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Abstract

Kitchen waste from commercial food-service establishments is a largely untapped renewable-energy resource in Nigeria, where
roughly 43.5% of the population lacks access to grid electricity. This study evaluated the anaerobic-digestion potential of kitchen
waste generated at a commercial restaurant in Oleh, Delta State, Nigeria, and the effect of co-digestion with cow dung on biogas
yield and quality. Feedstocks were characterized for pH, moisture content, total solids, volatile solids, ash and carbon-to-nitrogen
ratio, then batch-digested for 40 days in a completely randomized design with three treatments in triplicate: cow dung only,
kitchen waste only, and a 50:50 mixture. Kitchen waste was acidic (pH 5.51-5.62), with 35.68-36.05% moisture, 61.25-61.64%
volatile solids and a C/N ratio of 22:1, whereas cow dung was near-neutral (pH 6.05-6.18) with 80.95-81.32% volatile solids.
Cumulative 40-day biogas yields were 169.4 L (4.24 L/day) for cow dung, 201.8 L (5.05 L/day) for kitchen waste and 243.6 L
(6.09 L/day) for co-digestion. Co-digestion increased cumulative production by 20.71% over kitchen-waste mono-digestion,
raised methane content from 62.1% to 67.2%, and increased calculated methane recovery from 125.32 L to 163.70 L (+30.63%),
equivalent to 4.51 MJ and 5.89 MJ of cooking energy per batch at 36 MJ/m3. All treatments produced gas within the 50-70%
methane band of healthy digestion and above the ~45% flammability threshold. Paired t-tests confirmed significant differences
between the feedstocks for all measured parameters (o = 0.05). Co-digestion of commercial kitchen waste with cow dung offers
a viable, low-cost, decentralized waste-to-energy option for food-service establishments, with the nutrient-rich digestate
available as a soil amendment.
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1. Introduction

The increasing generation of organic waste is one of the
most important environmental and energy challenges con-
fronting Nigeria today. Rapid population growth, urbanization,
changing consumption patterns and the expansion of food-ser-
vice establishments have combined to increase the quantities
of food and kitchen waste generated daily in homes, restau-
rants, hotels, schools and commercial kitchens; when improp-
erly managed, these wastes are disposed of in open spaces,
drainage channels, refuse dumps or water bodies, creating se-
rious environmental and public-health concerns. Yet their pre-
dominantly organic nature makes them a potentially valuable
resource for renewable-energy production rather than a mere
material requiring disposal [29].

The scale of the underlying energy deficit is well docu-
mented. A 2019 report of the National Population Commis-
sion indicated that about 43.5% of Nigerians have no access
to grid electricity, with the deficit most severe in rural areas,
while Nigeria simultaneously generates roughly 42 million
tonnes of solid waste annually, about 60% of the total for sub-
Saharan Africa of which approximately half is biodegradable.
Proximate analyses of Nigerian municipal solid waste confirm
a high organic content of 54.1% and a per-capita waste-gener-
ation rate of 0.49-0.57 kg/day, with modelled methane gener-
ation of 9.85 Gg/yr carrying an energy value of 15 MW/day
in 2014, projected to rise to 33.4 MW/day by 2035 [22]. At
continental scale, the energy potential of all waste generated
in Africa was estimated at 1,125 PJ in 2012, projected to reach
2,199 PJ by 2025, with potential electricity generation of 62.5
TWh in 2012 rising to 122.2 TWh in 2025 under full collec-
tion [41]. Within Nigeria specifically, a state-level assessment
of the waste-to-energy potential of municipal solid wastes via
incineration estimated a total potential of about 3,053 MW
(=28,527 GWh per year), rising to 4,652 MW (=40,753 GWh
per year) in the higher-generation scenario [43], while an anal-
ysis of the organic fraction of municipal solid waste in the
thirty-six state capitals and the Federal Capital Territory esti-
mated about 4.7 million tonnes of OFMSW per year, from
which anaerobic digestion could yield approximately 1.82 bil-
lion Nm?® of biogas annually [4]. A case study of Ilorin me-
tropolis likewise designed the power-generation capacity of a
steam plant convertible from the available combustible waste
fractions [18]. Nationally, the incineration of 27.36 million
tonnes of organic waste per year could generate between 14.52
and 23.08 TWh of electricity annually, rising to 18.69-29.71
TWh if paper and textiles are included [46].

The environmental consequences of diverting this material
to open dumps are severe: uncontrolled dumping of organic
waste causes odour nuisance, disease-vector breeding,
blocked drainage systems and greenhouse-gas emissions,
while kitchens simultaneously bear the rising cost and uncer-
tain availability of conventional cooking fuels. The missed op-
portunity is equally large. Approximately 542.5 million
tonnes of selected organic waste per annum in Nigeria could
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yield about 25.53 hillion m3 of biogas, roughly 169,541.66
MWh of energy and 88.19 million tonnes of biofertilizer,
worth about ¥4.54 trillion (US $29.29 billion), with the po-
tential to displace kerosene and coal for domestic cooking and
cut wood-fuel use by 66%. Similarly, anaerobic conversion of
the country's annual 545 million tonnes of organic municipal
waste could produce over 28 billion m® of biogas, up to
173,458 MWh of electricity and more than 90 million tonnes
of organic fertilizer, while the country's ~227,500 tonnes of
daily fresh animal waste could generate about 6.8 million m?
of biogas every day. Capturing this gas would simultaneously
address a climate liability and an energy deficit.

