenesis is achieved when ace-
tic acid or CO2 and H2 from acetogenesis is converted to 
methane by acetoclastic and hydrogenotropic Archea [27].

3 � Biomass/feedstock resources in Nigeria

The availability of biomass is abundant and widespread 
throughout the world and its distribution depends on loca-
tion. In Nigeria, some of the feedstock producing biogas 
ranges from agricultural wastes (AW) to municipal solid 
wastes (MSW) to industrial wastes (IW) [28, 29]. Ben-
Iwo et al. [30] reported that Nigeria produces biomass of 
about 144 million tonnes per annum. In addition, most rural 
dwellers in Nigeria according to the US Energy Information 
Administration depend heavily on biomass such as wood, 

charcoal and wastes from animals and municipals to meet 
their energy demand [30]. Table 2 shows various feedstock 
and their major sources in Nigeria.

3.1 � Animal manure

One of the major agricultural practices is livestock produc-
tion which happens to be the biggest source of animal waste. 
The amount of waste generated from livestock production 
depends on the type of animal rearing, methods of feed-
ing, size of the animal and the breed [31]. According to 
Abdeshahian et al. [31], to reduce enviromental hazard or 
odour caused by large quantityof animal waste disposed 
daily, conversion to renewable gas via anaerobic digestion 
will be helpful. Some common animal wastes include cat-
tle, poultry, pig, sheep, horse and goat manures to name a 
few. Yang et al. [32] reported that pig and poultry manures 
are rich in protein while cattle manure contains a lot of 
lignocellulose. Nigeria as a nation according to Aikhuele 
et al. [33] and Oyedepo et al. [34], produces 227,500 tons 
of animal manure daily, and on conversion, 6,800,000 m3 
biogas is produced per day. Oyedepo et al. [34] stated fur-
ther that, 450.48 PJ is the estimated bioenergy potential of 
animal manure in Nigeria. Ben-Iwo et al. [30] reported that 
animal waste accounts for 61 million tonnes per annum of 
Nigeria’s energy reserve. Livestock population in Nigeria 
together with biogas yield are shown in Table 3. It is clearly 
indicated from the table that Nigeria as a nation has large 
population of livestocks which has resulted into generation 
of large quantity of livestock manure. Inadequate/improper 
disposal of this large quantity of manure could be harm-
ful to the enviroment, human and animal health. Manure/
wastes from this large number of livestocks when converted 

Table 2   Various feedstock and their sources in Nigeria [28]

Sources of substrate Various substrates

Agriculture i. Animal manure
ii. Energy crops
iii. Crop residues
iv. Algal biomass

Municipal solid waste i. Sewage sludge
ii. Kitchen waste
iii. Night soil
iv. Garden waste/grass clipping
v. Food remains

Industrial and commercial i. Food/beverage processing waste
ii. Pulp and paper
iii. Slaughterhouse waste
iv. Bakeries
v. Confectioneries
vi. Distilleries
vii. Pharmaceutical waste
viii. Other industrial organic wastewater
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by anaerobic digestion can ease the burden of high energy 
demand in the country.

3.2 � Energy crops and crop residues

Energy crops and crop residues are mostly referred to as 
lignocellulosic wastes (containing 10–25% lignin) with com-
plex structure, and are produced in large quantities (about 
181.5 billion tonnes) all over the world yearly [36]. They are 
potential sources of biogas generation and are very common 
especially in rural areas of Nigeria where almost everybody 
engages in farming. Energy crops are crops with high dry 
matter yields, durable with low costs of production which 
are purposely planted for energy generation [37]. The poten-
tial for growth of energy crops (such as sugarcane, sorghum, 
cassava and maize) is high in Nigeria due to the availability 
of arable land and sufficient water [30]. Sibiya et al. [12] 
said grass was considered as the most suitable biomass due 
to its availability despite the seasonal changes. According 
to Atelge et al. [38], harvesting, processing and storage are 
some of the distinct steps to be taken before anaerobic diges-
tion of energy crops for biogas production.

Agricultural crops are produced in large quantities for 
human consumption and exportation, and hence generate 
large amount of residues [39]. Agricultural crop wastes 
or residues include rotten crops due to lack of storage 
facilities, and are caused by infection of diseases and resi-
dues generated from crop processing after crop harvest 
[4]. Stalk, straw, cobs, husk and bark are crop residues 
used for energy generation throughout anaerobic digestion 
process. Akinbomi et al. [4] reported further that about 
70% of crop residues from crop harvesting and process-
ing are used as building materials and animal fodders. 
They reported that 58% of animal fodder is supplied by 
crop residues especially during the rainy season. There-
fore, after the usage of crop residues for other purposes, it 
was recorded that approximately 52 million tonnes were 

left for biogas production from which 21 billion cubic 
metres of biogas could be produced. In Nigeria, some of 
agricultural wastes commonly found include groundnut 
shell, yam peels, coconut shell, mango peels, palm oil mill 
effluent, corn cob, cherry, orange peels, melon shell and 
black walnut hull to mention but a few [6]. According to 
Adepoju et al. [39], energy potential by these agricultural 
crop residues has not been properly exploited despite the 
worldwide increase in biogas production.

