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Abstract: Management of waste streams from abattoirs is a major challenge in developing countries.
Harnessing these wastes as resources for the production of biogas and biofertilizer could contribute
to curbing the environmental menace and to addressing the problems of energy and food deficits
in Nigeria. However, large scale uptake of the technology is faced with techno-socio-economic and
the lack of data required for effective investment decisions. In this study, the potential use of waste
generated in the north central region of Nigerian abattoirs, representing approximately 12% of the
land and 6% of the population, were evaluated for suitability for biogas and biofertilizer production.
Data acquired from the study sites were used for computational estimation and integrated into
strengths, weaknesses, opportunities, and threats (SWOT) analysis to give a detailed overview of the
prospects and the limiting factors. The study revealed that high investment costs and public subsidies
for fossil fuels are the key limiting factors while the prospects of tapping into the unexploited carbon
markets and multiple socio-economic and environmental benefits favors investment. Public supports
in the form of national policy reforms leading to intervention programs are required for progress.

Keywords: abattoir wastes; biogas; biofertilizer; anaerobic digestion; environmental pollution

1. Introduction

Due to increasing population and standards of living, energy production in Nigeria and CO2

emission increased from 146.3 million tons of oil equivalent (Mtoe) and 28.06 Mt of CO2 in 1990 to
239.77 Mtoe and 85.09 Mt of CO2 in 2016 respectively [1], Figure 1. The greatest part of the primary
energy mix is from biomass and wastes contributing 82.2% while oil, natural gas and hydropower
contributes meager values of 10.6%, 6.8% and 0.4% respectively [2]. On the other hand, land use
and forestry contributed the most CO2 emission (38.2%) followed by energy (32.6%) with wastes,
agriculture and industrial processes contributing 14%, 13% and 2.1% respectively [3]. Like other
African countries, where only about 36% of the population has access to electricity [4], electricity deficit
is a challenge in Nigeria. Although the total installed capacity for electricity generation from power
plants is 12,067 MW, actual generation was only 3941 MW in 2015 [3]. Some of the challenges facing the
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electricity supply sector that leads to this under-delivery include shortage of gas, poor maintenance,
inadequate regulations or inability to enforce them and vandalization of energy infrastructure [3].
In the absence of electricity and high cost of fossil fuels like cooking gas (LNG) and kerosene, most
people turn to wood fuel and agricultural residues as energy sources for cooking. Additionally, the
level of food insecurity in Nigeria has steadily increased since the 1980s, rising from 18% in 1986
to about 41% in 2004 [5]. Sub-optimal supply of agricultural inputs, especially fertilizers, is one of
the key challenges leading to persisting food insecurity [6]. Unfortunately, the current major source
of fertilizers in Nigeria is fossil based. Application of synthetic fertilizers contributes significantly
to greenhouse gas (GHG) emissions [7,8]. Wastes from abattoirs contribute significantly to possible
foodborne disease hazards and have adverse effects on air quality, agriculture, potable water, and
aquatic life [9]. Uncontrolled disposal of the wastes results in methane (CH4) emissions from the
manure, untreated organic wastes and wastewater. The current waste disposal practices in most
abattoirs in Nigeria is to dump rumen content and other solid wastes at nearby designated sites while
the liquid phase resulting from washings are allowed to flow into the drains [9–12]. However, animal
by-products from slaughterhouses could be processed by anaerobic digestion (AD) to simultaneously
produce methane for energy and nutrient rich effluent as biofertilizer [13], which may be a way of
curbing the menace of such wastes in many cities in Nigeria [14]. Biogas and biofertilizer production
from abattoir waste streams could contribute to lowering fossil fuel and inorganic fertilizer applications.
This will also provide an efficient waste recycling method, thereby lowering GHG emissions from open
manure storage [15]. Biogas is a valuable source of energy with varying applications such as electricity
generation, lighting, cooking, and transportation [16]. The spent substrate is a very useful biofertilizer
and can be used to offset the financial as well as the environmental costs associated with the use of
mineral fertilizers [15,16]. Sustainable and efficient biogas and biofertilizer production from such
waste recycling is a promising method towards attaining a circular economy. These facts support the
need to invest in efficient recycling method like AD, to process wastes streams generated in abattoirs
as a means to curb the environmental hazards as well as provide valuable materials from renewable
resources to contribute in meeting energy and food needs.
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Figure 1. Energy production and CO2 emissions between 1990 to 2016 in Nigeria (source: [1]).

Several experiments have demonstrated success in converting abattoir wastes by AD into biogas
and biofertilizer [17,18], as well as its potency in reducing environmental pollution problems associated
with abattoir waste disposal. The GHG emission reduction potential could be determined using
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mathematical computation given by the Intergovernmental Panel on Climate Change (IPCC) [19],
Joint Global Change Research Institute (JGCRI) [20], and Tolera and Alemu [21]. The AD process
could also be improved by applying enzymes to produce animal feed from fibrous agricultural wastes
like sugarcane bagasse and wheat straw for improved bio-utilization of nutrient contents and the
biodegradation of fibrous feeds [22]. In a study by Klintenberg et al. [23] in Namibia, an AD process
using a combination of manure, blood, and stomach contents similar to the proportions in abattoir
waste generated the highest biogas cumulative output compared to other sampled combinations.
Ware and Power [24] demonstrated in Ireland that mixed waste streams from cattle slaughterhouses,
consisting of 28.4%, 41.0%, and 27.3% fats, carbohydrates, and proteins, respectively are viable for
producing high levels of CH4. Other studies in Nigeria revealed that abattoir substrates have a low
concentration of toxic substances, which would inhibit the process, ultimately resulting in high CH4

output, suggesting that the substrates are suitable for biogas production [25,26].
The idea of converting abattoir wastes to produce biogas and biofertilizer has long been pursued

and is increasingly relevant in sustainability. For example, TekniskaVerken in Linkoping, Sweden has
long term experience in handling large volume of slaughterhouse wastes for biogas production [27].
Through sustained efforts on research and development by this company, several improvements
have been recorded including better odor control, higher organic wastes loading rate, higher biogas
quality and yields [27]. Svensk Biogas AB (SvB) operates a co-digestion plant for slaughterhouse waste
for biogas production in which the input from slaughterhouse waste ranges from 35% to 75% [27].
The plant which began in 1996 increased from annual capacity of 55,000 tons to 100,000 tons in
2010. Underpinning the success of this company is the continuing research on biogas production by
the company in association with Linkoping University and the Swedish University of Agricultural
Science [28]. Despite the several benefits and demonstrated experiences for biogas and biofertilizer
production from abattoir wastes, large-scale development of the technology in Nigeria is still at a
nascent stage [29]. The reasons for the present lack of uptake of this technology have not been analyzed,
and therefore, require investigation. The question around using “slaughterhouse waste for biogas
and biofertilizer production” is a multi-dimensional one and requires a methodology that allows
systematic investigation of such multi-dimensional issues. The issues include questions regarding the
local situation on energy access, resource depletion, climate change mitigation, feedstock availability
and terms of accessibility, current use of feedstock that may compete with the proposed biogas plant
and space to accommodate biogas plant in close proximity to the source of wastes. Further to these, is
the economic demand side for the products (fertilizer and electricity) All these need to be investigated.
In addition, socio-economic and environmental considerations are critical in understanding the barriers
against uptake of the technology. Thus, the research questions this study attempts to address are:

i. What is the potential for biogas and biofertilizer production using abattoir wastes in Nigeria?
ii. What are the socio-economic and environmental merits and demerits of adopting

this technology?
iii. Why the very low level of the development and adoption of the technology in Nigeria?