Anaerobic digestion is the technology best suited to deliver
both outcomes from wet, biodegradable feedstocks. It is a
combustible-gas process in which organic matter is decom-
posed in the absence of oxygen, producing biogas consisting
primarily of methane, the energy-rich component, and carbon
dioxide, with traces of hydrogen sulphide, ammonia, hydro-
gen, nitrogen and water vapour; the methane content usually
ranges between 50% and 70%, depending on substrate, diges-
tion conditions, retention time, pH, temperature and microbial
activity. The technology is not novel, anaerobic digesters
charged with animal manure and municipal organic waste
have operated for decades, from the rural household plants of
Asia and Latin America to the community-scale units of Af-
rica. Treatment technologies for biowaste in low- and middle-
income settings are well established, with reported methane
yields for solid organic waste generally ranging from 0.36 to
0.53 m¥/kg VS and kitchen-waste values of 381-494 mL
CHoa/g VS reported for well-operated systems. Process instru-
mentation and control strategies for anaerobic digestion have
also matured considerably [19].

Kitchen waste, leftover cooked food, fruit and vegetable
peels, spoiled food, grains, fats and other biodegradable resi-
dues is highly suitable for anaerobic digestion because of its
high moisture content, high volatile-solids content and rich or-
ganic composition; it is a particularly energy-rich material
whose calorific value allows methane-production efficiency to
be increased several-fold, which in turn reduces reactor size
and cost. However, its high protein and fat content can cause
problems related to high concentrations of ammonia and vol-
atile fatty acids, and its rapid hydrolysis of easily degradable
carbohydrates makes it prone to acidification [31]. Digestion
processes with food waste as the sole substrate have often
been found unstable, and co-digestion with manure is rou-
tinely recommended because it optimizes the C/N ratio, adds
buffering alkalinity and dilutes inhibitory compounds [31, 49].
Pretreatment of food waste, particle-size reduction, thermal
and chemical methods, has been proposed to overcome these
bottlenecks, but even untreated food waste responds well to
co-digestion [20].
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Figure 1. The four sequential stages of anaerobic digestion.
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content, buffer capacity and the dilution of inhibitory or toxic
compounds. For food waste and cattle manure specifically, an-
aerobic co-digestion at the optimum ratio of 2 enhanced me-
thane production by 41.1% with a yield of 388 mL/g volatile
solids [48]. In mesophilic systems, co-digestion of food waste
and cow manure Yyielded 26% more methane than the sum of
the individual digestions, and reduced volatile fatty acid accu-
mulation relative to food-waste-only digestion [49]. Blending
cattle manure with organic kitchen waste increased biogas
yields by 24-47% over mono-digestion controls, with the
highest yield obtained at 75% organic kitchen waste and 25%
cattle manure [6]. At the regional level, co-digestion of ma-
nure with food waste reduced intermediate accumulation and
lifted methane content from 49% (food waste alone, 520 L bi-
ogas/kg VS) to 58% (504 L/kg VS for a 48% food waste + 52%
manure mix) [21]. Ratio and temperature optimization matter:
in a full-factorial batch study, the highest biogas yield and bi-
omethane potential were obtained at 75:25 food-waste: cow-
dung and 55<C (7,151.67 £11.55 mL and 401.88 +1.98 mL
CHa/g VS), while food-waste mono-digestion at 35<C gave
the lowest (3,291.67 £81.45 mL; 328.28 +4.26 mL CH4/g VS)
[26]. Nigerian evidence confirms that co-digestion of cow
dung and food waste outperforms mono-digestion: it produced
the highest cumulative biogas (mean 2.149 bar vs 1.271 bar
for food waste and 0.997 bar for cow dung), the highest me-
thane content (71.2% vs 66.6% and 61.8%) and the highest
calorific value (480 kcal/m®), with one-way ANOVA confirm-
ing significant differences (F = 10.824, p = 0.00016) [23]. In
Botswana trials, digesters with a higher proportion of food
waste than cow dung produced larger gas volumes (18,756.6
NmL at 2:1 cow-dung: food-waste) [36], and multi-substrate
trials ranked cumulative production in the order food waste +
cow dung + piggery dung > food waste + piggery dung > food
waste + cow dung > food waste alone [35].

» Biogas

outlet
valve

Water-displacement
gas collector

(Source: [29])

Figure 2. Schematic of a laboratory-scale batch biodigester with water-displacement gas collection.

