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Abstract
The aberrant use of fossil fuels and greenhouse gases impact on the environment made researchers leverage efforts into 
renewable energy generation from organic resources such as wastes. Researchers and scientists searched and studied for years 
so as to find an alternative fuel sources. Recent studies have supported anaerobic digestion (AD) as alternative and efficient 
technology that combines biofuel production and sustainable waste management. Laboratory-scale and field studies have 
proved kitchen waste and animal manure as feasible sources of substrate for methane generation. The effects of parameters 
and pretreatment affecting the co-digestion of kitchen waste and animal manure in different scientific databases within 
2001–2020 were searched, and related information was obtained. Animal manure has 72–93% volatile solid, low total solid 
(TS) content which ranges between 5 and 9%, and high water content, while kitchen waste contains 85–96% volatile solid 
(VS) and high amount of water content. These characteristic properties indicate that these wastes can be efficient sources for 
biofuel/biogas production. This article constitutes a comprehensive review that compares and summarizes studies concerning 
anaerobic co-digestion of kitchen waste and animal manure, factors and inhibitors that affect the process as well as empirical 
studies of pretreatment techniques for co-digestion of kitchen waste and animal manure.
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Nomenclature
AD	� Anaerobic digestion
TS	� Total solid
VS	� Volatile solid
TVS	� Total volatile solid
FAO	� Food and Agriculture Organization
VFAs	� Volatile fatty acids
C-N	� Carbon nitrogen ratio
kWh	� Kilowatt-hour
MW	� Megawatt
OLR	� Organic loading rate
COD	� Chemical oxygen demand
KW	� Kitchen waste
CD	� Cattle dung

CM	� Cow manure
FW	� Food waste
MSW	� Municipal solid waste
WS	� Wheat straw
PW	� Poultry waste
RSM	� Response surface methodology
SCMD	� Simplex-centroid mixture design
CCD	�  Central composite design
ANN	� Artificial neural networks
HRT 	� Hydraulic retention time
TAN	� Total ammonia nitrogen
H+	� Proton
FA	� Free ammonia
FAN	� Free ammonia nitrogen
LS-AD	� Liquid state anaerobic digestion
SCFAs	� Short chain fatty acids
CSTR	� Continuous stirred tank reactor
kHz	� Kilohertz
MHz	� Megahertz
CL	� Chicken litter
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1  Introduction

Problems of environmental pollution are becoming 
increasingly prominent due to rapid economy develop-
ment as a result of increase in agricultural practices (such 
as livestock production) and improvement in people’s liv-
ing standard in most nations of the world [1]. Increase in 
livestock production leads to generation of huge amount 
of animal waste/manure while people’s standard of liv-
ing results into an increase in number of kitchen waste 
(KW) which pose a threat to animal and human lives [1, 
2]. According to Mirmohamadsadeghi et al. [3], approxi-
mately one-third of human food which is about 1.3 billion 
tonnes is wasted annually as reported by global food waste 
published in 2019 by the Food and Agriculture Organiza-
tion of the United Nations (FAO). These wastes, if not 
properly managed, can result in unhealthy environment 
and emission of greenhouse gases [4]. Due to growing 
concerns on energy crisis in most parts of the world in 
recent years, biochemical conversion of these wastes to 
energy via anaerobic digestion (AD) with the help of 
methanogenic bacteria in the absence of air could reduce 
environmental pollution and emission of greenhouse gases 
[5–7]. Wang et al. [8] reported that AD has received great 
attention both in practice and scientific research, and effi-
ciently is used in western China. The suitability of AD for 
waste treatment is due its limited environmental impacts 
and its great potential for recovery of energy [9].

According to Esposito et al. [10], AD technology does 
not only minimize the volume of wastes disposed, but 
also produces biogas which is a renewable and inexpen-
sive energy source. Biogas, when used to produce energy, 
is capable of generating 20–300kWh of electricity [11]. 
Kemausuor et al. [12] reported that Nigeria with the high-
est population in Africa produces biogas with an estimated 
volume of 6,800,000 m3/day from animal manure and over 
0.9 million tonnes of methane from municipal solid wastes 
(MSW). There is an additional source of income from the 
semi-solid by-product of AD called digestate, which con-
tains high nutrients content that can be directly applied as 
fertilizer in agriculture [10]. Based on several studies that 
were carried out in the past [7, 13–15], efficient biogas 
production relies strongly on several operating and inhibit-
ing factors such as temperature, pH, carbon–nitrogen ratio 
(C-N ratio), volatile fatty acids (VFAs), and mixing.

Over the years, different wastes which include munici-
pal solid wastes, sewage sludge, kitchen wastes, and ani-
mal manure have been used for biogas generation via AD 
by different researchers [16–20]. But recently, attention 
is being shifted to co-digestion of kitchen wastes and 
animal manure to enhance biogas yield. Anaerobic co-
digestion is a process where two or more biodegradable 

wastes are digested simultaneously in a reactor so as to 
enhance biotransformation efficiency [21]. Co-digestion 
process greatly supports recycling a wide spectrum of 
waste and synergetic effect of microbial activities through 
the improvement of nutrient balance which consequently 
bring about process stability [22]. Sayara and Sanchez [22] 
stated further that for process performance efficiency, it 
is essential to select adequate co-substrate with appropri-
ate mixing ratio, suitable organic loading rate (OLR), and 
co-substrate characteristics during anaerobic co-digestion. 
Bharathiraja et al. [23] stated that co-digestion of kitchen/
food waste (which is carbon-rich substrate or substrate 
with fewer nitrogen content with the exception of meat 
waste) with animal manure (nitrogen-rich substrate) can 
overcome the disadvantage presents by animal manure 
in order to enhance biogas yield. According to them, co-
digestion of animal manure with food waste is being prac-
ticed in most European nations using community digestion 
facilities. It is also practiced in some parts of California 
with about 1.7 million cows generating dry manure of 
about 3.6 Mt.