Consequently, the objective of this study was, therefore, to evaluate the possibility of biogas and
biofertilizer production from waste streams in Nigerian abattoirs. The adoption of this technology
could be limited by economic, environmental, social, and ethical constraints. Due to complexities in
implementing biogas projects, wide range of factors related to biogas system analysis, site-specific
properties and the local community situations must be considered to provide workable information
for decision-making in specific localities. Suitable tools are required to ensure a well-thoughtout
analysis of the factors that affect biogas systems, to ensure informed decision-making. Several tools
have been used for such analyses. For instance, the Political, Economic, Social, Technological, Legal
and Environmental (PESTLE); the Technique for Order of Preference by Similarity to Ideal Situations
(TOPSIS); the Analytic Hierarchy Process (AHP); and the Strengths, Weaknesses, Opportunities and
Threats (SWOT). Among these, SWOT has the advantage of combining some elements of the other
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methods, making it more comprehensive. Therefore, in this study, strengths, weaknesses, opportunities,
and threats (SWOT) analysis was selected as the tool for initial assessment of the techno-socio-economic
benefits and risks of biogas production from abattoirs in Nigeria. The analysis is targeted at identifying
internal strengths and weaknesses as well as the external opportunities and threats that can endanger
biogas production from abattoirs in the selected case study in Nigeria. To avoid the limitations of
SWOT, which only provides qualitative descriptions [30,31], we incorporated tangible and measurable
data from the selected case study sites to provide a comprehensive view of the possibility of biogas
and biofertilizer production from abattoirs in Nigeria. The case study sites were the abattoirs in the
Federal Capital Territory (FCT)-Abuja, and Niger and Nassarawa States.

2. Materials and Methods

2.1. Study Location, Data Collection Method and Quantifications

Description of study sites: The study sites were in the north central region of Nigeria. The
selected sites included Karu abattoir in the FCT-Abuja, Minna and Suleja abattoirs in Niger State, and
Lafia abattoir in Nassarawa State (Figure 2). The total land area of the study location is 110,795 km2,
which represents 12% of Nigeria’s land area. The population in 2015, projected from the 2006 census,
was 11 million, thus representing 6% of Nigeria’s population. The region produces livestock (cattle,
sheep, and goats), and is among the leading Nigerian producers of some crops such as cassava, rice,
yam, melon, plantain, and banana.
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Source—Google maps.

Data collection/collation approach: We initially developed and distributed a questionnaire to
identify the types and number of animals slaughtered per day. We then visited each study site to gain
information on their production and administration. In addition, the local situation such as current
energy sources, current use of the wastes, available facilities for waste disposal, waste disposal methods
and effects on the environment were assessed for each study site. The volume of wastes generated and,
hence, other parameters were calculated from the data of the number of animal slaughter acquired
from the survey. Generally, the mathematical computations used in this study were in accordance with
acceptable standard coefficients and measurements.
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Feedstock generation potential/estimation methods: Based on the primary data of the average
daily slaughters acquired from the respective study sites, the annual slaughters, total wastes and
potentials were determined. For estimating the quantity of waste from abattoir which could be utilized
for AD, a coefficient of 35% of the body weight of the animal slaughtered has been used by the World
Bank 1998 and Akinbomi et al. 2014 [32]. The waste generated by each animal was therefore taken as
35% of its body weight; for cattle, the average body mass used was 353 kg, while the corresponding
numbers for sheep and goat were 33 and 23 kg, respectively [32]. Waren and Power (2016) used
193.37 kg/head of cattle [24], a value higher than 35% of 353 kg used for cattle in this study. The value
35% of the body weight was deliberately used in this study to avoid overestimation. In this study,
the data obtained for sheep and goats were combined values, as the number of sheep and goats were
not segregated, therefore, an average of 28 kg was used in the estimates for sheep and goats.

Biogas Production Potential and Energy Potential Estimation Methods: Some coefficients used in
estimating biogas and electricity generation potential include: dry matter (DM) which was taken as
15% of total wastes [33], volatile solid (VS) as 96.7% of DM [24], and the biomethane potential (BMP)
was 700 m3/t VS [34]. Provision was made for downtime, to cover the possibilities for maintenance,
unforeseen stoppages, and incubation time before biogas generation began. Based on this, 75% of the
BMP was applied to obtain the overall electricity potential. The electricity potential was based on
3.73 kWh/m3 CH4 [32], using the adjusted BMP.

Bio-Fertilizers Yield Potential Estimation Method: For the biofertilizer potential, only about 60%
VS is converted to biogas [35]. Similarly, VS reductions to a range of 40% to 46% after about 80 days of
AD of some organic substrates were observed by Schirmer et al. [36]. We therefore applied 40% of
VS as the dry matter remaining after the AD process. Thus, potential biofertilizer yield (dry) was by
Equation (1) [29].

PBF (dry) = (DM − VS) + (40%VS) (1)

where: DM = dry mass, VS = volatile solids, i.e., portion of DM that is potentially converted to biogas.
The optimal total solid of the digester was 15% which was used to estimate the bulk density by

applying Equation (2), proposed by Chen [37], from which the volume of the slurry was obtained.

% = 998/(1 − 0.00345TS) (2)

where: % = bulk density (kg/m3), TS = total solids (%); TS ranges from 0–16%. Taking TS = 15%, % =

1052 kg/m3 was obtained and applied.
Estimation of Possible Reduction of Green House Gas (GHG) Emissions: The decrease in GHGs

by the production of biogas from abattoir waste was calculated using the mathematical computational
method developed by IPCC and applied by Tolera and Alemu [21], expressed as GHG reduction
potential of AD equal to the estimate of GHG emissions from dumping sites minus the estimate of
GHG emissions from AD:

GHG Emission =
⌊
((Q×DOC×DOCF× F1× 1.336) − R) × (1−OX) × 25

⌋
(3)

Estimation of cutback of GHGs using AD for biogas production:

GHGr =
⌊
((Q×DOC×DOCF× F1× 1.336) −R) × (1−OX) × 25c −

∑
(Qj× EFj) (4)

whereby ([(Q × DOC × DOCF × F1 × 1.336) – R] × (1 − OX) × 25) is the GHG emission potential of the
dumping sites and

∑
(Qj × EFj) is the GHG emission potential of the abattoir waste AD production

plants for biogas factoring in the CH4 global warming potential used to convert the quantity of methane
emitted to the carbon (iv) oxide in equivalence (CO2 eq) from the quantity of abattoir waste produced.
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The variables are defined as follows:

Q = the quantity of slaughterhouse waste from waste records (t/kg);
DOC = the degradable organic carbon expressed as a proportion of abattoir waste with default value
(DV) = 0.12;
DOCF = the fraction of degradable organic carbon dissimilated for the abattoir waste whose DV = 0.7;
F1 = the fraction of methane produced from dumping sites, DV = 0.50;
The value 1.336 is the rate that carbon is being converted to methane;
R = annual recovery of methane, quantified in tons (here no recovered methane);
OX = the oxidation factor, DV = 0.1 for well-managed and DV = 0 for unmanaged);
The value 25 is the CH4 global warming potential;
Qj = the amount of the given type of waste j (here is only abattoir waste);
EFj = the biogas emission factor of the given waste type j, DV = 0.02 kg CO2 eq.