Country-specific benchmarks are especially relevant,

Longjan and Dehouche characterized nine common Nigerian
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food wastes, yam, cassava, cocoyam/taro, beans/cowpea,
egusi/melon, groundnut, plantain, maize and pumpkin-leaf
residues, and reported specific waste indices of 0.2-1.5, bio-
methane potentials ranging from 35 to 460 m? per tonne on a
fresh-weight basis, methane contents of 51-58% of the pro-
duced biogas, and a national energy potential of 31 TWh per
year, sufficient to meet the energy demand of 4.7 x 107 Nige-
rian households [25]. The same authors demonstrated experi-
mentally that yam peel, cassava peel, cocoyam peel and plan-
tain peel, the characteristic food wastes of the Niger Delta can
serve as anaerobic-digestion feedstock, although co-digestion
with water hyacinth reduced the biogas yield [25]. Ina 50 L
fermentor, the mean flammable biogas yield of cassava peels
(2.29 £0.97 L alone) rose to 4.88 +1.73, 5.55 £2.17 and 5.65
+2.62 L when blended with cow dung, poultry droppings and
swine dung respectively, with flammable gas appearing from
day 9 with cow dung against day 59 alone. Pilot-scale Nige-
rian demonstrations confirm the technology outside the labor-
atory: a 3.60 m® household plastic biodigester charged with
kitchen waste and cow dung delivered 0.601-0.505 m®/day
with methane content of 65.65% (p < 0.05) at flaming, enough
to sustain cooking three times a day for a household of 3—4
persons [34]; a 6 m? fixed-dome pilot digesting cow dung and
food waste produced gas containing 59.689% methane with a
stable blue flame; and a 10 m? family-size fixed-dome digester
at Nsukka commenced flammable gas production on day 2,
reached an optimum on day 7, and sustained cooking of three
different foods daily for two weeks [11]. Recent characteriza-
tions of Nigerian cereal, root/tuber and fruit/vegetable wastes
estimate biomethane yields of 577.3 m%/kg VS (52.3% me-
thane, Salim et al., 2025), 501 m®/tonne (52% methane, Salim
et al., 2024) and 864.4 L/kg V'S [38-40] respectively.

A genuine knowledge gap nonetheless remains. Because
kitchen-waste composition varies with menu, food-prepara-
tion methods, customer volume and waste-generation prac-
tices, findings from other locations cannot automatically be
assumed to apply to a specific waste stream. Most published
studies use mixed municipal waste or laboratory-prepared
substrates rather than the waste of an individual commercial
kitchen, and many report, only total gas volumes without me-
thane analysis or full substrate characterization. The aim of
this study was therefore to investigate the biogas production
potential of the kitchen waste generated at Divine Mega
Kitchen, a commercial food-service establishment in Oleh,
Isoko South Local Government Area, Delta State, Nigeria,
through controlled laboratory-scale anaerobic digestion. The
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specific objectives were to:

1) determine the quantity of biogas produced from anaero-
bic digestion of the kitchen waste under controlled ex-
perimental conditions;

2) determine the influence of selected operating parameters,
particularly pH and temperature, on production;

3) assess the methane content of the produced biogas as an
indication of its suitability as a renewable-energy source;
and

4) establish the potential energy value of the biogas and its
possible application in cooking and other appropriate
uses.

The effect of co-digestion with cow dung, an abundant, lo-

cally available co-substrate, on both yield and methane quality
was evaluated within the same experimental design.

2. Study Area

The study used kitchen waste generated at Divine Mega
Kitchen, a food-service establishment in Oleh, the administra-
tive headquarters of Isoko South Local Government Area,
Delta State, Nigeria. Oleh is an important urban settlement
and a commercial, educational and residential centre whose
concentration of restaurants, eateries, food vendors, canteens,
schools, markets and the Oleh campus of Delta State Univer-
sity generates continuous quantities of biodegradable waste;
the town also hosts government establishments such as the
Isoko South Local Government Secretariat and the PHCN of-
fice, alongside several private firms, and its inhabitants are en-
gaged primarily in small-scale trading, farming and civil ser-
vice.

Geographically, Oleh lies approximately between latitude
5°27'N and longitude 6°12'E. The town experiences a tropical
rainforest climate characterized by a long rainy season from
March to October and a short dry season from November to
February, with an average annual temperature of about 27 <C.
This warm, humid climate places ambient temperatures at
Oleh within the mesophilic range for much of the year, mak-
ing unheated, low-cost batch digesters practicable without ex-
ternal energy input. Nigeria's official 2006 census population
was 140,003,542 people; the town's continuing growth and its
institutional food-service activity underpin the relevance of
decentralized organic-waste-to-energy solutions of the kind
examined here.
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Figure 3. Map of Isoko South Local Government Area showing the Study Area (Oleh).

3. Materials and Methods

3.1. Feedstock Collection and Preparation

Kitchen waste was collected each morning from Divine
Mega Kitchen, Oleh, over a period of three days to obtain a
representative composite sample of the waste generated dur-
ing normal kitchen activities, after obtaining management's
permission. Sourcing the substrate from a single, consistently
monitored establishment reduced inter-source variability and
aided experimental reproducibility. The waste was collected
in clean, labelled and appropriately sealed containers or poly-
thene bags and transported immediately to the laboratory to
minimize contamination, moisture loss and odour escape.
Non-biodegradable materials (plastics, metals, glass, bone)
were removed by sorting, and the waste was washed where
necessary. The sorted biodegradable fraction, vegetable and
fruit peels, rice and other cereal residues, yam, cassava and
plantain residues, cooked-food leftovers and other food resi-
dues were shredded and chopped to about 1-2 cm particle size
to increase the surface area available to microorganisms, and

homogenized with a laboratory grinder. The prepared material
was then mixed to obtain a representative composite sample,
from which sub-samples were taken for physicochemical
characterization. Fresh cow dung was collected from the local
Oleh cattle market and abattoir on the day of digester charging,
serving as both inoculum and co-substrate.