Though, digestion has been widely accepted globally 
and seems to have a great future when compared with other 
waste treatment technologies. However, low overall bio-
digestion efficiency of the process as well as long reten-
tion time of 20–30 days results in low efficiencies [24]. To 
improve the performance efficiency of digestion process, 
hydrolysis of organic matter/waste which is a rate-limiting 
stage is accelerated using pretreatment methods to increase 
soluble chemical oxygen demand (COD) and consequently 
increase biogas yield [25, 26]. According to Ariunbaatar 
et al. [9], hydrolysis is the rate-limiting step for complex 
substrates due to toxic by-products and non-desirable VFA 
formations, while methanogenesis is the rate-limiting step 
for biodegradable substrates. Substrate biodegradability 
and hydrolysis rate of digestion determine the yield of the 
biogas [24]. Application of pretreatment methods facilitates 
biogas production by conquering the limitation of hydrolysis 
including solubilization and biodegradation of lignin and 
hemicellulose present in the substrates [27].

In the past, several review works [6, 22, 28] have been 
published with the common aim of examining the effect of 
pretreatment methods most especially on complex substrates 
(such as lignocellulosic biomass) and food waste, but there is 
a limited review on recently growing interest of pretreatment 
methods to enhance biogas production from anaerobic co-
digestion of kitchen waste and animal manure. Furthermore, 
optimum operating conditions are also essential to increase 
biogas yield. Therefore, it is necessary to set operating con-
ditions accurately with proper monitoring during anaerobic 
co-digestion of kitchen waste and animal manure to avoid 
unwanted conditions or process instability and enhance the 
efficiency of the process. Therefore, the aim of this current 

5516



Biomass Conversion and Biorefinery (2023) 13:5515–5531

1 3

study is to present AD operating and inhibiting parameters 
and confront it with possibility of the anaerobic co-digestion 
of kitchen waste and animal manure. This study summarizes 
and compares the empirical studies on effects of operating, 
inhibiting parameters and pretreatment on the anaerobic co-
digestion of kitchen waste and animal manure.

2 � Principle of anaerobic digestion of wastes

Substrates can either undergo thermal or biological gasifi-
cation for the production of methane. Most often biologi-
cal gasification is usually referred to as anaerobic digestion 
process. It combines different activities of anaerobic bacte-
ria for the production of biogas [29]. Anaerobic digestion 
takes place between temperature range of 25–60 °C [30], 
while solid contents commonly used during the process are 
˂ 10% for wet solid or ˃ 20% for dry solid [31]. Generally, 
there are four different types of metabolic reactions that 
occur during the full process of anaerobic digestion. Com-
plete anaerobic digestion process depends on the interac-
tion between different micro-organisms that perform the 
four stages of metabolic reactions [32]. Pramanik et al. 
[33] also stated that stability and efficiency of anaerobic 
digestion depend on moisture content, parameter operat-
ing conditions, reactor feeding mode, and configurations. 

The reactor’s configurations include single-stage, two-
stage and multi-stage. Out of these different configuration 
systems, single-stage configuration which has less techni-
cal failure due to its design simplicity and recirculation 
adaptability is widely used to produce biogas from organic 
wastes. When substrate/waste is fed into a single-stage 
digester, all the four stages of reaction (hydrolysis, acido-
genesis, acetogenesis, and methanogenesis) occur inside 
the digester simultaneously [31]. As a result of biogas pro-
duction from the degradation of waste, compost (bi-slurry) 
is produced.

The chain of anaerobic digestion is commenced by bac-
teria responsible for the hydrolysis of complex organic 
matter (biomass) to simple organic matter. The simple 
organic matter produced is further broken down to volatile 
fatty acids (VFAs) and then to acetic acid, CO2 and H2. 
The final stage of digestion includes activity of metha-
nogens producing methane. Acetoclastic methanogens 
degrade acetic acid into methane and CO2, while hydrog-
enotropic methanogens consume hydrogen to produce 
methane [34]. All methanogens have the ability to con-
sume hydrogen to produce methane, but only few species 
can transform or convert acetate to methane [23]. The dif-
ferent stages of metabolic reactions and bacteria involved 
in anaerobic digestion are shown in (Fig. 1).

Fig. 1   Stages of metabolic reactions and bacteria involved in anaerobic digestion process [34]
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3 � Material and method

All journal articles used in this study were review, labora-
tory, and field studies which were examined according to 
keywords such as animal manure, kitchen/food waste, anaer-
obic digestion, and co-digestion, pretreatment, inhibiting and 
operating parameters from Scopus database period of 2001 
to 2020.

4 � Discussion

Several studies have been conducted in laboratory, pilot, and 
full scales on the effect of parameters and pretreatment on 
biogas production from anaerobic co-digestion of kitchen 
waste and animal manure. Studies on anaerobic co-diges-
tion of kitchen waste and animal manure were examined. 
Furthermore, based on this studies parameters are divided 
into operating and inhibiting parameters as discussed in 
Sects. 4.2 and 4.3.