Estimation of Biogas Equivalence of Fossil Fuels: Amigun and Blottnitz [18] and B-Sustain’s [38]
provided a comparative energy value estimation which showed that 1 m3 of biogas is equivalent to
coefficient factor of 0.45 kg liquefied petroleum gas (LPG), 0.6 kg kerosene (K), 0.4 kg furnace oil (FO),
0.7 kg petrol (P), 0.5 kg diesel (D), or 3.50 kg firewood(FW) in the same activities.

Biogas Equivalent of a given

Fossil Fuel =
∑

CFF × BV

where CFF is coefficient factor of any fuel as given above; BV is the biogas volume produced.

2.2. SWOT Analysis

Due to complexities in implementing biogas projects, various assessment methodologies have
been applied [39]. In view of the wide range of factors related to biogas system analysis, site-specific
properties and the local community situations must be considered to provide workable information
for decision-making in specific localities. Suitable tools are required to ensure a thorough analysis of
the factors that affect biogas systems for informed decision-making. Several tools have been used for
such analyses. For instance, the Political, Economic, Social, Technological, Legal and Environmental
(PESTLE) tool is widely used to analyze the prospects and potential risks and screen the external
marketing environment of an investment or a company [40]; the Technique for Order of Preference by
Similarity to Ideal Situations (TOPSIS) grades the alternatives with respect to their geometric distance
from the positive and negative ideal solutions [41]; the Analytic Hierarchy Process (AHP) applies
mathematics and psychology to organize and analyze complex decisions [42]; and the Strengths,
Weaknesses, Opportunities and Threats (SWOT) is a tool for auditing a system and its internal and
external environment by building on the strengths and opportunities, correcting the weaknesses and
protecting the threats [43]. Among these, SWOT seems to be the most popular, with its advantage
of combining some elements of the other methods. For example, several aspects of PESTLE are well
captured in SWOT. SWOT is a strategic planning tool, which originated from business management,
and is applied to detect and assess the strengths (S), weaknesses (W), opportunities (O) and threats (T)
of a project or product that is being evaluated. The structure of the SWOT matrix (Figure 3) defines the
strengths and weaknesses of the assessed system as internal characteristics, while the opportunities
and threats are external factors that influence the success or failure of the system [44].
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2.3. SWOT Matrix Development and Identification of Factors

Based on the SWOT matrix framework in Figure 3 and results of the initial site surveys, the various
SWOT factors were identified (Table 1). The steps were as follows:

- Identification of all internal aspects of biogas and biofertilizer production from the abattoirs,
which might influence the project, followed by classification of favorable factors as strengths and
unfavorable ones as weaknesses.

- Identification of external factors that may influence the project, looking at the global and
local scenarios in Nigeria, and classifying the negative factors as threats and the positive ones
as opportunities.

Table 1. Identified SWOT factors for biogas and biofertilizer production using abattoir wastes in Nigeria.

Positive Negative

Internal
Environment

Strengths

• Feedstock availability
• Suitable climate
• Provision of clean energy and

biofertilizer alternative
• Kills pathogenic organisms
• Solves waste disposal problems
• Reduction of GHG emission and

useful for closing carbon cycle
• Existing market for products
• Flexibility for small, medium and

large plant

Weaknesses

• High investment cost
• Lack of continuity in developing

technical proficiency
• Relative novelty, adoption may

face resistance,
sensitization needed

• Lack of access to water
• High protein in abattoir wastes
• Pathogens from

contaminated materials
• Oversimplification of the

biogas system

External
Environment

Opportunities

• Energy deficits and rural settings,
favors decentralization

• Food insecurity and calls for
diversifying Nigeria’s economy

• Improved public health
• Job opportunities
• Increased economic activities
• Synergizes global goals of

climate mitigation
• Public Logistic support

Threats

• Competitive product
undercuts prices

• Low level of understanding of
environmental problems
among citizens

• Too expensive and high
lending rate

• Public subsidies for fossil-based
energy and fertilizer
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3. Results

3.1. State of the Abattoirs Assessed—Quantitative and Qualitative Assessment

A total of four abattoirs, namely, Minna, Suleja, Karu, and Lafia, were evaluated. Based on the
survey, Table 2 shows the raw data of daily slaughter and types of animal slaughtered from which
annual feedstock values were calculated and further analyses were conducted to obtain the electricity
and biofertilizer potentials. Animals slaughtered included cattle, sheep, and goats. However, at Minna
abattoir, occasionally, a few camels were also slaughtered. Suleja had the highest number of cattle
slaughtered followed by Karu, while Karu had the highest number of sheep and goats slaughtered
followed by Minna.

Table 2. Average daily number of animal slaughters from the study sites.

Abattoir Assessed Suleja Minna Lafia Karu

Location/State Niger Niger Nassarawa FCT
Slaughter (Cattle) 180 60 45 135

Slaughter (Sheep and Goats) 19 95 61 650

In each abattoir, there was an animal holding area to keep a few animals for some time, either to
fatten them before they were slaughtered or to house them when the number of available animals
exceeded the number slated for slaughter for the day. Therefore, some animal dung was generated in
the animal holding area during the night. Additionally, fruit and vegetable markets adjoin the abattoirs
at Suleja and Karu, and a cattle market is located near the Lafia abattoir. On the other hand, the Minna
abattoir is strictly isolated for abattoir operations. Thus, besides the wastes generated in the abattoirs,
additional wastes were obtainable from fruit and vegetable markets and the animal holding areas near
the abattoirs.

None of the abattoirs had automated systems for meat and waste processing. The rumen contents
were conveyed using wheelbarrows to the designated dumping sites (Figure 4). There were obvious
stinking smells in the areas. Two of the rumen dump sites were close to streams near the Karu and
Suleja abattoirs. These show a more pronounced danger of surface water pollution, resulting in possible
public health and environmental hazards, especially to the users of water residing downstream.
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In all the study sites, wastes streams are currently not put into use, the wastes could therefore
be made available for AD plants following appropriate discussions and agreements. The authorities
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concerned in supervising the activities of the abattoirs in all the sites expressed similar interest on
the idea of AD plant as means for wastes management and efficient resource utilization. While the
abattoirs in Minna, Suleja and Lafia have abundant land area that could accommodate AD plants near
the slaughterhouses, Karu abattoir has limited land area for this project in the current site. The current
energy source for cooking in the communities in the study sites is not any different to most part of
Nigeria. These are fossil fuel and more often wood fuel that is hauled without replenishing, thereby
leading to deforestation, erosion and degradation of soil quality.

3.2. Estimate of Waste Generated, Biomethane, Electricity, Biofertilizer and Methane Emission Mitigation
Potentials

The raw data obtained from each abattoir were used to estimate the biogas, electricity,
and biofertilizer potentials, and the values are presented in Table 3. In general, as expected, potentials
derivable corresponds to the wastes generated which depends on the type and number of animals
slaughtered per day. As can be seen in the data, wastes contributed by sheep and goats were each less
than 12% at Suleja, Minna and Lafia abattoirs. Only Karu site had a relatively higher contribution from
sheep and goats valued at 28% of the total wastes. Estimate of the total solids and volatile materials
were based on contributions from cattle wastes being the dominant sources, as well as those from
sheep and goats.

Table 3. Estimates of total wastes generated, biomethane, electricity and mitigated methane emission
potentials from the primary data.