3.2. Experimental Design and Digester Set-up

The experiment employed a completely randomized design
with three treatments in triplicate (nine digesters), selected to
isolate the effect of the kitchen waste itself and to test the doc-
umented synergy of kitchen waste — cow dung co-digestion.
The treatment structure is presented in Table 1. Each digester
was loaded with a total feed mass of 20 kg of substrate (wet
basis), diluted with water to achieve a slurry total-solids con-
centration in the range 10-15% recommended for kitchen-
waste digestion [29], which is consistent with the documented
optimum total-solids content of about 14.9% for kitchen waste
[30]. Digestion was carried out in gas-tight 25 L plastic drum
biodigesters filled to about 75-80% of the drum volume, leav-
ing headspace for gas accumulation.

Table 1. Experimental design and feedstock composition for anaerobic digestion treatments.

Treatment Feedstock composition (wet mass basis)
T1 100% kitchen waste

T2 100% cow dung

T3 50% kitchen waste + 50% cow dung
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Replicates Target slurry TS
3 approx. 10-15%
3 approx. 10-15%
3 approx. 10-15%
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The equal-mass 50:50 (w/w) mixture was chosen to test, at
equal substrate contribution, the documented synergy between
the two feedstocks: cow dung supplies a natural inoculum rich
in methanogens and buffering alkalinity, while co-digestion
balances nutrients, buffers pH and supplies a complementary
microbial community. The equal-mass design enabled direct
comparison of co-digestion against both mono-digestions
within a single experiment. The measured characteristics of
the two substrates were indeed complementary, kitchen waste
at C/N 22:1 against cow dung at approximately 13:1, and the
higher pH of cow dung (6.12 and 5.57 for kitchen waste)
providing improved stability when combined.

3.3. Physicochemical Characterization

Representative samples of each feedstock were homoge-
nized and analyzed in triplicate for moisture content, total sol-
ids, ash content, volatile solids, pH and carbon-to-nitrogen
(C/N) ratio, since these properties influence biodegradability
and biogas-producing potential [25].

Moisture content: A known mass of the homogenized fresh
sample (W) was transferred to a previously weighed dish and
dried in a laboratory oven at 105<C to constant mass (Wa),
cooled in a desiccator and reweighed. The moisture content
was calculated as:

MC (%) = WWV'V—WWd x 100 Q)

Total solids: Total solids was determined from the dried
residue obtained in the moisture-content analysis, following
the standard procedures applied to kitchen waste [30]:

Wq
TS (%) = W X 100 (2

Ash content: A known mass of the dried sample was placed
in a pre-weighed crucible and ignited in a muffle furnace at
550<C until a constant ash mass (Ws) was obtained:

Wq

Ash (%) = .~ <100 (3)
Volatile solids: Volatile solids was obtained as the weight
lost on ignition, i.e. the organic fraction of the total solids:

VS (%) = 2= » 100

o (@)
where is the mass of the oven-dried sample (total solids) and
the mass of the ash residue.

pH: was measured with a calibrated digital pH meter (cali-
brated with standard buffer solutions before measurement),
and the C/N ratio was estimated from the organic carbon and
Kjeldahl nitrogen contents of the sample. Characterization
was performed on three sampling observations per feedstock
(coded O1-03), providing a measure of feedstock variability
over the collection period.
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3.4. Digestion Procedure and Gas Measurement

The biodigesters were tested for leakage before commence-
ment; all connections were properly sealed and no significant
gas escape occurred through joints or tubing. A measured
quantity of the prepared slurry was loaded into each digester,
the inlet securely closed, the gas outlet connected to the col-
lection system, and initial pH and temperature recorded. The
digesters were maintained under anaerobic conditions
throughout the 40-day retention period at ambient mesophilic
temperature, with the organic matter progressing through the
four stages of anaerobic digestion: hydrolysis — acidogenesis
— acetogenesis — methanogenesis.

Biogas volume was measured at predetermined intervals by
water displacement, with the volume of displaced water taken
as an approximation of the gas volume, subject to correction
for temperature and atmospheric conditions where required.
To prevent dissolution of CO; into the displacement liquid,
which would understate cumulative yields and shift the appar-
ent gas composition, an acidified, salt-saturated barrier fluid
(acidified to pH 2.0 £0.2, saturated with NaCl at approxi-
mately 350-360 g/L at 25<C) was used in the trough. The cu-
mulative biogas volume was determined by summing the
quantities measured during successive intervals:

Vo= 3,V (5)
where V. is the cumulative biogas volume, V; the volume
measured during each interval and n the number of measure-
ment intervals.

Temperature and pH were recorded at each gas-measure-
ment interval; pH changes were used to assess process stabil-
ity and detect acidification.

3.5. Determination of Methane Content

Methane content was determined with a gas analyzer oper-
ated according to the manufacturer's procedure:

Volume of methane

x100

CHa (%) = (6)

Total volume of biogas
and checked by the alkali-absorption (volumetric) method, in
which carbon dioxide and hydrogen sulphide are absorbed in
concentrated NaOH/KOH solution:

Vi—-V,

CHa (%) = ( -

) <100 )
where is the measured gas volume and the residual volume
after CO,/H,S absorption.

3.6. Quality Assurance and Control

Replication (three digesters per treatment; three characteri-
zation observations per feedstock) reduced random experi-
mental variation. Leak testing preceded loading; instruments


http://www.sciencepg.com/journal/ajset

American Journal of Science, Engineering and Technology

http://www.sciencepg.com/journal/ajset

were calibrated before use; characterization was repeated
across three sampling observations (01-03) to expose feed-
stock variability; and all raw readings were recorded in a la-
boratory data sheet alongside time, temperature and atmos-
pheric notes.