3.3 � Municipal solid waste (MSW)

MSW also referred to household wastes are generated from 
sources where various activities of man are encountered 
[40]. They include wastes from households, institution, mar-
kets, industries, agriculture and human activities in urban 
centres [41]. MSW is heterogeneous which comprises of dif-
ferent discarded materials of different composition. Abdel-
Shafy and Mansour [40] reported that the composition of 
MSW differs greatly from municipality to municipality, 
and from country to country. The quantity and composition 
of MSW can be affected by climate, extent of recycling, 
collection frequency, regional differences, season, cultural 
practices, technological changes or industrial structure [42]. 
Nigeria as a country has the highest population in Africa 
with 913,440 tonnes of methane produced from MSW 
which is equivalent to electricity 482 MW [43]. Increase in 
population, urbanization and industrialisation will definitely 
lead to increase in MSW generated annually. According to 
Jekayinfa et al. [35], in Nigeria, average rate of solid waste 
generated is approximately 0.50 kg/capita/day. However, 
waste generation in different cities varies. Akinbomi et al. 
[4] estimated the average MSW being generated in six geo-
political zones of Nigeria as South-West (Lagos): 0.63 kg/
capita/day; South-South (Port-Harcourt): 0.60 kg/capita/day; 
South-East (Aba): 0.40 kg/capita/day; North-West (Kano): 
0.56 kg/capita/day; North-East (Bauchi): 0.86 kg/capita/day 
and North-Central (Abuja): 0.66 kg/capita/day. Also, Ezeudu 
et al. [9] reported per capita MSW generated in some cities 
in Nigeria as 0.54 kg/cap/day for Markudi, 0.638 kg/cap/
day for Abuja and 0.13 kg/capita/day for Ogbomoso. MSW 
comprises of biodegradable fraction of kitchen waste, food 
waste, leaf, grass clipping, flower trimmings and yard waste 
[12, 44]. Peces et al. [45] reported two classes of MSW treat-
ments to be biological and thermal treatments. According 
to them, biological treatment includes anaerobic digestion, 
composting, hydrogen fermentation and landfilling while 
thermal treatment includes incineration, pyrolysis or gasifi-
cation. Furthermore, biological treatments are used for bio-
degradable moisture-rich waste while thermal treatments are 
employed for non-biogegradable waste.

Table 3   Livestock population in Nigeria and biogas yield from live-
stock manures [35]

Livestock Population
(× 1000)

Daily dung 
generation
(kg)

Biogas yield
(m3/kg dry matter)

Cattle 20,773 8–50 0.20–0.24
Chickens 140,688 0.05–0.15 0.28–0.40
Pigs 7506 1–4.5 0.37–0.56
Goats 78,037 1–5 0.25–0.37
Sheep 42,500 1–5 0.25–0.37
Camels 282 20 0.14–0.19
Asses 1313 10 0.24
Horses 103 13–15 0.24–0.37
Rabbits and hares 5 0.01–0.06 0.10–0.21
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3.4 � Kitchen or food waste