Item/Abattoir Suleja Minna Lafia Karu Total

Total no. of annual slaughter (Cattle) 65,700 21,900 16,425 49,275 153,300
Total no. of annual slaughter (Sheep and Goats) 6935 34,675 22,265 237,250 301,125
32TBW—353 kg/animal (103 t/y) (Cattle) 23.19 7.73 5.80 17.39
32TBW—28 kg/animal (103 t/y) (Sheep and Goats) 0.19 0.97 0.62 6.64
32Waste—35% TBW (103 t/y) (Cattle) 8.12 2.71 2.03 6.09
32Waste—35% TBW (103 t/y) (Sheep and Goats) 0.07 0.34 0.22 2.33
Total waste (103 t/y) 8.19 3.05 2.25 8.41 21.89
33DM, 15% of total waste (103 t/y) 1.23 0.46 0.34 1.26 3.28
24VS, 96.7% of DM (103 t/y) 1.19 0.44 0.33 1.22 3.18
34BMP @ 700 m3/t vs. (103 m3) 831.08 309.23 228.20 854.21
75% factor BMP (103 m3) 623.31 231.92 171.15 640.66 1667
32PE @ 3.73 kWh/m3CH4 (kW) 265.23 98.69 72.83 272.61 709.36
Spent slurry in (103 m3) 117 44 33 122
PBF dry, (103 t/y) 0.515 0.192 0.142 0.530 1.378
Vol. of slurry added daily (m3) 320 121 89 334
26Digester Capacity, 14 days HRT (m3) 4500 1700 1250 4700

TBW total body weight, TS total solids vs. volatile solids, BMP biomethane potential, PE potential electricity based
on 75% BMP, PBF DM potential biofertilizer dry matter. 32Akinbomi et al. 2014, 24Ware and Power 2016, 33Deublein
and Steinhauser 2008, 34Schnurer and Jarvis 2010), 26Rabah et al. 2011.

Suleja and Karu that are near Abuja had higher number of slaughtered animals which is likely
to be attributed to higher human populations given the influx of people to Abuja. Therefore, it is
expected that big cities like Lagos, Onitsha, Kano and Port-Harcourt would have very high number of
animals slaughtered. Although detailed estimates of wastes generated in the proximity of the study
sites are beyond the scope of this study, the idea of combining other biodegradable wastes with the
wastes from the abattoirs may prove useful. Besides increasing the volume of materials for processing
for the benefits of economy of scale, using a variety of substrates is known to increase biogas yields
and profitability [45].

Estimation of Possible Reduction of GHG Emissions: A model for computation proposed by the
IPCC with default values for the various coefficients and used by Tolera and Alemu [21] was applied
to estimate the values of GHG reduction potential in terms of t CO2 eq, Figure 5. The aggregate GHG
reduction potential by installation of AD plants at the 4 sites is 30.71 t CO2 eq.
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Figure 5. Annual reduction of GHGs (t CO2 eq) using anaerobic digester (AD).

Estimation of Biogas Equivalence of Fossil Fuels: The computation shows that the
1.667 × 106 m3/year of biogas estimated is equivalent to 667 t of furnace oil, 750 t of liquefied petroleum
gas, 834 t of diesel, 1000 t of kerosene, 1167 t of petrol, and 5835 t of charcoal/firewood per year in the
same functions as presented in the Table 4.

Table 4. Estimation of equivalence of biogas potentials with some fossil fuels in the same function.

Abattoir Waste BMP FO 0.4 kg LPG 0.45 kg D 0.5 kg K 0.6 kg P 0.7 kg FW 3.5 kg

(103 t/y) (103 m3) t

Suleja 8.19 623 249 280 312 374 436 2182
Minna 3.05 232 93 104 116 139 162 812
Lafia 2.25 171 69 77 86 103 120 599
Karu 8.41 640 256 288 320 384 448 2242

Aggregate 21.89 1667 667 750 834 1000 1167 5835

BMB is biomethane potentials, FO is furnace oil, LPG is liquefied petroleum gas, D is diesel, K is kerosene, P is
petrol, and FW is firewood.

3.3. SWOT Assessment and Analyses

In general, the quantitative data and qualitative description of the state of the abattoirs evaluated
as presented in Sections 3.1 and 3.2 supports the SWOT factors. A concise presentation of findings
from assessment and analyses of the identified SWOT factors are given below (Tables 5–8) and further
discussed in the Section 4 using the results of our findings and relevant literatures.

Table 5. SWOT factors—Strengths.

Identified Factor Assessment/Finding

Feedstock availability

Karu abattoir had the highest feedstock value (8400 t/y), followed closely by
Suleja (8200 t/y), while the abattoirs at Minna and Lafia had lower values
(3000 and 2200 t/y, respectively). The corresponding digester capacities based
on optimal 15% total solids were 4500, 1700, 1250, and 4700 m3. The total
available feedstock which could be used for production of biogas and
biofertilizer for all the study sites amounts to 21,900 t/y.

Suitable climate

The region, i.e., study sites have characteristic optimum climatic condition for
suitable anaerobic digestion processes. Operating temperature for AD range
between 10 and 55 ◦C, with 35 and 55 ◦C being optimal for mesophilic and
thermophilic digestion respectively [46]. Nigeria has a tropical climate with
temperature ranges between 27–40 ◦C, suitable for the optimal performance
of the digester, with no requirements to use the produced gas for heating the
reactor, unlike in Europe [47].
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Table 5. Cont.

Identified Factor Assessment/Finding

Combined provision of
better alternative energy

and biofertilizer

Capable of generating a combined total of 710 kW. The electricity generation
potentials for Karu, Suleja, Minna, and Lafia abattoirs were found to be 273,
265, 99, and 73 kW capacities, respectively. At the current average rate of 13.5
kg fertilizer per hectare in Nigeria, the 4 study sites have a combined potential
to provide fertilizer for about 100 hectares.

Kills pathogenic
organisms

It has been demonstrated that a number of pathogenic organisms like S.
enterica and M. paratuberculosis are reduced and inactivated in anaerobic
environments [48,49].

Contributes in solving
waste disposal problems

In all the abattoirs, the waste streams exist as a nuisance and managing them
is a key challenge. The wastes could therefore be dedicated to AD in a way
that takes care of interest groups. Harnessing these wastes as resources for
production of biogas for energy and biofertilizer for improved soil fertility
could contribute to curbing the environmental menace and addressing the
problems of energy and food deficits in Nigeria.

Reduction of GHG
emission and useful for

closing carbon cycle

Contributes to reducing GHG emissions emanating from direct disposal to the
fields. Installation of ADs at the 4 sites depicts GHG reduction potential of 30
t CO2 eq.

Existing market for
products

Due to massive deforestation, there is limited forest resources and soil
degradation. The traditional direct use of biomass for fuel is not sustainable.
Moreover, there is increasing interest in more modern options such as cooking
gas.

Flexibility for small,
medium and large plant

The possibility and capability to set up and run a biogas generating plant in
small, medium, and large scales in particular Karu and Suleja abattoirs is
advantageous for efficient use of resources in a sustainable and environment
friendly manner. Minna and Lafia sites are more suited for small and medium
plants to avoid the challenge of feedstock shortage. Yet, there is the benefits of
economy of scale in biogas plant operation where larger capacity plant is
more viable economically [50–52].

Table 6. SWOT factors—Weaknesses.

Identified Factor Assessment/Finding

High investment cost

Chukwuma et al. [51] demonstrated higher value of profitability index for
AD plant with bigger capacity. The cost of investment for AD plant is
relatively high, several millions of Naira [51]. When built as small scales, such
as petite backyard operations, biogas systems tend to be too costly, are hardly
profitable, and rarely make significant contribution to the family or
community [50,52].