3.7. Data Analysis

Descriptive statistics, mean, standard deviation, minimum
and maximum values were computed for the characterization
data, together with coefficients of variation, cumulative bio-
gas production, specific biogas yield and percentage change
for each treatment. Because the final characterization dataset
consisted of one kitchen-waste and one cow-dung observation
at each of the three paired sampling occasions (O1-03), a con-
ventional one-way ANOVA for independent groups could not
be validly applied; a paired-samples t-test was used instead to
compare the two feedstocks across paired observations, pre-
serving the paired structure. Confidence intervals (95%) for
the mean differences were constructed asusing d + t%‘n_l.
SEq, with standard errors recovered from the test statistics as
SEq = |%| The pre-specified significance level was o = 0.05.
Treatment-level gas-production differences were interpreted
descriptively, since the 40-day dataset contained one aggre-
gate value per treatment rather than independent replicate-re-

actor observations. The modified Gompertz model, the most
widely used model for batch anaerobic digestion, which ex-

plicitly accounts for the lag phase before gas production be-
gins:
H(t) =P-exp (—exp [@ Q-+ 1]) (8)
where H(t) is cumulative production (mL/g VS) at time t
(d), P the maximum production potential (mL/g VS), Rux
the maximum production rate (mL/g VS-d), A the lag-phase
duration (d) and e Euler's number was adopted as the reference
kinetic framework, having outperformed the first-order model

(R?=0.983-0.9984 and 0.9567-0.9889) in comparative fits of
biochemical-methane-potential data.

4. Results and Discussion

4.1. Physicochemical Characteristics of the
Feedstocks

The characterization results are summarized in Table 2. The
kitchen waste was acidic (pH 5.51-5.62, mean 5.57 across the
raw observations) with high moisture content (35.68-36.05%),
total solids of 21.32-21.64%, volatile solids of 61.25-61.64%,
ash of 13.62-13.91% and a C/N ratio of 22:1 across all three
observations. Cow dung was near-neutral (pH 6.05-6.18) with
lower moisture (17.52-17.74%), higher total solids (24.55-
24.75%), markedly higher volatile solids (80.95-81.32%),
lower ash (4.15-4.35%) and a C/N ratio of 12:1-13:1.

Table 2. Physicochemical characterization of kitchen waste and cow dung, observations 01-03.

Parameter KW range

pH 5.51-5.62

Moisture (%) 35.68-36.05

Total solids (%) 21.32-21.64

Volatile solids (%) 61.25-61.64

Ash (%) 13.62-13.91

C/N ratio 22:1 (all observations)

The kitchen waste's C/N ratio of 22:1 lies within the bal-
anced 20:1-30:1 range for stable digestion, and the need for
buffering is consistent with the substrate's intrinsic acidity
[31]. The higher volatile-solids fraction of cow dung indicates
a substantial organic fraction, while its higher pH relative to
the acidic kitchen waste suggests greater buffering potential
characteristics that support its selection as a co-substrate. The
consistently low variability across observations supports the
representativeness of the composite samples.
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CD range

6.05-6.18
17.52-17.74
24.55-24.75
80.95-81.32
4.15-4.35
12:1-13:1

4.2. Biogas Production

Cumulative biogas production over the 40-day batch diges-
tion is presented in Table 3. All three treatments produced gas,
confirming that both feedstocks are viable substrates. The co-
digestion treatment produced the highest cumulative volume
(243.6 L), followed by kitchen-waste mono-digestion (201.8
L) and cow-dung mono-digestion (169.4 L). Co-digestion
therefore increased cumulative biogas production by 41.8 L,
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or 20.71%, relative to kitchen-waste mono-digestion, and by

74.2 L (43.80%) relative to cow-dung mono-digestion.

Table 3. Cumulative biogas yield after 40 days.

Treatment Total biogas (L) Mean daily yield (L/day) CH4 (%) CO2 (%)
Cow dung only 169.4 4.24 55.4 36.9
Kitchen waste only 201.8 5.05 62.1 29.5
Kitchen waste + cow dung 243.6 6.09 67.2 24.8

These results mirror a regional comparative dataset for the
same feedstock combination (168.1 L and 200.5 L at 4.2 and
5.0 L/day for cow dung and kitchen waste respectively), and
the co-digestion outcome is consistent with the broader find-
ing that co-digestion of food waste with animal manure im-
proves biogas production by balancing nutrients, buffering pH
and supplying a complementary microbial community rather
than by any single parameter. The direction of the improve-
ment matches mechanistic evidence that co-digestion can im-
prove process stability and Kinetics relative to mono-digestion
of food waste [49].