According to Sahu et al. [46], about 1.3 billion tons of 
kitchen waste (KW) is being generated globally per annum. 
Longjan and Dehouche [47] reported that Nigeria produces 
5.3 × 107 tonnes of cassava per annum, 4.0 × 107 tonnes 
of yam per annum, 5.1 × 107 tonnes of melon per annum, 
2.9 × 107 tonnes of beans per annum, 3.5 × 107 tonnes of 
cocoyam per annum, 2.8 × 107 tonnes of plantain per annum 
and 1.0 × 107 tonnes of corn per annum. According to them, 
the higher the quantities of crops produced, the more the 
kitchen/food wastes generated. Makinde and Odokuma [48] 
stated that more wastes are generated from yams because 
70% of global yam is produced in Nigeria. Also, plantain 
being a major food staple in Nigeria produces more wastes 
as it can be boiled, fried and even roasted [48]. Therefore, 
increase in kitchen waste/food waste generated daily and its 
management have become a concern due to lack of proper 
waste treatment. Kitchen/food waste as organic material has 
high biodegradability, calorific value and nutritive value to 
micro-organisms [49]. Therefore, it can be used as substrate 
to generate biogas which will reduce our dependency on 
non-renewable energy [49, 50]. In Nigeria, kitchen waste 
is discarded or disposed in landfill, and this method of dis-
posal leads to health challenges such as typhoid, cholera 
and malaria [51]. It was reported by Longjan and Dehouche 
[47] that out of Nigerian households, 39% dispose their 
household wastes in unauthorized heaps, 38% within their 
neighbourhood through burning or burying the waste. 
Improper dumping of waste causes adverse consequences 
which include pollution of both surface and groundwater 
which promote breeding of mosquitoes, flies and rats. Fur-
thermore, there is emission of greenhouse gases which lead 
to global warming and emission of unpleasant odour [50, 
52]. Incinerator and pyrolysis techniques for disposing waste 
are costly and not efficient to recover energy from the food 
waste due to the large amount of water content in food or 
kitchen waste [52]. Therefore, anaerobic digestion, which is 
economical and efficient, is employed for waste treatment. 
Kitchen/food waste is a biodegradable organic matter with 
high contents of moisture, carbohydrate, protein and lipid. It 
can be introduced as lone substrate to the digester for biogas 
production but most times, its digestion fails without adding 
external nutrients and buffering agents [53]. The major limi-
tation of digesting kitchen waste alone is the accumulation 
of organic acids which results into decrease in pH value in 
the digester. Accumulation of volatile fatty acids (organic 
acids) in the reactor inhibits the activity of methanogens for 
biogas production [54]. To minimize or avoid the inhibiting 
effect caused by accumulation of volatile fatty acids (VFAs) 
in anaerobic digestion of kitchen waste, co-digestion with 
agricultural wastes or sewage sludge should be considered 
[53, 54].

3.5 � Sewage waste

Sibiya et al. [12] reported that sewage sludge is usually gen-
erated from municipal and industrial waste water treatment 
plants (WWTPs), and may be applied as manure as it has 
almost the same quantities of nutrients (nitrogen, phospho-
rus and organic matter) with the manure. Apart from the 
nutrients present in sewage, it also contains pathogens and 
micro-pollutants. Sewage, according to Akinbomi et al. [4] 
is of two parts. The first part of the sewage is black water 
part which comprises of human faeces and urine from a 
community, and grey water that comprises of wastewater 
from bathroom, kitchen and laundry without human faeces. 
The grey water usually contains contaminants such as soaps, 
detergents, shampoo, pharmaceutical and industrial wastes 
which make them not suitable substrate for production of 
biogas except if they are pretreated. Pan-American Health 
Organization (PAHO) reported that municipalities not up to 
10% in developing countries adequately treat sewage before 
allowing it to flow into rivers [55]. In Nigeria according to 
Kayode et al. [55], there are absences of sewage systems 
except in some parts of Lagos and Federal Capital Territory, 
Abuja. The sewage sludge which may be solid, semisolid 
or liquid muddy residue generally contains proteins, sug-
ars, lipids, detergents, phenols, toxic and hazardous organic 
and inorganic pollutants [56, 57]. Depending on the source, 
location or country, physico-chemical properties of sewage 
sludge vary. Though, variability in the physico-chemical 
properties of sludge makes it unfit to be used as substrate for 
biogas production but measures are being taken to process 
this type of waste [58].

3.6 � Industrial waste

This is the type of waste generated from manufacturing and 
industrial plants such as pulp and paper, grain mill, slaugh-
ter house and dairies [12]. Most industries generate large 
amounts of wastes, by-products and residues that can be 
used as substrate for anaerobic digestion in biogas produc-
tion [38]. Atelge et al. [38] stated further that wastes from 
industries are very rich in organic contents and can be used 
as methane booster. Abdel-Shafy and Mansour [40] stated 
that all organic end-products from industries can be used 
as substrates for biogas production. In Nigeria, plants used 
by most industries for the treatment of industrial effluents/
wastes are not efficient, yet they discharge their effluents 
into rivers to harm both man and animals healthwise [55]. 
According to Kayode et al. [55], major industrial produc-
tion processes contributing to industrial wastes in Nigeria 
include breweries, cement, slaughterhouses, chemical and 
paint manufacturing, textile, pharmaceuticals, oil refineries, 
steel and metal fabrication, tanneries as well as fertilizer 
production. They stated further that Kano, Lagos, Ibadan, 
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Enugu and Port-Harcourt remain the cities with the large 
quantity of industrial wastes in Nigeria due to the high con-
centrations of industrial establishment.