4.1 � Anaerobic co‑digestion of kitchen wastes 
with animal manure

Either excess of nitrogen or carbon nutrients, heavy metal 
concentrations, VFA accumulation, as well as low organic 
matter content inhibit digestion process and subsequently 
reduce biogas yield. The efficiency of the AD process can 
be improved upon through the addition/mixing of compat-
ible co-substrate to establish nutrient balance and buffering 
capacity of the process so as to obtain maximum biogas 
yield through co-digestion [35]. Anaerobic co-digestion 
process which is cost-effective and efficient offers solution 
to lack or insufficient nutrients in substrates [22]. Anaero-
bic co-digestion is the digestion of mixture of two or more 
substrates with characteristics that complement one another 
so as to improve biogas production [36]. Yang et al. [37] 
defined anaerobic co-digestion as digestion of two or more 
substrates in a single reactor simultaneously. Co-digestion of 
different types of wastes by anaerobic process is commonly 
applied in wastes management practice. It helps to improve 
the nutrient balance in substrates and improves digester 
performance [17]. Anaerobic co-digestion is not just mere 
substrate treatment technique for mixture of two or more dif-
ferent types of wastes, its success depends on choosing the 
best mixing ratio in order to prevent inhibition, adjust C-N 
ratio, and allow synergistic effect of micro-organisms [11]. 
Minale and Worku [17] reported that kitchen waste has high 
percentage of organic carbon and low percentage of nitro-
gen. Therefore, co-digestion of kitchen waste with nitrogen 
rich substrates such as cattle manure and poultry droppings 

is recommended. According to Sayara an Sanchez [22], the 
range of C-N ratios for kitchen waste, cattle dung, and poul-
try manure are respectively 26–30, 15–26, and 4–16. Sum-
mary of the results of empirical studies of co-digestion of 
kitchen waste with animal manure are presented in Table 1.

4.2 � Operating parameters affecting biogas 
production from anaerobic co‑digestion 
of kitchen waste and animal manure

There are several operating conditions which must be studied 
for proper biodegradation of organic matters. The activities 
of the micro-organisms are determined by these variables 
and, thus, influence the efficiency of the anaerobic digestion.

4.2.1 � Temperature

During anaerobic digestion, any of the three temperature 
regimes which include psychrophilic, mesophilic, and ther-
mophilic can be employed. Morales-Polo et al. [43] reported 
that microbes grow within the range of 10–30 °C in psychro-
philic regime, 30–40 °C in mesophilic, and 50–70 °C in ther-
mophilic. The optimum temperature range for mesophilic 
is 30–35 °C, while thermophilic is between 50 and 55 °C 
[44]. In operating anaerobic digester, the temperature in the 
digester has to be monitored and kept constant so as to avoid 
thermal shock of the micro-organisms and instability of the 
process. According to Kundu et al. [45], either of mesophilic 
or thermophilic temperature regimes favors methanogens’ 
growth. They also stated that bacteria in thermophilic regime 
have a growth rate that is twice or thrice that of mesophilic 
bacteria. They also possess higher decay rate when com-
pared with decay rate of mesophilic. Digesters operated at 
thermophilic condition are more effective in terms of organic 
loading rate, retention time, and biogas production. Despite 
all these advantages, thermophilic condition is more prob-
lematic than mesophilic because it requires large amount of 
heat and is more sensitive to changes in process operating 
parameters [19].

Some studies on anaerobic digestion of wastes were car-
ried out at mesophilic while some at thermophilic condition. 
Zamanzadeh et al. [46] studied the performance and micro-
bial structure of an individual digestion and co-digestion 
of cow manure and food waste at both the mesophilic tem-
perature (37 °C) and thermophilic temperature (55 °C). The 
results obtained showed that co-digestion of cow manure 
and food waste at mesophilic temperature yielded methane 
which was 26% more than the methane produced by each 
digestion of cow manure and food waste separately. Wang 
et al. [7] investigated the effects of temperature on the anaer-
obic co-digestion of diary manure, chicken manure, and rice 
straw. Increased temperature from mesophilic condition 
(30–40 °C) to thermophilic condition (50–60 °C) improved 
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methane potential. Iqbal et al. [18] conducted an experiment 
to investigate the effect of room temperature (25–30 °C) and 
mesophilic temperature (37 °C) on co-digestion of kitchen 
waste and cattle manure. The result showed that maximum 
biogas was obtained at 37 °C (about 200 mL) than at room 
temperature (about 70 mL). Effects of temperature on anaer-
obic co-digestion of vegetable wastes and swine manure 
was investigated by Ren et al. [47]. Psychrophilic (20 °C), 
mesophilic (32 °C and 37 °C), and thermophilic (55 °C) 
conditions were considered to enhance performance of co-
digestion. The result showed that the optimal temperature for 
co-digestion was mesophilic condition of 32 °C with highest 
biogas and methane yields were respectively 463.16 L/kg VS 
and 256.24 L CH4/kg VS. Blasius et al. [48] studied anaero-
bic digestion of mixture of food waste under both mesophilic 
(37 °C) and thermophilic (55 °C) conditions. The maximum 
methane yield of 869 mL of CH4g TVS−1 was obtained at 
mesophilic condition. Based on the above review works, 
mesophilic condition happens to be the most adequate for 
co-digestion of kitchen waste and animal manure.

4.2.2 � pH

pH is an important parameter with significant influence on 
anaerobic digestion process. It affects directly both the pro-
gress of digestion and products [49]. The pH of an anaerobic 
digestion affects the growth rate of micro-organisms [50]. 
Kwietniewska and Tys [11] stated that the most favorable pH 
in an anaerobic digestion process for maximum biogas pro-
duction is within the range of 6.8–7.2. According to Lohani 
and Havukainen [51], hydrolytic bacteria, fermentative bac-
teria (acid-forming bacteria), and methane-producing bac-
teria (methanogens) are the three major types of bacteria 
involved in biogas production. Methanogens prefers a pH 
range of 5.5–8.5; beyond this range, their activity is hindered 
and leads to reduction in the performance of the digester. 
The optimal pH range for methanogens is 6.5–8.0, though 
due to their sensitivity to acidic medium, they prefer pH 
around 7 [11, 51]. Furthermore, the acid-forming bacteria 
are less sensitive and tolerate a pH range of 4.0–8.5 while, 
the optimal pH range is between 5.0 and 6.0 [4, 51]. The 
effect of different initial pH was investigated by Zhai et al. 
[52] during the anaerobic co-digestion of kitchen waste and 
cow manure. At initial pH 7.5, the maximum methane pro-
duction of 8579 mL and volatile solid (VS) degradation rate 
of 179.8 mL/g VS were obtained. Paramaguru et al. [53] 
examined the effect of pH 6, 7 and 8 on biogas produc-
tion from anaerobic digestion of food waste, and the results 
showed that maximum biogas yield was obtained at pH 7. 
Ojikutu and Osokoya [54] evaluated biogas yield from dif-
ferent food wastes such as yam peels, plantain peels, orange 
rind, and fish waste. The results obtained showed that food 
waste component has effect on pH. Out of all the food waste Ta
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types, fish waste has the highest pH (7.04) with lowest C-N 
ratio (5.01). Low C-N ratio causes inhibition in the digester 
as a result of ammonia accumulation which could lead to 
total failure of anaerobic digestion process.