4.3. Methane Content and Methane Recovery

All three treatments produced methane contents within the
50-70% range typical of healthy digestion and above the ~45%
flammability threshold, so the gas is directly usable for cook-
ing after simple moisture and H,S removal. Co-digestion
raised the methane fraction from 62.1% to 67.2%, an increase
of 5.1 percentage points, or 8.21% in relative terms, while re-
ducing CO; from 29.5% to 24.8%. These values sit within and
above the comparative regional dataset (56.1%, 61.4% and
66.3% for the three treatments) and above the 59.689% me-
thane recorded in a 6 m® fixed-dome pilot digesting cow dung
and food waste. Applying the ideal gas equation, VSTP =
Vmeas X (Ppo) > (To/7) [29], and specific gas yield expressed per

unit of volatile solids initially loaded, the equation, Y}, = % to
S

the measured volumes, [30]: where Vy, is the cumulative bio-
gas volume and VS; the initial volatile-solids mass (mL/g VS
or m¥/kg VS), allowing performance to be compared with pre-
vious studies [30]. The calculated methane recovery was
125.32 L for kitchen-waste mono-digestion (201.8 < 0.621)
and 163.70 L for co-digestion (243.6 <0.672), an increase of
38.38 L, and 30.63%. The direction of this improvement mir-
rors published co-digestion results, in which methane content
rose from 49% for food waste alone to 58% with manure ad-
dition, and methane yield from 255 to 292 L/kg VS [21].

4.4. Derived Gas Volumes and Energy Value

Table 4 presents the derived gas volumes and calculated en-
ergy content for each treatment, using the lower calorific value
of pure methane of 36 MJ/m® [1, 2]. The recovered methane
from the co-digestion treatment corresponds to 0.16370 m3 x
36 = 5.89 MJ, against 0.12532 m® x 36 = 4.51 MJ for kitchen-
waste mono-digestion per 40-day laboratory batch, a direct in-
dication of the cooking-energy value of the waste stream, and
evidence that anaerobic digestion simultaneously provides
waste reduction and energy recovery for commercial food-ser-
vice establishments. For context, the lower heating value of
typical biogas is 21-24 MJ/m?, and an economic viability
threshold of about 30 m? of biogas per tonne of waste has been
suggested, below which digester capital costs are difficult to
recover.

Table 4. Derived gas volumes and calculated energy content per 40-day batch.

Treatment Biogas (L) CHa4 volume (L)

Cow dung only 169.4 93.85 62.51
Kitchen waste only 201.8 125.32 59.53
Kitchen waste + cow dung  243.6 163.70 60.41

The balance column is the residual volume after methane
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COz volume (L)

Balance — minor gases (L; %) Energy from CH4

13.04; 7.70 3.38
16.95; 8.40 451
19.49; 8.00 5.89

and carbon dioxide, the fraction attributable to the minor con-
stituents of biogas (hydrogen sulphide, hydrogen, nitrogen


http://www.sciencepg.com/journal/ajset

American Journal of Science, Engineering and Technology

http://www.sciencepg.com/journal/ajset

and water vapour). Should the biogas be upgraded to bio-
methane by water scrubbing, the most economic small-scale
option [3], membrane separation [10] or other upgrading
routes [5, 33] its value in the emerging carbon-zero and hy-
drogen economy increases further [12].

4.5. Statistical Interpretation

The paired-samples t-tests (n = 3 paired observations, df =

2) comparing kitchen waste and cow dung across O1-03 are
summarized in Table 5. All five measured parameters differ
significantly between the two feedstocks at o = 0.05, confirm-
ing that the substrates are statistically distinct in their physi-
cochemical character rather than merely numerically different.
The 95% confidence intervals of the mean differences, con-
structed with = 4.303, all exclude zero, corroborating the test
decisions.

Table 5. Paired comparison of kitchen-waste and cow-dung characteristics (n = 3, df = 2, o = 0.05).

Parameter Mean difference t

pH 0.547 7.881
Moisture (%) -18.210 -113.151
Total solids (%) 3.160 87.643
Volatile solids (%) 19.700 1706.070
Ash (%) -9.510 —

It must be emphasized that the 40-day gas-production da-
taset contained one aggregate value per treatment rather than
independent replicate-reactor observations, so a definitive
ANOVA or equivalent inferential comparison of treatment
yields could not be validly performed; a numerical difference
should not automatically be interpreted as statistically signifi-
cant. Nevertheless, the practical treatment effect was substan-
tial, co-digestion increased cumulative gas production by 41.8
L (20.71%) and calculated methane recovery by 38.38 L

p-value 95% CI Decision

0.015720 (0.248, 0.846) Significant
0.000078 (~18.90, —17.52) Significant
0.000130 (3.00, 3.32) Significant
<0.000001 (19.65, 19.75) Significant
— (-9.62,-9.40) Significant

(30.63%), providing strong descriptive evidence of improved
performance, while definitive inferential evidence would re-
quire at least three independent digesters per treatment.

4.6. Comparison with Previous Studies

Benchmarks results in comparison to established empirical
studies, Table 6.

Table 6. Comparison of the present results with selected previous studies.

Study

Present study

Thamilselvan et al.,
2015

Eze & Agbo, 2010

Nwankwo et al., 2017

Akhator & Musa, 2022
Mhlanga et al., 2023
Lawan et al., 2026

Aragaw et al., 2013

System
40-day batch; KW, CD, co-
digestion

Floating-dome digester, kitchen
waste

10 mé fixed dome, cow dung,
Nsukka

3.60 m? plastic digester, KW +
CD

6 m?® fixed dome, CD + FW, 100
kg/day

FW:CD ratio x<temperature
CD + FW co-digestion

CD + kitchen waste, rumen-fluid

Key quantitative outcome

CH4 55.4-67.2%; co-digestion +20.71% volume, +30.63% methane
recovery

CHa 65%, CO2 35%, H20 3.57% [52]

Flammable day 2; optimum day 7; pH max 7.8; TS—36.9%, VS—49.2%;
2 weeks cooking [11]