Lack of equipment
fabrication facilities for
making the digesters and
accessories

There are no refabricated digesters. For diverse applications ranging from
cooking to electricity generation, there is need to have compatible equipment
and accessories such as gas holder, gas bottles, pressure regulator, water trap,
burner stove and lamp, biogas generating sets and biogas stoves and their
accessories as well as installation materials, user training and after sales
services. Unfortunately, these are lacking in Nigeria.

Lack of continuity in
developing technical
proficiency

No strategic, sustained, and substantial research, development, and training
on building robust technological capacity to set up and run such plants
efficiently. No technical standards and codes for AD installation and
maintenance and no established testing methodologies.
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Table 6. Cont.

Identified Factor Assessment/Finding

Relative novelty,
adoption may face
dislikes, sensitization
needed

Adopting, adapting, and advancing a new technology often requires proper
sensitization, reorientation, and commitment from all stakeholders.
Demonstration of the technology through pilot programs and marketing may
be necessary in case there is the initial reluctance in adopting and adapting to
new techniques and products like these.

Limited of access to water

In all the study sites evaluated, tap water was available only at Karu site but
regular water flow is usually interrupted by incessant power outage. This
inadequate water supply has been noted as one of the challenges grabbled
with by the abattoirs and the neighboring residents.

High protein in abattoir
wastes

The blood and meat trimmings are part of wastes which contribute to high
protein content of the wastes.

Pathogens from
contaminated materials

Pathogens are present in the waste and can also arise from production
processes [53], posing hazards while handling waste inputs to the digester.
Spent substrates such as biofertilizer could also contain pathogens depending
on the incidence of viable pathogenic organisms. in the input and spent
substrates.

Oversimplification of the
biogas system

Considering it simply as a receptacle for wastes and a provider of gas and
fertilizer may likely cause such failures, eventually resulting in deficient
performance, leading to abandonment of the plant.

Table 7. SWOT factors—Opportunities.

Identified Factor Assessment/Finding

Energy deficits and rural
settings, favors
decentralization

Frequent power nationwide and most rural settings do not have access to
electricity and conventional cooking facilities such as LPG (cooking gas),
kerosene, and electricity.

Food insecurity and calls
for diversifying Nigeria’s

economy

Biofertilizer availability could contribute to providing a sustainable solution
to the current food insecurity in Nigeria. Crop yields higher by 11–20%
compared to controls have been reported after the application of spent
digester effluent [54].

Improved public health

Some aerobic organisms are killed by the fermentation process in an anaerobic
environment. Biogas systems could also serve as a better alternative for
management of abattoir waste, which could otherwise be disposed in open
fields forming breeding grounds for pathogenic organisms, therefore
enhancing public health.

Job opportunities
Going by Arnott’s [52] projection, job opportunities for about 790 people
could be generated from AD plants producing a total of 1390 t of dry
biofertilizers at the four study sites.

Increased economic
activities

The time spent for collecting and carrying wood by women and children
could be swapped for education, more productive activities, or simply
recreation and leisure time [55].

Synergizes global goals of
climate mitigation

Estimates by this study shows the aggregate GHG reduction potential by
installation of AD plants at the 4 sites is 30.71 t CO2 eq. Thus, installation of
AD systems could contribute in GHG mitigation by preventing disposal to the
open fields. The use of biogas in place of fossil-based alternatives further
provides avenues for reduction of GHG emissions.

Public logistic support Gaining public support might be easy owing to the socio-economic benefits
associated with AD systems.
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Table 8. SWOT factors—Threats.

Identified Factor Assessment/Finding

High lending/loan rat

Bank lending rates in Nigeria range from 16.91% to 29.26% and include
stringent collateral requirements. This financial predicament may not be
favorable for investing in AD, making it difficult for willing investors to
start such a project despite its prospects.

Public subsidies for
fossil-based energy and

fertilizer

In Nigeria, there are public subsidies for fossil-based energy and chemical
fertilizers. This is a threat to the competitiveness of the AD system.

4. Discussion

4.1. Site Specific Conditions and Effects on Products

For all the sites investigated, wastes from cattle had the largest proportion contributing 99%,
89%, 90%, 72% of the total wastes corresponding to Suleja, Minna, Lafia, and Karu sites respectively.
Although wastes are largely from cattle in all the sites, differences in waste composition due to
contributions from varieties of the animals may influence the chemistry of the digestion processes and
final products. Greater impact due to the differences could be expected from the Karu site which had
the largest contribution from sheep and goats by a value of 28%.

In the following sections, quantitative and qualitative data acquired from the case study are
incorporated into the SWOT analysis to provide insights regarding the possibility of biogas and
biofertilizer production from abattoir wastes in Nigeria.

4.2. Strengths

4.2.1. Feedstock Availability

A vital component of AD is the feedstock, which is readily available in the evaluated abattoirs.
In all the abattoirs, the waste streams exist as a nuisance, and therefore, could be dedicated to AD
following business agreement with the authorities and other interest groups. It is important to secure
official access and also sort out any tax or fees that may be needed to afford uninterrupted access to
the wastes and, as well, gain the logistic support of those concerned. The ministry of agriculture in
each state is the authority in charge. Karu abattoir had the highest feedstock value (8400 t/y), followed
closely by Suleja (8200 t/y), while the abattoirs at Minna and Lafia had lower values (3000 and 2200 t/y,
respectively). The corresponding digester capacities based on optimal 15% total solids were 4500, 1700,
1250, and 4700 m3 corresponding to 265, 99, 73- and 273-kW capacity in terms of electricity potentials
for Suleja, Minna, Lafia and Karu abattoirs, respectively. The specific investment cost per kW or MW
capacity is higher for smaller plants and lower for bigger plants [56], and this favors investment in
Karu and Suleja abattoirs, where higher values of wastes are obtained compared to Lafia and Minna.
Although digester capacities between 20–60 m3 are deemed good enough for small-to-medium scale
business enterprises going by the assertion that a family would consume a minimum of 0.8 m3/d [52,57],
thus, each of the evaluated abattoirs meets the required waste volumes to operate as medium-scale
business enterprises. However, Carlini et al. [50], demonstrated an economy of scale in AD plants
businesses where a larger (1000 kW capacity) plant yielded break-point in 4 years’ time compared to
smaller (100 kW) plant that took 10 years to reach break-point. Similarly, in a study of the economic
viability of AD in 3 selected sites in Anambra state—Nigeria, Chukwuma et al. [51] demonstrated
higher value of profitability index for AD plant with bigger capacity. When built as small backyard
operations, biogas systems tend to be too costly, are hardly profitable, and rarely make significant
contribution to the family or community [52]. The bulk of the abattoir wastes (in slurry form) is water,
with just 15% TS content [24]. In view of this, decentralization of biogas plants to localities generating
the biomass has more advantages than hauling the biomass to a central location [56]. Thus, there is no
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need to transport waste from one abattoir to another. However, in view of the benefit of economy of
scale, possibilities of increasing the economic viability of the system could be explored by sourcing
feedstock from nearby sources, like fruits and vegetable markets, animal holding places, and livestock
farms e.g., poultry, piggery.