4.2.3 � Organic loading rate (OLR)

Another parameter which influences biogas production is 
organic loading rate. It is the amount of waste needed to be 
introduced into a digester per day under continuous feeding 
[30]. The actual organic loading rate into a digester depends 
on the types of wastes. Whenever a digester is underloaded 
or overloaded, biogas production reduces [55]. Increase 
in loading rate leads to increase in microbial activity and 
hence increase in biogas production to some extent; beyond 
the optimal OLR, biogas production reduces [11]. Over-
loading (addition of very huge amount of feedstock) of a 
digester causes upset in the system through the accumulation 
of volatile fatty acids (VFAs) which inhibit the activity of 
methane-forming bacteria (methanogens) since they can-
not survive in acidic environment and subsequently leads to 
low biogas production. Underloading (very small amount 
of feedstock) of a digester results in an alkaline condition 
that is not favorable to methanogens and hence leads to low 
biogas production [56]. Agyeman and Tao [57] studied 
the effect of food waste particle size during anaerobic co-
digestion of food waste and dairy manure at different organic 
loading rates 0.67, 1.0, 2.0, and 3.0 g VS/L/d. The results 
showed that OLR 3 g VS/L/day gave the highest methane 
yield (1.40–1.53 L CH4 /L/day) without ammonia inhibi-
tion and 67% of VS reduction. Babaee and Shayegan [58] 
investigated biogas yield from vegetable wastes at different 
loading rates of 1.4, 2 and 2.75 kg VS/(m3d). At OLR 1.4 kg 
VS/(m3 d), there was stability in the digester with highest 
methane yield (64%). The optimum range for OLR depends 
on the substrate types introduced into the reactor, since the 
activity level of biodegradation that will occur in the reactor 
is determined by the substrate.

4.2.4 � Hydraulic retention time (HRT)

HRT is the average time required for degradation of organic 
material completely, and it is connected with microbial 
growth rate [11]. Complete degradation is achieved when-
ever substrate stays longer in the reactor under proper 
conditions. Hence, with longer residence time, the rate of 
reaction decreases [59]. Long HRT means that large vol-
ume of reactor will be needed and this results in increase 
in capital cost while short HRT leads to washing away of 
active micro-organisms [60]. Therefore, at optimal value of 
HRT, maximum biogas is produced. If HRT is less com-
pare to optimal value, there will be accumulation of VFAs 
which inhibit bacteria activity and results into low biogas 

production. Also, when there is increase in HRT above the 
optimal, components of digester will not be effectively uti-
lized, and it results in low biogas production [11, 55]. The 
retention time required for the complete degradation of any 
waste in anaerobic digestion depends on feedstock type and 
environmental conditions such as temperature [59]. Mahanta 
et al. [56] reported that HRT depends on the temperature of 
the digester. According to them, the higher the temperature 
of the digester, the shorter the HRT vice versa. Depending 
upon the operating temperature and digester design, HRT 
ranges between 20 and 120 days. According to Imeni [11, 
44], the average retention time for the treatment of waste 
under mesophilic condition is between 15 and 30 days but 
shorter under thermophilic condition. Dennehy et al. [61] 
studied the effect of HRT on methane yield during anaero-
bic co-digestion of pig manure and food waste. According 
to them, as HRT decreased from 41 to 21 days, there was a 
decrease in methane yield. Performance of 160 L anaerobic 
bio-film single-stage reactor for the treatment of food waste 
was studied by Pramanik et al. [33]. The reactor was oper-
ated at three different HRTs (124, 62, and 35 days) under 
mesophilic conditions. At HRT 124, the maximum biogas 
and methane yields obtained were respectively 0.934 L/g 
VSadded and 0.607 L CH4/g VSadded.

4.2.5 � Mixing/agitation/stirring

An important factor which speeds up anaerobic digestion 
process is mixing. Mixing in AD speeds up the process by 
exposing the substrate with bacteria and also brings about 
homogeneous temperature distribution in the reactor [4]. 
Mixing is also referred to agitation or stirring. Other impor-
tance of mixing according to Alfa [19] are as follows:

	 i.	 It improves the contact between the substrate and 
micro-organisms.

	 ii.	 It improves the ability of micro-organisms to obtain 
nutrients.

	 iii.	 It prevents scum formation.

Proper mixing can be done mechanically or by recycling 
biogas produced [4]. Thorough mixing of substrate increases 
biogas production by 50% provided that all others operating 
parameters are constant. Excessive mixing of substrate dis-
rupts the micro-organisms; therefore, slow mixing is recom-
mended [19]. Rusin et al. [62] studied anaerobic digestion 
of cattle slurry inoculated by liquid digestate from the 1st 
stage of wet system in mesophilic biogas plant with and 
without batch agitation under thermophilic condition. The 
rates of cumulative methane production for agitated and 
unagitated are 0.121 and 0.095 mN

3 kgvs
−1 respectively. 