Ibrahim et al. [59] reported that Benue Brewery PLC 
in Makurdi, Nigeria generates 5000 kg of waste (Brewery 
spent grain) weekly which is proven difficult to manage and 
resulting into environmental pollution. Likewise, locally 
made beer called burukutu which is found in most parts of 
Nigeria especially the northern parts is made from cereals, 
and can generate 35–90 kg of waste per week. Also, a non-
alcoholic African drink called kunu can be produced com-
mercially and domestically and generates 7–30 kg of waste 
per week. Wastes from these processes are being disposed in 
an unhealthy manner and thereby result into environmental 
pollution. The research conducted by Rasheed and Amuda 
[60] revealed that the extraction of gold using mercury amal-
gamation method being carried out in some parts of Zam-
fara state degrades the soil and generates huge amount of 
toxic wastes. Similarly, in Plateau state, tin mining industries 
generate radioactive elements such as monazite, xenotime 
and pyrochloreas wastes. These radioactive elements are 
potential health hazard, and exposure to them beyond toler-
ance limit could ultimately lead to death. All these toxic 
wastes are sent indiscriminately into the water bodies such 
as lakes, rivers and seas without treatment. Uwagbale [61] 
reported that Nigeria petroleum and petrochemical industry 
recovered about 15.91% of the total cumulative spill volume 
(2,382,373.7 barrels) of crude oil between 1976 and 1996 
while about 84.09% was lost into the environment. Further-
more, in-between 1976 and 1991, in Ogoniland, Niger Delta 
region of Nigeria, about 2,100,000 barrels of oil spill was 
reported. The oil flowed into the neighbouring villages to 
pollute the rivers causing untold destruction to both the ter-
restrial and aquatic lives. According to Ayoola et al. [62], 
Nigeria has the second largest poultry industry in Africa 
(after South Africa) with estimated number of 165 million 
birds generating 932.5 metric tonnes of poultry manure 
yearly. This large quantity of wastes produced by poultry 
industries has raised concern for poultry waste disposal. 
According to Umar et al. [63] Nigeria has over 6000 tan-
nery industries with estimated annual processing capacity 
of 700,000 tons of hides and skins. The amount of waste 
generated per animal slaughtered is about 35% of its weight. 
It was further revealed that, for every 1000 kg of carcass 
weight of slaughtered beef, 5.5 kg of manure and 100 kg of 
paunch manure are generated. Ekiye and Luo [64] stated that 
over 40% of Nigeria manufacturing activities takes place in 
Lagos, the second largest city in Africa and the largest in 
Nigeria, with 8000 tons of hazardous waste generated per 
annum which are directly released into bodies of water in 
Lagos without any treatment.

In Nigeria, treatment of industrial wastewater is not very 
common as most wastes are usually being released into the 

rivers [30]. Not many of Nigerian industries practise wastes 
treatment as only few of them employ either off-site or on-
site disposal methods for handling wastes. Therefore, it has 
become a necessity to invest in waste management system so 
as to maximize these resources. According to Kundu et al. 
[65], the major contaminants of concern present in wastewa-
ter are organic carbon and nitrogen. As essential as nitrogen 
and phosphorus are for the growth of micro-organisms, high 
concentration of these two nutrients are not desirable as they 
are hazardous to both human and aquatic life and result into 
eutrophication. Therefore, anaerobic treatment which is cost-
effective and the safest of all biological treatment options is 
essential for removal of organic carbon, nitrogen and phos-
phorus which are very harmful to the enviroment [66].

4 � Biogas production potential from animal 
manure

Animal manures are mostly characterized with high nitrogen 
content, presence of sulfur, ammonia and hydrogen sulfide 
which inhibit biogas production [44]. Bharathiraja et al. 
[66] reported that animal manures contain diverse micro-
bial flora, 75–92% moisture content and 72–93% volatile 
solids of total solids which make them highly biodegrdable. 
They stated further that their good buffering capacity and 
elimination of inoculated step make manures as ideal sub-
strate for biogas production. In Nigeria, according to Ben-
Iwo et al. [30] and Ozor et al. [67], it has been estimated that 
approximately 0.03 m3 of biogas is produced from every 1 
kg of fresh animal manure. They reported that from 227,500 
tonnes of animal manures generated daily, 6.8 million m3 
of biogas is produced. Oguntoke et al. [68] reported that 
Nigeria as a country that generated 197.6 million tonnes 
cattle manure, 32.6 million tonnes poultry manure, 15.3 
million tonnes swine manure and 39.6 million tonnes goat 
and sheep manure yearly. The estimated biogas potential per 
annum from cattle manure, poultry manure, swine manure 
and goat and sheep manure is respectively 6.25 billion m3, 
2.5 billion m3, 0.92 billion m3 and 2.3 billion m3. These are 
very huge energy resources that easily can boost Nigeria’s 
energy supply.