4.2.2. Better Alternative Energy Source

Compared to the current biomass, which is inefficiently burnt for cooking by over 81% of Nigerians
dwelling in rural areas, biogas is a better source of energy. At the global level, about three billion
people use biomass for cooking and heating. The biomass is burnt in inefficient cook stoves or used to
fuel open fires [58]. Annually, over 4.3 million premature deaths are caused by illnesses attributable to
household air pollution resulting from this practice [58]. The data of the four study sites indicate that a
total of 1.667 × 106 m3 of CH4 could be generated annually as a clean source of energy. If it’s used
for electricity generation, it will provide a total of 709 kW (6220 MWh/y). A family could consume a
minimum of 0.8 m3/d of biogas for cooking [57], therefore, if the generated CH4 is used as cooking
gas, it could provide for 5709 families at the rate of 0.8 m3/d per family. Thus, there is immense
potential in the use of biogas from abattoir wastes which could contribute to averting the public health
burden attributable to inefficient use of biomass that causes household air pollution. At household
level, the accessories commonly used in places like India and Nepal where biogas is widely utilized
include gas holder, gas bottles, pressure regulator, water trap, burner stove and lamp. However, these
are not available in Nigeria since wide application of the technology is yet to pick-up. With a good
supporting national program, such accessories and pre-fabricated digesters should be part of the tools
for successful dissemination and uptake of the technology.

4.2.3. Ability to Kill Pathogenic Organisms

Improper organic waste disposal could provide breeding grounds for disease-causing organisms
like Salmonella sp., E. coli, and Shigella sp., therefore, proper disposal is advantageous as it improves
public health. Many of these pathogenic organisms are aerobic in nature and are killed by the
fermentation process in an anaerobic environment. It has been demonstrated that a number of
pathogenic organisms like S. enterica and M. paratuberculosis are reduced and inactivated in anaerobic
environments [48,49]. However, AD cannot remove all the pathogens; hence biogas plants in Sweden
that use slaughterhouse waste are required by law to pasteurize their substrate prior to feeding it into
the digester [27]. Although desirable, it is worth noting that pasteurization could increase the cost
of production.

4.2.4. Solution to Waste Disposal Problems

Use of the abattoir wastes for biogas systems provides a sustainable solution to the problem
of waste disposal [59]. Thus, rather than spending money for waste disposal, the waste could be
converted into valuable products (including biogas for energy and biofertilizer for improved soil
fertility). Multiple products harvesting could improve the economy of AD operations. It is worth noting
here, that treatment of digestate from biogas production can also be costly, especially if transported
from far distances. Indeed, several researches have been going on in developing cost-effective processes
for nutrients recovery and components separation from biogas digestate such as nutrient recovery
from digestate and production of tailor-made chemicals, production of organic chemicals by treatment
of effluents, etc. [60]. Separation techniques that have been explored include solid-liquid separation
of digestate, using for example, membrane purification, screw press or centrifuge [60]. Nevertheless,
market leading technology is still to evolve [60].
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4.2.5. Suitability of the Climate

Operating temperature for AD range between 10 and 55 ◦C, with 35 and 55 ◦C being optimal
for mesophilic and thermophilic digestion respectively [46]. Nigeria has a tropical climate with
temperature ranges between 27–40 ◦C, which is perfect for the optimal performance of the digester.
Thus, the extra cost of heating the reactor could be done away with in most parts of Nigeria throughout
the year, unlike temperate regions such as Europe, where 20–30% of gas production is used for
heating [47]. To improve the economy of AD operation, the option of cogeneration or combined heat
and power (CHP) is an appropriate method to be considered. In this method, beside electricity, the heat
generated could be harnessed. This is a well-known technology widely applied in some countries in
the temperate regions like the Sweden, Germany, Italy, etc. where the process heat is converted to meet
household heating needs or provide for the heating needs of some operations/processes like AD. In the
case of a tropical country like Nigeria, the prospects of channeling the heat for industrial drying could
be the future in incorporating the concept of CHP in AD technology development.

4.2.6. Reduction of GHG Emissions and the Use for Closing the Carbon Cycle

AD treatment of wastes to obtain biogas prevents GHG emissions emanating from direct disposal to
the fields, as well, the use of biogas as alternative to fossil-based fuels further contributes in reducing the
release of GHG emissions, thus a climate smart alternative [61]. The additional environmental benefits
in installing ADs are corroborated by the greenhouse gas (GHG) reduction potential, an aggregate value
of 30 ton of CO2 equivalents per year for the study sites. As well, in terms of energy output, the aggregate
value of 1667 × 103 m3 of biomethane potential for the study sites could substitute an average of 750 t
of fossil-based fuels (LPG, kerosene, petrol, diesel) or 5835 t of firewood. The use of digestate can lead
to enhancement of soil carbon content. The biomass used to produce biogas is indirectly derived from
photosynthesis. When burnt, the released CO2 is reabsorbed in subsequent photosynthetic processes.
This presents a closed carbon cycle loop, and thus presents an environment-friendly source of energy.

4.2.7. Existing Market for Products

The increasing population and growing wealth in Nigeria have resulted in a growing demand for
both energy and biofertilizer products. Moreover, there is a deficit with regard to these two products,
and therefore, they are likely to find buyers. In addition to these readily accessible market opportunities,
the feed-in tariff to the national gas grid presents another prospective market outlet. When chemical
fertilizer was introduced in Nigeria some farmers were reluctant in patronizing it, however it became a
sought-after product when positive outcome from initial testers were revealed. Similarly, it is possible
that some farmers may be reluctant to use the digestate, however, positive outcome from initial testers
would likely attract more customers. It is also worth noting that the use of animal dung as source of
biofertilizer is common among farmers in Nigeria especially by mixed farming practitioners, one of
the widely practiced systems in Nigeria. Poultry droppings, cattle, sheep and goats’ dung are already
highly valued fertilizers by many farmers.

4.3. Weaknesses

4.3.1. High Investment Costs

Recently, Chukwuma et al. [51] evaluated the economic viability of biogas plant in 3 selected sites
in Anambra state of Nigeria to be fed using cattle and chicken dung. Based on the estimated volumes of
feedstock to be hauled to central location of each community, plant capacities of 3661.35, 3969.45- and
3546.18-kW electricity for Onitsha North, Njikoka and Dunukofia were projected respectively. The total
cost of investment consisting of fixed cost and variable or annual costs (maintenance, transportation
and operational cost) were 3.895, 4.155 and 3.797 billion Nigerian Naira equivalent to 10.760, 11.478
and 10.488 million USD in that order. In another study of Italian scenario aimed at analyzing the
economic performance of co-digestion plants fed with agro-industrial wastes as a function of installed
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capacity in kW, the study revealed the benefits of economy of scale in biogas plant operation where
larger capacity plant is more viable economically [50]. The study revealed total investment costs of
758,000€, 2.147 million € and 3.217 million € and breakpoints of 10, 5 and 4 years for plant capacities
of 100, 500 and 1000 kW respectively [50]. Although the cost estimate for Nigeria’s scenario by
Chukwuma et al. [51] that indicates 2892 USD/kW for the most viable option seems on the high side,
it is however cheaper compared to Italian scenario by Carlini et al. [50] which gave a value 3667 USD/kW.
From these examples the investment cost for medium-scale biogas systems (which could be operated
profitably), as against a small backyard system (which is hardly profitable), is extremely difficult for
direct investment without some funding facilities to stimulate investment. Unfortunately, investing
in AD does not seem attractive because most people prefer investments with clear financial returns
than the overall environmental and socio-economic benefits. The idea of pro-bono investment is also
unfortunately not common in Nigeria. Thus, the onus lies with stakeholders in the public sector to
develop programs and policies that should stimulate and facilitate investments in this sector. The
public sector should embrace a national biogas program as service offerings of energy provision, water
provision and recycling, waste treatment, and nutrient capture for improved food production which
are valuable inputs to socio-economic development in Nigeria. Leveraging the feed-in tariff policy
in Nigeria, it may be possible to raise the value of AD products so that they could favorably become
competitive with prices of alternative products in the markets.