The agitation increased methane yield by 28.5%. During 
an anaerobic digestion of diary manure, Rico et al. [63] 
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carried out mixing through recycling process with a mono 
pump. Mixing by recirculation has little influence on rate of 
biogas production at HRT of 10 days and did not improve 
digester performance. Also, at HRT of 20 days, mixing did 
not affect performance of the digester. Abdullah and Pan-
debesie [64] used a variable of stirring time (8 times/day for 
5 min and 4 times/day for 5 min) for co-digestion of veg-
etable wastes and cow manure. The stirring time of 8 times/
day gave the highest biogas production at stirring period of 
5 min. Ratanatamskul and Saleart [65] investigated effects 
of sludge recirculation and mixing time on anaerobic diges-
tion of food waste. It was obtained that at 100% recirculation 
and mixing time of 60 min/day, the highest biogas yield was 
obtained. Aworanti et al. [66] carried out investigation on the 
effect of agitation on biomethanization of the mixture of cat-
tle manure, pig manure, and poultry manure (mixed animal 
wastes) co-digested with pineapple fruit waste and content of 
chicken gizzard. The result obtained showed that the cumu-
lative biogas yield and biomethane content achieved with 
agitation speed of 30 to 70 rpm was respectively higher than 
the biogas yield and biomethane content achieved without 
agitation.

4.2.6 � Moisture content

Moisture is required for microbial activities and metabo-
lism in anaerobic digestion [3, 60]. There are two classes 
of anaerobic system based on the amount of moisture pre-
sent: dry (solid-state) system and wet (submerged) system. 
Dry or solid-state AD system occurs at dry matter ˃ 15%, 
while wet or submerged system occurs at dry matter ˂ 15% 
[3]. Mirmohamadsadeghi et al. [3] stated that wet system 
has lower retention time, higher volatile solid reduction, 
lower inoculum requirement, and most importantly higher 
methane production, while dry system requires less energy 
and can handle digestate easily. Kwietniewska and Tys [11] 
reported that high methane production rate occurs at 60–80% 
of humidity. Teklehaimanot [60] stated that excessive mois-
ture in the feedstock reduces the rate of biogas production 
per unit volume of feedstock, while the inadequate moisture 
causes inhibition of digestion process due to accumulation 
of acids. Mousa et al. [67] investigated the effect of ratio of 
water on the mixed organic solid waste (mixture of kitchen 
waste and chicken manure). The result showed that when 
the ratio of mixed solid waste to water was 1:1, volatile solid 
content was 78%, and more biogas was produced.

4.2.7 � Total and volatile solids

Both the total solid (TS) and volatile solid (VS) give use-
ful information on biogas production and process efficiency. 
Total solid (TS) can be described as the measurement of dry 
content (or matter) in a substrate. It is achieved by drying 

an amount of substrate at 105 °C until its moisture content 
is zero or until no further change in the weight of substrate 
is observed [68]. The total solid content of substrate affects 
biogas and methane production efficiency. The three main 
classes of AD technologies based on TS content of substrate 
include conventional wet (≤ 10% TS), semi-dry (between 10 
and 20% TS), and dry (≥ 20% TS). In most literature, semi-
dry or dry technologies are recommended due to lower water 
demand during the process and smaller size of the digester’s 
chamber that lowers production cost [69]. Sathish et al. [70] 
stated that when large amount of total solid is introduced 
into a digester, it leads to the formation of large amount 
volatile acids in the same digester. According to them, vola-
tile acids have high impact of alkalinity and pH value of 
the reactor. Meegoda et al. [32] reported that continuous 
dry (or high-TS) anaerobic digester improved biogas yield 
when compared with wet (or low-TS) digester operating at 
the same retention time. Sun et al. [71] studied influence of 
raw materials and total solids (TS) on biogas production. 
They discovered that under the same condition when TS 
increased from 7.4 to 10%, biogas production also increased. 
Wang et al. [72] investigated the effect of TS (5%, 10%, 15%, 
and 20%) on anaerobic co-digestion of pig manure and food 
waste. There is no significant difference in methane yield 
(278.8–291.7 NmL/g VSadded) for TS ranging 5–15% TS. 
But there was a reduction in methane yield (259.8 NmL/g 
VSadded) when the TS was increased to 20%. The higher the 
TS content, the more the accumulated volatile fatty acids 
(VFAs) such as acetic acid [70]. Therefore, reduction in 
methane yield at 20% TS was a result of accumulation of 
VFAs. The performances of anaerobic digestion of food 
waste under mesophilic condition with TS contents from 5 
to 20% were investigated by Yi et al. [69]. Results showed 
that as TS increased from 5 to 20%, the biogas production 
rate also increased.

Volatile solid (VS) concentration can be defined as meas-
urement of organic fraction of TS which is commonly meas-
ured as a percentage of TS in grams per kilogram. It is the 
amount of matter that is lost when TS is ignited at 550 °C 
in a muffle furnace. VS can be employed to assess the effi-
ciency of AD, estimation of biogas potential of any biomass, 
and degree of decomposition of biomass [68]. The residue 
left after subjecting to high temperature in a furnace is the 
inorganic fraction. According to Alemayehu [73], VS repre-
sents part or portion of organic matter that can be converted 
to biogas/methane. The higher the value of VS, the more 
favorable the anaerobic digestion (higher biogas production). 
According to Orhorhoro et al. [68], VS concentration can 
be determined by subtracting weight of the inorganic frac-
tion left after ignition from the weight of the dried substrate 
and then divided by the weight of dried substrate. Investiga-
tion carried out by Orhorhoro et al. [68] showed that there 
was a gradual rise in in the quantity of biogas yield as the 
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percentage of VS concentration was increasing, while reduc-
tion in quantity of biogas yield was observed as the percent-
age of VS concentration decreased.