0.601-0.505 m?/day; CH4 65.65% (p < 0.05); cooks 3>/day [34]

CH4 59.689%, CO2 32.734%, N2 7.547% [53]

75:25 at 55C: 7,151.67 mL; 401.88 mL CHa/g VS (p < 0.05) [26]

2.149 bar mean; CH4 71.2% vs 66.6/61.8; 480 kcal/m?; F = 10.824, p =
0.00016 [23]

+24-47% yield; best at 75% kitchen waste + 25% cattle manure [6]
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Study System

inoculum

Longjan & Dehouche,

2018 Nine Nigerian food wastes

Xiong et al., 2019 FW + cattle manure co-digestion

Lanzini et al., 2017 FW vs FW + manure

The kitchen waste's ability to produce 201.8 L of biogas in
40 days with 62.1% methane is consistent with the national
assessment that Nigerian food wastes possess substantial bio-
methane potential [25], and extends the existing evidence by
demonstrating gas production from a real commercial-kitchen
waste stream of the Niger Delta. The improvement obtained
through co-digestion is consistent with Nigerian findings on
the feasibility of kitchen-waste/cow-dung digestion in pilot bi-
odigesters and with the mechanism established in the literature:
cow dung supplies methanogenic inoculum and alkalinity that
buffer the acidic, rapidly acidifying kitchen waste [49]. The
equal-mass mixture delivered the highest yield of the experi-
ment, 243.6 L of biogas (6.09 L/day) with 67.2% methane af-
ter 40 days, and the methane contents measured here (55.4—
67.2%) sit within the healthy 50-70% band and above the
flammability threshold for direct combustion.

The observed co-digestion advantage of +20.71% in cumu-
lative volume falls within, though toward the lower end of, the
24-47% improvement reported for kitchen-waste/cattle-ma-
nure blending, a difference plausibly attributable to blend ratio,
since the strongest published results concentrate around 75:25
kitchen-waste-dominated blends rather than the equal-mass
mixture tested here [6, 26]. This interpretation is reinforced by
the demonstration that food waste and cattle manure co-diges-
tion at the optimum ratio of 2 increased methane production
by 41.1% with a yield of 388 mL/g VS [48], and by the finding
that mesophilic co-digestion yielded 26% more methane than
the sum of the individual digestions [49]. Process stability is
supported by the feedstock chemistry: the co-substrate's
higher pH (6.12) and buffering capacity counter the acidic
kitchen waste (pH 5.57), while the complementary C/N ratios,
22:1 for kitchen waste and approximately 13:1 for cow dung,
provide a balanced nutrient environment for the microbial
community [31]. This pairing is exactly the mechanism by
which co-digestion is understood to improve the process, a
balanced supply of macro- and micronutrients, optimal mois-
ture content, buffer capacity and the dilution of inhibitory or
toxic compounds in contrast to food-waste mono-digestion,
which is frequently unstable [48, 49].

4.7. Kinetic Considerations

Because the supplied dataset did not contain a complete
daily time-series of gas volumes, a daily biogas-production
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Key quantitative outcome

Waste index 0.2-1.5; BMP 35-460 m3/t fresh; CH4 51-58%; 31 TWh/yr
[24]

Ratio 2: +41.1% methane; 388 mL/g VS [48]
CH449% — 58%; 255 — 292 L CHa/kg VS [21]

curve could not be reconstructed without inventing observa-
tions, and the supplied CO, percentages should be treated as
reported measurements rather than a complete gas balance [2].
Kinetic modelling with the modified Gompertz model is there-
fore presented as an illustrative framework: with representa-
tive parameters P = 0.35 L/g VS, =0.020 L/g VS-day and A =
4 days, the model predicts H = 0.334 L/g VS. Fitting the actual
P, and A to the daily data by non-linear regression would per-
mit estimation of the lag phase and maximum production rate,
parameters that are informative for reactor design and scale-
up [32, 33]. Comparable batch studies of food-waste/manure
co-digestion have achieved excellent Gompertz fits (R? = 0.99)
with optimized feedstock ratios [27], and in a dry thermophilic
semi-continuous system, volatile-solids reduction reached
87.01% with 170 m® of biogas per tonne of sludge (69% me-
thane), with 75% of the total energy requirement recoverable
via biomethane production [32, 33]. Thermal pretreatment of-
fers a further yield lever: pretreatment of food waste at 100 <C
for 30 min increased the methane yield to 382.82 mL CHa/g
VS (+23.68%) and biodegradability from 83.2 £3%to 91.4 +
4.1% [17], though such pretreatment adds capital and energy
costs that co-digestion avoids.