4.3.2. High Protein in Abattoir Wastes

The blood and meat trimmings in abattoir wastes are high protein content waste products [24,62].
This content could be a source of sulfide formation during the AD process. Accumulation of sulfides
in the digester results in higher concentrations of corrosive hydrogen sulfide (H2S) in the biogas,
ultimately leading to sulfide inhibition of the methanogens [63,64]. In addition to sulfide formation due
to high protein content, ammonia is formed when protein degrades. The presence of ammonia increases
the pH in the digester. If the proportion of wastes from the abattoir is very high, the pH is likely
to increase beyond 8.0 which can be growth-limiting for some volatile fatty acid (VFA)-consuming
methanogens [65]. At such high pH values, the high fermentation rates of proteins and fats are
accompanied by fatty acid accumulation. Additionally, the presence of neutral NH3 in the digester
could be toxic to some beneficial microorganisms as NH3 can easily pass through the cell membranes
of bacteria, disrupting intercellular pH and concentrations of other ions [64]. It is thus desirable
to lower NH3 levels in the high-protein substrate materials during AD. This is an area of active
research for recovery of the NH3 or providing alternative pathways to circumvent the problems [66,67].
Furthermore, at increased pH and temperature, the equilibrium shifts towards toxic NH3 levels, giving
rise to undesired synergistic relationships among the three parameters [68]. Despite these problems,
results have shown that an alternative CH4-producing pathway is activated at elevated levels of
NH3 [69]. Acetate is converted into H2 and CO2 in this pathway by syntrophic acetate oxidizers (SAOs),
followed by the subsequent reduction of CO2 to CH4 by hydrogen-utilizing methanogens. Thus,
through this pathway, methane is produced by selective inhibition of acetate-utilizing methanogens,
as NH3 released during protein degradation [69]. The potentially low C/N ratio of slaughterhouse
waste can be improved by co-digestion with some other feedstock such as manure, sewage sludge,
food waste or straw [34]. Generally, co-digestion with other substrates help by diluting the toxic
components, improving C/N ratio and imparting pH and moisture content adjustments [70,71].

4.3.3. Pathogens from Contaminated Materials

Pathogens are present in the waste and can also arise from production processes [53],
posing hazards while handling waste inputs to the digester. Spent substrates such as biofertilizer could
also contain pathogens depending on the incidence of viable pathogenic organisms in the input and
spent substrates. The survival rate of these organisms in the sludge could determine the need for
additional treatment of the spent substrates. While precautionary measures may be needed in handling
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the wastes, laboratory analysis to test for the presence of pathogenic organisms and ensure process
quality control in the input and output substrates is necessary. Alternative solution to this problem is
to pasteurize the feedstock before AD treatment as done in Sweden and probably some other countries.

4.3.4. Lack of Continuity in Developing Technical Proficiency

Long term success in operating an AD system requires continuity on research and
development—making observations on the go and resolving problems, and policy creation and
implementation regarding hygiene and environmental standards. These are lacking in Nigeria, for
example, there are no technical standards and codes for AD installation and maintenance and no
established testing methodologies. Contributing to these weaknesses is that public institutions and the
legal system are often unable to monitor and enforce the law over the long term [72]. A government
administration that could ensure sanity by enforcing rule of law could support AD to thrive.

4.3.5. Relative Novelty

Adapting to a new technology generally requires sensitization, reorientation, and commitment
from all stakeholders. In some cases, demonstration of the technology through pilot programs and
marketing could solve the initial reluctance in adopting and adapting to new techniques. Such
adaptation necessitates the establishment and implementation of awareness programs, which entail an
additional cost, like releasing a new product in the market. One circumstance that favors adopting and
adapting to AD systems is the decreasing forest resources in which in some cases people travel several
kilometers to hunt for wood fuel. AD system would therefore present an amenable alternative that
could lift off the burden of the hardship faced in scouting for wood fuel plus the negative impacts on
health and environment in its use.

4.3.6. Limited Access to Water

Water availability is one of the conditions that could potentially limit the uptake of AD. In all
the study sites evaluated, tap water was available only at Karu site but regular water flow is usually
interrupted by incessant power outage. This is a depiction of most situations of dilapidated social
amenity infrastructure in Nigeria that need to be addressed to become more investment friendly.
Under normal conditions, the public sector provides such facilities while firms like AD company
only need to pay utility bills. Although each of the study site is situated at municipal areas, with
pipe borne water supply from existing rivers or dams, the water supply is, however, inconsistent.
For example, the nearest dam to Karu is Usman Dam that supply Abuja municipal areas including
Karu. The inconsistency in water supply may be due to power failure, poor maintenance and poor
budget administration of funds allocated for the purpose.

4.3.7. Oversimplification of the Biogas System

A sizable number of AD pilot plants in Nigeria have failed to deliver the desired goals in the past.
The goals of the pilot plant are to demonstrate the process, learn from its working and move to the
stage of application. Oversimplification of the biogas system by considering it simply as a receptacle
for wastes and a provider of gas and fertilizer was likely the cause for such failures, as it eventually
resulted in deficient performance, leading to abandonment of the technology. Most of the biogas
plants established in the past were pilot-scale demonstrations using public funds, lacking the required
follow-up to make it work. For the system to work, there is need for both the contractors (suppliers)
and beneficiaries to work together with a mindset of providing solution. For example, following
instructions, feedback, record keeping, keenly making observations, fixing problems, trying options
etc. are necessary in ensuring that a system works, giving room for further improvement. In case of
any pilot demonstration plants, beneficiaries should be made to have some stakes for better ownership
and commitment. Private sector investment could contribute to resolving this threat.



Recycling 2020, 5, 18 18 of 24

4.4. Opportunities

4.4.1. Energy Deficits and Rural Settings Favor Decentralization

About 70% of Nigerians dwell in rural areas, working as peasant farmers. They have limited
access to modern cooking facilities such as LPG (cooking gas), kerosene, and electricity. Moreover,
only about 36% of Nigerians have access to electricity and power outages are common. These factors
favor decentralization of biogas and fertilizer production in communities where feedstocks are more
readily available, as well, the products generated from AD can be used by the community.

4.4.2. Food Insecurity and Calls for Diversifying Nigeria’s Economy

At the current average rate of 13.5 kg fertilizer per hectare in Nigeria, the 4 study sites have
a combined potential to provide fertilizer for about 100 hectares. Biofertilizer availability could
contribute to providing a sustainable solution to the current food insecurity in Nigeria. Crop yields
higher by 11–20% compared to controls have been reported after the application of spent digester
effluent [54]. In the same vein, the application of spent digester effluent has healing effects on
soil structure, countering the detrimental influence of increasing soil acidity, topsoil erosion, and
micro-nutrient depletion due to long-term usage of inorganic fertilizer [73]. On the other hand, despite
the huge agricultural potential, Nigeria’s economy largely depends on oil. Therefore, there have been
several calls for diversification of Nigeria’s economy. Combining these two scenarios presents great
opportunities for the development of biogas systems.