4.3 � Factors inhibiting microbial activity 
during anaerobic co‑digestion of kitchen waste 
and animal manure

There are some factors that inhibit microbial population in 
the digestion of wastes. They cause adverse effect on micro-
bial growth. Reduction in the rate of biogas production and 
accumulation of organic acids are indication of inhibition 
[11]. Lack of balance between hydrolysis and methanogen-
esis rates is major cause of inhibition. To achieve higher 
biogas production rate, then a suitable balance between 
hydrolysis rate and methanogenesis rate is essential. Quick 
methanogenesis process is required for prevention of accu-
mulation of organic acids which reduces the pH to an extent 
of inhibiting methanogenic activities [74]. Co-digestion with 
other substrate and pretreatment of substrate are some of the 
operations that lowered the effect of inhibiting factors.

4.3.1 � Ammonia

The degradation of protein (or nitrogen-rich organic waste 
such as manure) results in the formation of ammonia (NH3). 
It occurs mostly as free ammonia or ammonium (NH4

+) 
forms. Ammonia improves the buffering capacity of a 
reactor through neutralization of organic acids to prevent 
inhibition by volatile fatty acids (VFAs). Micro-organisms 
can consume ammonia as a macro-nutrient [3]. Although 
ammonia is a good source of nutrient for microbial growth 
during anaerobic digestion, unwanted increase in ammonia 
concentration may occur during the degradation of protein 
in the substrate. This unwanted increase in ammonia con-
centration inhibits the process performance [75]. Inhibition 
by high ammonia concentration is responsible for digester 
failure and high economic losses [76]. According to Chen 
et al. [77], inhibition of the process is mainly caused by free 
ammonia because it can easily diffuse into cell membrane 
and result into imbalance of the proton (H+) and potassium 
deficiency. It is imperative that the concentrations of ammo-
nia should be less than 200 mg/L to be beneficial to anaero-
bic digestion process since nitrogen is essential for anaero-
bic micro-organisms [78]. The inhibitory effect of ammonia 
affects methanogenesis process more than hydrolysis, acido-
genesis, and acetogenesis [79]. According to Morales-Polo 
et al. [43], ammonia concentration which ranges between 
400 and 5700 mg/L results in 56% loss of methanogen activ-
ity but acidogens are not affected. Out of the two groups of 
methanogens, acetoclastic methanogens were more sensitive 
to ammonia concentration than hydrogenotrophic methano-
gens [77, 79]. Free ammonia concentration depends on the 

concentration of total ammonia nitrogen (TAN), pH, and 
temperature [76]. Akindele [80] reported that instability of 
AD process caused by ammonia inhibition results in accu-
mulation of VFAs which in turn leads to decrease in both pH 
and free ammonia concentration. The interaction between 
free ammonia (FA), VFAs, and pH may cause what is called 
“inhibited steady state process” (a process whereby the run-
ning is stable but with a decrease in biogas production and 
methane yield).

Zeshan et al. [81] studied the effect of ammonia-N accu-
mulation in a dry anaerobic digestion using pilot scale reac-
tor under thermophilic condition. Food, fruit, vegetable, 
and paper wastes were the substrates co-digested to attain 
C-N ratios of 27 and 32 with varying OLR and digestate 
recirculation rates under different time intervals. The results 
showed that C-N ratio 32 had about 30% less ammonia in 
digestate when compared with C-N ratio 27. It was sug-
gested that the effect of inhibition caused by ammonia can be 
overcome by altering C-N ratio, higher OLR, and digestion 
recirculation. Chen et al. [82] observed inhibition effects of 
ammonia on semi-continuous anaerobic digestion of food 
waste. Seven lab-scale anaerobic bottles were used as reac-
tors with different ammonium concentrations (0, 0.5, 1, 2, 
3, 4, 5 g/L). After the first 5 days, methane content slowly 
increased and became stable. NH4Cl was fed on the 54th 
day to the concentrations (0–5 g/L) in the reactors. Methane 
yield was seriously inhibited in reactor with 5 g/L concen-
tration on that day that TAN was increased. In the reac-
tors with ammonium concentrations of 2–4 g/L, methane 
yields remained stable between 5 and 10 days, and after 
10 days, it gradually declined. However, methane yield in 
reactors with concentrations 0–1 g/L was still at 400 mL/g 
VSadded. Inhibition was observed when the concentration of 
total ammonia in the reactor exceeded 2 g/L. Garcia and 
Angenent [83] operated four anaerobic reactors for a period 
of 988 days to evaluate the effect of ammonia on methane 
yield. Within 0–378 days during digestion of animal wastes 
(faeces, urine, wasted swine food, and flush water), at tem-
perature 25 °C and ammonium-N level of approximately 
1200 mg NH4

+-N/L, methane yield was 0.31 L CH4/g Vs for 
all reactors. Within the period of 379–745 days, there was a 
decrease in methane yield by 45% at 25 °C when the TAN 
was increased to a level greater than 4000 mg NH4

+-N/L 
and FAN to a level greater than 80 mg NH3-N/L for two of 
the four reactors. Lastly, for the period of 746–988 days, 
when temperature was increased from 25 to 35 °C, there 
was decrease in inhibition from 45 to 13%, while the free 
ammonia was increased.