The major disadvantage of using manures as substrates 
is the formation of high concentration ammonia that inhib-
its activity of methanogenic bacteria and slows down the 
digestion of animal manures [66]. Anaerobic digestion of 
raw manure as only substrate fed into the reactor might not 
be profitable due to the inhibition cause by high amount 
of nitrogen nutrient present in the animal manure than 
other organic wastes. Therefore, animal manure can be co-
digested with substrate with low nitrogen content (but high 
in carbon content) such as plant biomas or kitchen waste to 
enhance the C/N ratio and balance the nutrient in order to 
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improve biogas production [69]. According to Sibiya et al. 
[12], insufficient biogas will be produced if anaerobic mono-
digestion of manure is practiced. Therefore, animal manure 
can be co-digested with other substrates so as to improve 
biogas production. In Nigeria, swine and poultry manures 
have become major enviromental pollutants as the rate at 
which people are engaging in piggery and poultry farming 
is alarming [70]. When Ogunwande et al. [70] co-digested 
swine manure with chicken manure, there was an increase 
in biogas production by 69.2% when compared to biogas 
from chicken manure alone and increase of 131.6% when 
compared to biogas from swine manure alone at mean sub-
strate temperature and pH of 28.5 ± 2.5°C and 6.80 ± 0.55 
respectively for 63 days.

5 � Biogas production potential from energy 
crops and crop residues

Conversion of cassava or its residues to biofuel via anaero-
bic digestion process has been well established in Nigeria 
already as there are about 7.5 million tonnes of cassava res-
idues being generated annually [30]. According to Ogun-
toke et al. [68] and Sokan-Adeaga and Ana [11], 83 million 
tonnes of crop residues are generated yearly with estimated 
biogas potential of 4.98 billion m3. Crops can either be 
mono-digested or co-digested. Although, mono-digestion of 
crops is not a common practice due to the complex structure 
of some crops which cause inhibition in AD and ultimately 
reduce biogas yield. Co-digestion of substrates is reported to 
have enhanced the cumulative biogas yield than mono-diges-
tion of substrate [71]. Table 4 shows the major agricultural 
crops grown in Nigeria as at 2017 and their residues while 
Fig. 2 shows the heat content values of some of the agricul-
tural crop residues. The energy potential of individual crop 
residue presented in Table 4 depends on rate of production 

Table 4   The 2017 data of the major crops grown in Nigeria, residue to product ratio (RPR) and their energy potential per annum [35]

Crop Production
(×1000) ton

Residue type Residues
(×1000) ton

RPR Ash (%) Volatiles
(%)

Energy content (kJ/kg) Energy 
potential
(PJ/year)

Yam 47,942.7 Peels 2876.6 0.06 1.9 91.0 16,433 47.27
Wheat 66.6 Straws 83.3 1.25 2.7 94.1 16,210 1.35
Sugarcane 1497.8 Bagasse 906.2 0.61 2.4 85.6 7850 7.11
Soya bean 730.0 Straws 1730.1 2.37 4.0 88.8 17,900 30.97
Sorghum 6939.0 Straws 28,623.4 4.13 8.1 73.4 15,400 440.80
Rice 9864.3 Husks

Straws
2564.7
21,504.2

0.26
2.18

15.8
21.5

69.3
62.6

15,205
12,440

39.00
267.51

potato 5298.2 Peels 6039.9 1.14 3.3 93.0 21,000 127.44
Plantain 3164.9 Leaves

Stem
1186.8
14,099.6

0.38
4.46

6.3
6.3

78.2
78.2

16,620
16,130

19.73
227.43

Oil palm 7759.4 Fiber
Shells

4694.4
4073.7

0.61
0.53

8.4
12.5

72.8
67.1

17,967 20,950 84.34
85.34

Millet 1500.0 Straws
Empty bunches

2212.5
2405.4

1.48
0.31

2.7
6.5

94.1
73.5

15,400
16,730

34.07
40.24

Maize 11,192.0 Cobs
Husks
Stalks

11,192.0
2798.0
27,308.5

1.00
0.25
2.44

1.6
34.4
6.3

84.3
55.2
73.4

25,330
18,135
17,740

283.49
50.74
484.45

Groundnut 2420.0 Husks/
shells

1899.7 0.79 3.1 68.1 15,958 30.31

Cowpea 3410.0 Shells 5285.5 1.55 5.9 75.3 17,900 94.61
Coffee 1.6 Husks 1.6 1.00 0.9 72.0 16,000 0.03
Coconut 288.6 Husks

Shells
291.5
118.3

1.01
0.41

0.5
4.0

74.9
70.5

13,515
17,700

3.94
2.09

Cocoa 328.2 Husks 492.3 1.50 10.5 67.8 15,119 7.44
Cassava 59,485.9 Peels

Stalks
37,773.5
35,691.5

0.64
0.60

11.7
5.7

59.4
76.0

16,400
17,000

619.49
606.76
3635.95
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of the related crop, residue to production ratio (RPR) and 
energy content. All these residues have high energy poten-
tial which greatly contributes to the economy of Nigeria as 
a nation especially residues from rice, maize and cassava. 
The estimated total energy potential derived from the agri-
cultural crop residues is 3635.95 PJ. According to Ben-Iwo 
et al. [30], the use of crop residues such as bagasse, straw 
and stalk for biogas production is positively contributing 
food into the market since only crop residues are employed 
as feedstock for generation of biofuel.