4.4.3. Improved Public Health

Prevention of organic waste disposal in open fields which could otherwise be breeding grounds
for pathogenic organisms such as Salmonella sp., E. coli, and Shigella sp., by employing AD systems
leads to improved public health. Some aerobic organisms are killed by the fermentation process in an
anaerobic environment. Biogas systems could also serve as a better alternative for management of
human excreta, therefore enhancing public health.

4.4.4. Job Opportunities

Biogas plant construction is labor-intensive and could therefore provide many job opportunities
for business and technical managers, construction masons, plant operators for waste loading, etc.
For example, engineers and technicians with skills in design and construction of biogas facilities
and accessories could become actively employed in this sector were it to be functional. In countries
like Germany and Sweden, biogas is an active sector providing employment for several people.
In Nepal, the Biogas Support Program provides opportunities to people by systematically improving
their skills via training and providing employment to at least 9000 people [55]. There are, therefore,
several untapped job opportunities in this sector in Nigeria.

4.4.5. Increased Economic Activity

The generation of both biogas and biofertilizer will have a positive economic impact. Energy is
the driver of economic activities, nearly every product and service require energy inputs. Availability
of biogas as an alternative for cooking would help women and children who typically spend hours
to hunt and collect wood for fuel. The time spent for collecting and carrying wood by women and
children could be swapped for education, more productive activities, or simply leisure time [55].

4.4.6. Synergies with Global Climate Change Mitigation Goals

The dangers posed by climate change point to the urgency of creating and maintaining sustainable
environment. For this reason, international and national leaders have set targets for climate change
mitigation. For example, the Nigerian Government though the Electricity Regulatory Commission
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(NERC) has put in place a Feed in Tariff (FIT) policy aimed at promoting investment in renewable
energy for power generation to achieve 10% of total energy mix [51]. AD system is one of the options
that could contribute to these goals. Installation of AD systems in the various abattoirs in Nigeria
could contribute in CH4 emissions mitigation by preventing disposal to the open fields. In addition to
this, mitigations of other emissions like CO2 and N2O are also possible. The use of biogas in place of
fossil-based alternatives further provides avenues for mitigation of GHG emissions. Significant impact
could be made in mitigating GHG emissions by a national program that could widen the scope to
cover the states of the federation and by sustaining efforts long into the future for cumulative effect.
Investing in this sector is a step in the right direction especially as it synergizes global climate change
mitigation goals.

4.4.7. Logistic Support from the Public

Given the socio-economic benefits associated with AD systems, securing public support is likely.
For example, the top priorities for most government and development agencies include job creation,
improved access to power, food security, and improving the quality of life of the citizens. These goals
fit well with the benefits accruable by adopting AD technology. This could be a powerful tool in
reaching out to citizens who are in desperate need for solutions to improve the quality of life. In most
cases, these are some of the campaign promises that politicians make to get voted into power, therefore
AD system could be a tool to deliver dividends of democracy to the citizens.

4.5. Threats

4.5.1. High Lending Rate

As the investment cost for AD is prohibitive, bank loans could serve as a possible funding facility.
However, in Nigeria bank lending rates range from 16.91 to 29.26% and include stringent collateral
requirements. This financial predicament may not be favorable for investing in AD, making it difficult
for willing investors to start such a project despite its prospects. However, since investment in this
sector shares synergies with the global goals of food and energy security as well as environmental
sustainability, appropriate policy planning could help to resolve this threat in favor of the technology’s
uptake. Higher rates of AD application experienced in China, India, Germany and Nepal are due to
government supporting policies and financial incentives.

4.5.2. Public Subsidies for Fossil-Based Energy and Fertilizers

Public subsidies for fossil-based energy and chemical fertilizers may threaten the competitiveness
of the AD system. The system does not enjoy a large public support currently, and thus, there is no
level playing ground in financial terms for investing in the technology, rendering it a risky venture.
Besides the subsidies, carbon emissions and soil degradation resulting from the use of conventional
fossil energy sources and synthetic fertilizers respectively, are not accounted for. Thus, conventional
technologies appear superior to cleaner energy options in purely financial terms [72]. Attaching a price
to carbon as an incentive in the event of carbon reduction, as is the case in the Clean Development
Mechanism, can help to tackle part of this problem. In a policy brief by Bassi et al. [74], it was pointed
out that the EU should focus on carbon market as a better strategy than subsidies for low-carbon
renewable energy to achieve further reductions in emissions from power sectors. Further, it was stated
that renewable sources of electricity are becoming cost-competitive with fossil fuels and will soon no
longer need subsidies [74]. Indeed, climate policy incentivizes renewable energy technologies growth
more compared to conventional businesses. As of 2011, no African country has placed a price on
carbon and thus there is no truly level playing field in terms of cost and benefits between conventional
and renewable technologies [72]. However, in 2015, there was a dialogue on adopting carbon pricing
in Lagos, Nigeria, during which the stakeholders endorsed the idea and explored essential modalities.
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The key outcome was the formation of the Carbon Pricing Leadership Coalition Nigeria [75]. Therefore,
this threat can be tackled by keying into global carbon markets.

5. Conclusions

In this case study, a multi-criteria approach was used where quantitative data from the study sites
were incorporated into the SWOT analysis to assess the prospects of AD systems for abattoir wastes
management in Nigeria as a cleaner technology approach. The study established more strengths
and opportunities than weaknesses and threats in favor of uptake of AD technology. The wastes
generated in each abattoir in the study sites meets the required volume to operate as small to medium
scale business enterprise. Furthermore, if AD systems are installed in the four study sites, combined
potentials of about 1.66 × 106 m3/y, 1380 t/y, 709 kW and 30.71 t CO2 eq corresponding to biomethane,
dry biofertilizer, electricity and GHG reduction potentials respectively, are attainable. Larger cities,
such as Lagos, Kano, Kaduna, Ibadan, Enugu, Onitsha, and Port Harcourt, which record more animal
slaughters, will have corresponding higher potentials. Moreover, the prospects of sourcing more
feedstock near any proposed plant, such as chicken droppings, cattle dung, pig droppings etc., from
nearby farmers could enable bigger capacity plants which has better economic viability than smaller
plants. Despite these benefits, there are negative factors in the SWOT analysis such as high investment
cost and the relative novelty of the technology (in the internal environment), as well as high lending
rates and public subsidies for fossil-based energy and fertilizer (in the external environment). Thus, to
make these benefits a reality, the negative factors in the SWOT analysis must be adequately addressed
using political instruments and public policies. The high propensities of surmounting these negative
elements are predicated on the positive factors in the SWOT analysis. The positive factors include
provision of clean energy and spent slurry as biofertilizer, destruction of some pathogenic organisms,
solving waste disposal problems, and existing needs for both biogas and biofertilizer (in the internal
environment). Other factors in the external environment that could incentivize uptake of AD systems
include persisting energy deficits and food insecurity in Nigeria, the prospects for improved public
health, job opportunities, and the fact that the AD system shares synergies with global climate change
mitigation goals, like mitigating GHG emissions. In general, although the study revealed much
potential for investment in AD system to harness the wastes generated in Nigerian abattoirs, a lot needs
to be done to tackle the hindering factors. Based on these findings, the study recommends private
sector investment supported by public policies. Public support in form of national programs with the
mandate of providing coordinated research and development, marketing, technical, facilitating access
to climate funding opportunities, financial supports and framework as well as setting out standards,
codes and regulation for the private sector participation, are required for progress.
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