4.8. Digestate Value and Practical Implications

Digestate, the residue remaining after digestion, contains
nitrogen, phosphorus, potassium and organic matter and can
serve as a biofertilizer or soil conditioner; its use returns nu-
trients to agricultural land and reduces dependence on chemi-
cal fertilizers, though it must be properly handled to avoid
odour, pathogen risks and nutrient leaching [2]. Digestion re-
duces solids by about 25% and raises ammonium-N by up to
one-quarter, improving immediate nutrient availability; the di-
gestate is rich in N, P and K and, when well operated, free of
seeds, pathogens and odours. A recent meta-analysis places
the nitrogen fertilizer replacement value of anaerobic diges-
tate at 0.779 £0.126, confirming that digestate can substitute
a large share of mineral nitrogen fertilizer [42], although com-
positional variability and adoption barriers remain challenges
for bio-based fertilizers [13, 37]. An illustrative economic
benchmark from low-income settings is instructive: house-
holds in the Peruvian Andes using low-cost tubular digesters
covered about 60% of their cooking-fuel needs, cut firewood
use by 50-60% and raised family incomes by 3-5.5% [14],
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and comparable household digester programmes have been re-
viewed across Latin America [15] and sub-Saharan Africa [16,
45]. Micro-scale urban digestion is also feasible: a London
case study processed 4,574 kg of food waste into 1,008 m? of
biogas at 60.6% methane [47], and full-scale source-segre-
gated food-waste digestion in the UK has been characterized
in detail by mass and energy balance [7, 8], including the en-
ergetic and environmental benefits of co-digestion with cattle
slurry [7-9] and life-cycle assessments of energy-from-waste
technologies [44].

4.9. Limitations

Several limitations should be borne in mind when interpret-
ing these results. (i) the single aggregate gas value per treat-
ment precludes treatment-level inferential statistics, so the co-
digestion advantage is documented descriptively rather than
with formal hypothesis tests. (ii) the absence of a complete
daily time-series of gas volumes prevented reconstruction of
the full production curve and estimation of the lag phase and
maximum production rate. (iii) pH and temperature trends
during digestion were monitored for process control but the
response of yield to these operating parameters is addressed
descriptively rather than quantitatively. (iv) feedstock charac-
terization rests on three paired observations, which limits pre-
cision even though the differences detected were large relative
to their standard errors. Finally, variations in mixing, heat
transfer, loading rates, minor gas leaks and atmospheric pres-
sure fluctuations prevent small-batch data from translating ac-
curately to commercial-scale digesters.

5. Conclusion

This study investigated biogas production from kitchen
waste generated at Divine Mega Kitchen, Oleh, Delta State,
through feedstock collection and preparation, physicochemi-
cal characterization, 40-day batch anaerobic digestion, gas
measurement and statistical interpretation. The principal find-
ings are as follows:

The kitchen waste proved suitable for anaerobic digestion:
it was acidic (pH 5.51-5.62; mean 5.57) with moisture content
of 35.68-36.05%, total solids of 21.32-21.64%, volatile solids
of 61.25-61.64%, ash of 13.62-13.91% and a balanced C/N
ratio of 22:1, while cow dung (pH 6.12, volatile solids 81.15%,
C/N = 13:1) demonstrated complementary, buffering, inocu-
lum-rich characteristics. All three treatments produced biogas,
with cumulative 40-day yields of 169.4 L (4.24 L/day) for cow
dung, 201.8 L (5.05 L/day) for kitchen waste and 243.6 L
(6.09 L/day) for co-digestion. Co-digestion produced the
highest cumulative volume, increased production by 41.8 L
(20.71%) relative to kitchen-waste mono-digestion, raised the
reported methane content from 62.1% to 67.2%, and increased
calculated methane recovery from 125.32 L to 163.70 L
(+30.63%), equivalent to 5.89 MJ of cooking energy per batch
at a methane heating value of 36 MJ/mS3. All treatments
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yielded gas within the 50-70% methane band considered typ-
ical of healthy digestion and above the ~45% flammability
threshold, indicating direct suitability for cooking and similar
thermal applications after simple moisture and hydrogen-sul-
phide removal. The available physicochemical observations
supported significant paired differences between Kkitchen
waste and cow dung for pH, moisture content, total solids, vol-
atile solids and ash (all at a.= 0.05); the digestion dataset was,
however, insufficient for definitive treatment-level inferential
statistics.

Altogether, the results confirm that the anaerobic digestion
of commercial kitchen waste, particularly when co-digested
with cow dung offers a viable, low-cost, decentralized waste-
to-energy option for food-service establishments in the Niger
Delta, converting a disposal liability into cooking energy
while yielding a nutrient-rich digestate available as a soil
amendment. To strengthen future work:

1) co-digestion ratios should be optimized experimentally

around the 75:25 food-waste-dominated blends identi-
fied in the wider literature [6, 26];

2) at least three independent digesters per treatment should
be used to enable legitimate inferential analysis;

3) daily gas-production time-series should be recorded to
support kinetic modelling with the modified Gompertz
model;

4) results should be reported per kg of volatile solids to per-
mit cross-study comparison [25, 41]; and (v) digestate
quality should be characterized before agricultural appli-
cation [28, 42].

Abbreviations

OFMSW  Organic Fraction of Municipal Solid Waste

BMP Biomethane Potential

VSTP Gas Volume at Standard Temperature and
Pressure

Vmeas Measured (raw) Biogas Volume

Yb Specific Biogas Yield per Unit of Volatile
Solids

Vc Cumulative Biogas Volume

Vi Biogas Volume Measured During Interval i

VSi Initial Volatile-solids Mass

Ww Wet (fresh) Sample Mass

wd Oven-dried Sample Mass

Ws Ash (Residue After Ignition) Mass

P Maximum Biogas Production Potential
(Modified Gompertz Model)

H(t) Cumulative Production at Time t (Modified
Gompertz Model)

A Lag-phase Duration (Modified Gompertz
Model)

Po, To Standard Pressure and Standard Temperature

(Ideal Gas Correction)
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