6 � Biogas production potential from kitchen 
or food wastes

Aliyu [55] studied biogas potential of food wastes and fruit 
wastes within the Kaduna metropolis, Nigeria. The result 
of the study revealed that the highest biogas was produced 
by yam peels (89.37 mL/week) while the lowest biogas 
was produced by orange peels (18.26 mL/week). The study 
also revealed the range of mean values of biogas produced 
for all the food wastes as 32.15–92.43 mL/week while that 
of all fruit wastes is 18.26–36.20 mL/week. Longjan and 
Dehouche [47] in their work extracted waste fractions from 
local Nigeria food processing methods. The food wastes 
include yam peels, cassava peels, cocoyam peels, plantain 
peels, corn cob, egusi shell, beans skin, groundnut shell and 
ugwu stalk. The study showed that samples used have their 
methane potential varied ranging from 35 to 460 m3/tonnes 
on fresh weight and volatile solid basis of (5.4–6.2) × 105 
m3/kg. It was also shown that methane potential is between 
51 and 58% of biogas generated while the energy potential 
from the food wastes was 31 TWh/year which can meet up 
energy demand of Nigerian households of about 47 million. 
In Benin metropolis, Nigeria, food waste of about 305.075 
tonnes is generated per day which yields biogas of about 

28,836.91m3/day (49.023 MW of electricity/day) accord-
ing to the study carried out by Akhatoret et al. [72]. With 
this quantity of biogas produced per day, energy demand 
of about 24,076.91 households in Benin can be met daily. 
Therefore, production of biogas from kitchen/food wastes 
using anaerobic digestion technology is very feasible in 
Nigeria.

7 � Biogas production potential from sewage 
and industrial waste

Both the sewage sludge or industrial wastewater can be 
treated using anaerobic digester for the production of biogas. 
Hanum et al. [73] and Makisha and Semenova [74] stated 
that among all the waste treatments, anaerobic digestion 
process which is efficient, economical and environmental 
friendly is employed for sewage sludge treatment. In Nige-
ria, anaerobic digestion of sewage and industrial wastewa-
ter have not been popular as most industries disposed their 
wastes into rivers [30]. Therefore, Nigeria as a country needs 
to look into sewage and industrial wastes management using 
anaerobic digestion in order to maximize them. Some of the 
previous researches on anaerobic digestion of sewage and 
industrial wastes in Nigeria are discussed as follows: Ade-
niran et al. [75] evaluated the average biogas production rate 
from the domestic wastewater collected from the University 
of Lagos, Nigeria with population of about 55,000 to be 
641.83 ± 88.26 m3/day. In an anaerobic treatment of petro-
leum sludge from petroleum industry carried out in Nigeria 
by Sampson [76], 5000 m3 (200 g) of petroleum sludge pro-
duced 10,500 m3 of biogas daily. This implies that for 16 
days retention time, 1 g of sludge could produce 840 m3 of 
biogas. Due to its potential for biogas production, Nigeria 
industries are to be encouraged to stop petroleum sludge 
incineration and embraced anaerobic digestion of sludge 

Fig. 2   Heat contents of some 
selected crop residues [6]
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as it could produce large amount of biogas. Ofoefule et al. 
[77] studied biogas production potential using waste paper 
collected from the University of Nigeria, Nsukka printing 
press. The cumulative biogas yield was 6.23 ± 0.07 dm3/
kg of slurry.

8 � Current barriers for deployment 
of anaerobic digestion technology 
in Nigeria

Though, there are various technologies for production of 
bioenergy for heat and power generation in Nigeria, but the 
deployment of these technologies in most African nations 
including Nigeria has achieved little success [43]. Accord-
ing to Oyedepo et al. [34], Nigeria bioenergy generation 
technologies are at research level, some are at demonstration 
stage while few at commercial stage. Adoption of bioenergy 
technologies in Nigeria is hindered by some barriers which 
cause failure and low level implementation of bioenergy 
technology development in Nigeria. These barriers are as 
enumerated in the following sections:

8.1 � Limited access to funding

Kemausuor et al. [43] stated that acquiring a biogas plant 
involves huge amount of investment in terms of operation 
and maintenance costs. Average Nigerians in rural commu-
nity depend on subsistence farming for living, the income 
accruable from such farming operation is not sufficient to 
acquire biogas plant. Hence, one of the most challenging 
barriers to uptake and develop bioenergy technologies in 
Nigeria is insufficient finance, since loan facilities and gov-
ernment incentives to farmers are not adequate. Therefore, 
only the rich farmers have the financial capacity to acquire 
biogas plant [28]. Financial institutions, including the 
Central Bank of Nigeria, are not willing to make financial 
packages available due to high risks and experiences of low 
recovery [43].