4.3.2 � C‑N ratio

Carbon–nitrogen (C-N) ratio is the ratio of carbon and 
nitrogen contents present in organic matter. The anaerobic 
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digestion process is highly sensitive to C-N ratio which 
reflects the nutrient levels of substrates. Low solubilization 
rate of protein in organic matter brings about low TAN and 
FA concentrations within a system as a result of a high C-N 
ratio. An optimal balance between C and N is highly needed 
for the proper growth of bacteria in anaerobic digestion [43]. 
Optimization of C-N ratio is one of the methods for reduc-
ing or avoiding ammonia inhibition in the anaerobic diges-
tion process [50]. The optimum C-N ratio is 20–30 carbon 
atom: 1 nitrogen atom [13, 55, 84]. When C-N ratio is higher 
than the optimum, it means insufficient nitrogen (or under 
utilization of carbon) which will be consumed rapidly by 
methanogens and leads to low biogas production [50]. In 
such a situation, nitrogen-rich substrates such as cow dungs 
and poultry droppings can be added to improve biogas pro-
duction. On the other hand, when the C-N ratio is lower 
than the optimum, the risk of ammonia inhibition which is 
toxic to methanogens increases. Low C-N means insufficient 
carbon content or under utilization of nitrogen which will 
result into ammonia accumulation. Accumulation of ammo-
nia will raise the pH of the slurry in the digester more than 
8.5 which will be toxic for methanogens (methane-forming 
bacteria) and definitely reduces biogas production [13]. 
Carbon-rich substrates such as kitchen waste, rice bran, and 
corn flour can be added to improve biogas production [84]. 
Table 2 shows C-N ratios range for kitchen waste and animal 
manure. Tanimu et al. [85] co-digested food waste mixture 
of C-N ratio 17 with meat, fruits, and vegetable wastes so as 
to increase its C-N ratio to 26 and 30 before anaerobic diges-
tion respectively. The results showed that biogas yield of 
0.352, 0.447, and 0.679L/gVS were obtained for C-N ratios 
17, 26, and 30 respectively. Maximum food waste efficiency 
(85%) was achieved at C-N ratio 30. Jos et al. [86] studied 
the effect of C-N ratio on biogas yield from carica solid 
waste with rumen cow fluid as inoculum. The experiment 
was conducted by making total solid variation of 7%, 9%, 
11%, 13%, 19%, and 21% and C-N ratio of 25 and 30. The 
results showed that the optimal rate of biogas production 

from carica solid waste (1.7825 ml/gTS day) was obtained 
in liquid state anaerobic digestion (LS-AD) at C-N ratio 25. 
Wang et al. [7] investigated effect of C-N ratio on anaero-
bic co-digestion of dairy manure, chicken manure, and rice 
straw. Lower C-N ratios of 15 and 20 at 35 and 55 °C respec-
tively resulted into low methane potentials due to significant 
ammonia inhibition. At C-N ratios of 25 and 30, maximum 
methane potentials were obtained, while there was reduction 
in ammonia inhibition.

4.3.3 � Volatile fatty acids (VFAs)

The products of acidogenesis stage of AD of organic matter 
include VFAs, alcohol, hydrogen, and carbon dioxide, and 
their ratios can significantly be differed depending on AD 
process conditions [23]. VFAs together with by-products 
such as ammonia (NH3) and hydrogen sulfide (H2S) are pro-
duced by acidogenic bacteria (also known as fermentative 
bacteria) [23, 88]. VFAs are also called short chain fatty 
acids (SCFAs) or carboxylic acids, and they contain 2–7 
carbon atoms [88]. Report from Xu et al.’s [89] study stated 
acetic acid as the main component of VFA during anaerobic 
digestion of kitchen waste which inhibits methanogenesis 
while the concentrations of other VFAs present such as for-
mic acid, butyric acid, and propionic acid remained stable 
in each stage. Formic, butyric, and propionic acids had lit-
tle correlation with accumulations during biogas produc-
tion. Furthermore, during co-digestion of cow manure and 
food waste under mesophilic and thermophilic conditions by 
Zamanzadeh, et al. [46]. The major VFA under mesophilic 
condition for mono- and co-digestions was acetic acid, while 
propionic acid and acetic acid were the major VFAs for ther-
mophilic mono-digestion and propanoic acid as the only 
VFA during thermophilic co-digestion. Table 3 shows the 
names, formula, and structure of VFAs found during anaero-
bic digestion of kitchen waste and cow dungs. According to 
Meegoda et al. [32], the conditions of the reactor/digester 
determine the concentrations of VFAs produced during aci-
dogenesis. They stated further that whenever digesters are 
operated at different pH, the result is always fluctuation in 
VFA concentrations, with different studies providing con-
tradictory results. VFAs are produced during the digestion 
process in the digester and used up in the same digester as 

Table 2   Kitchen/food waste, animal manure and their C-N ratio range 
[22, 55, 87]

Organic substrate Carbon–nitrogen 
(C-N) ratio range

Kitchen waste 26–30
Cow dung 16–25
Poultry droppings 5–15
Pig manure 6–14
Sheep dung 20–34
Fruit and vegetable waste 7–35
Food waste 3–17
Mixed food waste 15–32

Table 3   Names and molecular and structural formulae of VFAs found 
during AD of kitchen waste and cow dungs [90, 91]

VFA IUPAC name Formula Structure

Acetic acid Acetic acid C2H4O2 CH3-C00H
Propionic acid Propanoic acid C3H6O2 CH3-CH2-COOH
Butyric acid
Formic acid

Butanoic acid
Methanoic acid

C4H8O2
CH2O2

CH3-(CH2)2-COOH
H-COOH
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nutrients. A rapid increase in VFA concentration (due to 
accumulation) inhibits the activity of methanogens, lowers 
the pH value to undesirable level, causes instability of the 
AD system [11, 44], and subsequently leads to low biogas 
production rate. Kwietniewska and Tys [11] reported that 
the ratio of propionic acid to acetic acid greater than 1.4 and 
acetic acid content greater than 800 mg/L indicates reac-
tor failure. The ratio of VFA to alkalinity characterizes AD 
process; the lower the VFA/alkalinity ratio, the higher the 
biogas yield. Currently, addition of trace elements, focusing 
on C-N ratio, and application of a two-stage reactor for sepa-
ration of methanogenesis from hydrolysis and acidogenesis 
stages are the main methods for reducing inhibition caused 
by VFAs [89].