8.2 � Limited technical know‑how and infrastructural 
barrier

In Africa, there is a fair technical experience about family-
sized biogas systems, but this cannot be said of commercial 
biogas systems due to their large capacity and complexity. 
Higher skills and expertise are required for the conception, 
design, construction and management of commercial biogas 
systems. The origin of technical and infrastructural barrier 
of biogas deployment in Nigeria is the feedstock supply. The 
poor transportation system in Nigeria is capable of distrupt-
ing feedstock supply chains to the site of operation [43]. 
Also, government failure to support bioenergy technology 

via energy policy, improper information dissemination on 
economic feasibility of bioenergy technology, inadequacy 
in research and development activities, lack/inadequate 
resource data, substandard product quality, many unresolve 
engineering problems, inadequate human and manufactur-
ing capacities, lack of information on advanced production 
techniques and many more are some of the setback recorded 
on deployment of bioenergy technology. The setback in the 
bioenergy sector has dwindled the interest of many Nigerian 
engineers in the sector. The cummulative effect is limited 
knowledge in bioenergy technology design, maintenance 
and applications.

8.3 � Poor grid network

Another critical issue affecting the deployment of biogas 
technology in Nigeria is poor grid network. Grid infrastruc-
ture in Nigeria and some parts of Africa is not robust and has 
posed serious challenge to the existing power plants. It also 
affects the capability of grid network to access renewable 
energy power plants.

8.4 � Lack of adequate policy and legislative 
framework

The growth of Nigeria Energy Sector has been retarded 
due to lack of enabling legislation for the implementation 
of clean energy policies. Lack of policies and legislative 
framework can slow down the implementation of reliable 
and efficient biogas technology [13]. Presently, Nigeria as 
a nation does not have a well-detailed policy on bioenergy 
technology development, and according to Oyedepo et al. 
[34] successful implementation of bioenergy technology in 
a country requires well-formed policies. With well-formed 
policies together with enabling legislation in a well-regu-
lated economy, biogas project with best international design 
practices, for securing efficient and effective enforcement 
and compliance with environmental laws will be promoted 
[11]. To develop a feasible bioenergy technology in Nige-
ria, strong and supportive policy, a firm legal, regulatory 
and institutional framework is required. In addition, both 
the private and public institutions need to be encouraged to 
make their own policy so as to promote the use of energy 
efficiently.

8.5 � Lack of proper awareness

The attitude and perception of many people in Nigeria about 
biogas technology are not encouraging. This is due to poor 
information dissemination strategies compounded with 
low levels of education of people living in rural areas of 
the country and lack of access to modern day media. Also, 
awareness created about biogas technology and its benefits 
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is not adequate. Most farmers and processing industries are 
ignorant of “energy generation and waste management” as 
the benefits and opportunities created by bioenergy technol-
ogy [43]. Implementation and optimal operation of renew-
able (or bioenergy) energy systems in any country become 
difficult if the prospective end users are not well informed 
about their potential. The rural dwellers find it difficult to lay 
hands on relevant information about biogas technologies, so 
they are contented with their well-known traditional ways of 
generating energy. If biogas technology is to be sustainable, 
all forms of communication channels are to put into use for 
proper awareness on the benefits of employing biogas tech-
nology for energy generation.

8.6 � Market barrier

Biogas competes in rural areas with traditional solid biomass 
such as firewood and animal dung which are cheaper and 
readily available to use as fuel for cooking. In urban centres, 
there is competitiveness between biogas and low-price elec-
tricity from coal and natural gas-fired power plants. Due to 
fixed feed-in tarrifs support from government, electric power 
generated from renewable sources such as hydro, wind and 
solar is cheaper than bioenergy generated from anaerobic 
digestion technology. That is, cost of electricity from biogas 
technology is higher than that of other renewable sources. 
Furthermore, other waste treatment technologies like com-
posting and vermi-composting which can also be employed 
for treatment of organic municipal and industrial waste com-
pete with anaerobic digestion technology.

8.7 � Waste segregation barrier

Waste segragation is one of the major barriers to biogas 
technology adoption in Nigeria due to the non-availability 
of enough space inside homes for the segretation of wastes 
at source. Most Nigerians’ buildings are small in sizes 
and not properly designed to accommodate more than one 
waste container. This is a barrier to segretation at source and 
impedes the success of biogas technology. Also, scavengers 
who are looking for cans, irons/metals and plastics make 
segragation of wastes at source difficult as they disorganize 
and steal the segregated wastes at segregation points. There-
fore, penalties need to be formulated to prevent the theft of 
segregated wastes by the scavengers.

9 � Current trend and recent issue and future 
prospect of biogas production 
from agriculture, municipal solid 
and industrial wastes

In the past, many researchers had carried out anaerobic 
digestion of agricultural, municipal solid or industrial 
wastes for biogas production. Though, anaerobic diges-
tion of industrial waste has not been that popular in Nige-
ria [30], but it has been reported that mono-digestion 
of any of agricultural waste, municipal solid waste and 
industrial waste could result in process instability and low 
biogas yield. This is due to either the presence of exces-
sive nitrogen or carbon nutrients, volatile fatty acid (VFA) 
accumulation, heavy metal concentrations and so on. The 
performance efficiency of anaerobic digestion process can 
be improved via co-digestion of any of agricultural waste 
with municipal solid waste or industrial waste so as to 
establish nutrient balance and buffering capacity of the AD 
process for biogas enhancement. Co-digestion balances 
micro- and macro-nutrients, attenuates substrates inhibi-
tory effects, raises organic loading that yields more biogas 
per unit volume of the reactor and synergizes the micro-
bial consortia with substantial effect on methanogenesis. 
Therefore, future researchers should consider co-digestion 
of two or more wastes with characteristics that comple-
ment each other in order to achieve system stability and 
improve biogas yield.

In the last 20 years, anaerobic digestion of wastes has 
gained lots of attention all over the world. This is because 
it requires low energy for its operation, proffers solution 
to waste management problems, produces biogas which is 
renewable energy and very easy to implement. However, 
for its efficient performance, wastes treatment by anaerobic 
digestion depends on several operating conditions such as 
pH, hydraulic retention time (HRT), mixing ratio, organic 
loading rate (OLR), temperature and so on. If any of these 
operating parameters are not within the optimal range, low 
biogas/methane will be yielded [78]. Hence, in order to 
improve biogas yield from anaerobic digestion of waste, 
optimal values of these operating parameters need to be 
attained. Yusof et al. [79] stated that conventional method 
where a single variable factor is varied and other factors 
are kept constant at a given condition is laborious and 
time-consuming. Future works should employ statistical 
optimization methods such as response surface methodol-
ogy (RSM) and artificial neural network (ANN) instead of 
conventional method to obtained optimal values of param-
eter operating conditions.

Over the years, attention has been shifted to exergetic 
analysis of anaerobic process. Exergy helps to quan-
tify system irreversibilities but quantification of system 
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irreversibilities alone is not enough to determine the costs 
of the physical flow of the plant. Exergy analysis does not 
reveal the exergy cost related with individual stream and 
component in the absence of real-world economic con-
straints. Therefore, it is necessary to establish accounting 
framework which will cover both the exergy and economic 
aspects of waste-to-energy projects. Future researchers 
should consider an exergoeconomic analysis (which is 
an exergy-aided cost accounting approach) of anaerobic 
digestion wastes. This will bring about invaluable insight 
on products cost and hotspots for the cost losses.

10 � Conclusion

This review work reveals different biomass resources avail-
able in Nigeria and the potential to use these resources to 
meet high energy demand in the country if properly har-
nessed. The recurrent fuel scarcity and increase in demand 
for clean energy should serve as a “wake up call” for Nigeria 
to maximize its use of biomass resources which are abun-
dantly available for diversification of fuel supply. The major 
sources of biomass resources are agriculture, municipal 
and industry. The results from this study show that animal 
manure of 227,500 tonnes/day, agricultural crop residues of 
83 million tonnes/year and petroleum sludge of 5000 m3/
day respectively generated biogas of 6.8 million m3/day, 
4.98 billion m3/year and 10,500 m3/day. The total energy 
potentials for agricultural crop residues and animal manure 
are 3635.95 PJ/year and 450.48 PJ/day, respectively. Based 
on these results, agricultural, municipal solid and industrial 
wastes alone have the capacity to produce on annual basis, 
energy which is enough to sustain and meet the demand of 
the nation. Though, industrial waste has not been properly 
harnessed when compared with other sources, nevertheless, 
biofuel from agricultural, municipal solid and industrial 
wastes has potential to meet energy requirement for house-
holds, hostels, farms, industries and other units that gener-
ate sizeable amount of organic wastes in Nigeria. Previous 
researchers have worked on biogas production potential from 
agricultural wastes, municipal solid waste and industrial 
waste but there are some gaps to be filled. Future investiga-
tions should centre on optimization of operating parameters 
using statistical optimization methods. Exergoeconomic 
analysis of anaerobic digestion of agricultural, municipal 
solid and industrial wastes should be carried out so as to 
improve the system performance and give deep understand-
ing on hotspots for cost losses.
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