Effect of VFA concentration was investigated on anaero-
bic co-digestion of food leachate and animal manure by Lee 
et al. [14]. The result obtained showed that the volatile solid 
removal rate (56.4%) was achieved during digestion pro-
cess which was unable to meet the Korea standard (65%) 
of volatile solid removal rate. This is due to the presence of 
high VFA concentration (> 4000 mg/L) in the co-substrate 
which inhibited the activities of microbes. Xu et al. [89] 
investigated the influence of VFAs on biogas production 
from kitchen wastes by anaerobic digestion under different 
organic loads. The results showed that the maximum specific 
methane was 328.3 mL.g/TS and that increase in organic 
loads made acetoclastic methanogens to be more sensitive 
to acetic acid than hydrogenotrophic methanogens.

4.3.4 � Heavy metals (HMs)

Heavy metals are metals or metalloids with density ˃ 5 g/
cm3 and mostly associated with pollution and toxicity [92]. 
Anaerobic digestion process can degrade agricultural wastes 
to generate close to two billion cubic meters of biogas yearly, 
but the presence of heavy metals can interfere with biogas 
production. Although treatment of wastes containing heavy 
metals is possible by AD process, it has also been reported 
that heavy metals can inhibit the process [93]. Some heavy 
metals, when present in small quantities, increase the rate of 
biogas production because they are used as part of enzyme 
structure of the bacteria, while some metals (light metals) 
such as magnesium, sodium, calcium, and potassium can be 
toxic to microbes in anaerobic digestion if present in large 
quantities [11]. Similarly, copper, nickel, chromium, zinc, 
and lead (heavy metals) when present in small quantities 
stimulate bacteria growth but have a toxic effect when they 
are present in large quantities [56]. The mechanism of inhi-
bition of heavy metals is by disrupting the structure and 
function of enzymes. Mirmohamadsadeghi et al. [3] reported 
that the inhibitory effect of heavy metals is not a concern 
during anaerobic digestion of food wastes. This is because 
heavy metal concentrations are always below threshold in 

food wastes. However, in food wastes according to Mirmo-
hamadsadeghi et al. [3], there are presence of high concen-
trations of sodium ion (Na+) and potassium ion (K+), and it 
is a concern. Therefore, concentrations of sodium and potas-
sium should be determined in food waste so as to avoid AD 
inhibition. Sahu et al. [94] carried out elemental analysis of 
heavy metals present in the spices added to kitchen waste. It 
was shown that there was high concentration of metals in the 
spices which together with other bioactive components could 
inhibit biomethanation process. Table 4 shows the heavy 
metal contents of animal manure and vegetable wastes.

Although, researchers had in the past looked at the effect 
of different operating/inhibiting parameters on anaerobic 
digestion of kitchen waste and animal manure. However, 
literatures show that there is dearth information on effect of 
heavy metals on anaerobic mono and co-digestion of kitchen 
waste and animal manure. This area needs to be explored.

4.3.5 � Effect of spices

One of the major challenges of using kitchen waste as 
substrate during anaerobic digestion is the compositional 
variations in kitchen waste which include types and quanti-
ties of spices used for preparing food which may affect the 
digestion process due to their antimicrobial activities [94]. 
Spices are plant substances (such as mint, rosemary, gar-
lic, onion, red chili, black pepper, cumin, and ginger) from 
indigenous or exotic origin used for the enhancement of food 
taste. Sahu et al. [94] stated that spices have antimicrobial 
and antioxidant properties as their presence in kitchen waste 
inhibit digestion process. Antimicrobial activity of spices 
depends on factors which include kind of spices, compo-
sition and concentration of spices, substrate composition, 
process conditions, and storage [95]. Yang et al. [37] also 
stated that too much of additives/spices in food waste can 
significantly affect the performance of the AD system. Anti-
microbial properties of spices are due to the presence of 
specific biochemical components (such as thymol in thyme, 
allicin in garlic, vanillin in vanilla) that inhibit the growth 
of bacteria [96]. In literature, few works had been done on 
the effect of spices on biogas production from kitchen waste. 

Table 4   Animal manure and vegetable waste with their heavy metal 
contents in mg/kg [93]

Heavy metal Cow dung Pig manure Poultry 
manure

Vegetables

Copper 32.3–730.1 35.7–1726.3 20.7–569.7 0.22–7.61
Nickel 4.3–11.6 3.62–22.1 6.91–31.4 0.18–1.41
Iron - - 443–1000 -
Cadmium 0.3–1.23 1.13–4.35 0.31–11.32 0.001–0.16
Zinc 75.9–4333.8 113.6–

1505.6
175.3–964.7 1–77
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The only description of the microbial activities of spices 
was carried out by different researchers [95–97]. The major 
work on effect of spices on biogas production from kitchen 
waste in literature was carried out by Sahu et al. [94]. The 
results showed that different spices come with different 
magnitude of inhibition of the AD process. Furthermore, 
microbial examination carried out on digestate revealed that 
there was a decrease in the population of fermentative and 
methanogenic bacteria due to presence of spices.

Regular monitoring and controlling of operating param-
eters within optimum values to improve performance effi-
ciency of the digester is somehow difficult due to inter-
mittent changes in parameters. However, according to 
Mirmohamadsadeghi et al. [3], it is essential to gradually 
and slowly allow changes in parameters because drastic 
changes could cause failure and instability in the process.

4.4 � Pretreatment of anaerobic co‑digestion 
of kitchen waste and animal manure for biogas 
production enhancement

It has also been shown that pretreatment methods when 
applied can enhance the rate of biogas production, increase 
volatile solids reduction, and ultimately increase biogas yield 
[23]. Pretreatment speeds up hydrolysis which is the rate-
limiting step (this is the first step in anaerobic decomposition 
where complex organic matters/substrates are converted into 
smaller molecules for further degradation) and reduces HRT 
for the anaerobic digestion process [3]. Kondusamy and Kal-
amdhad [28] stated that pretreatment effects on substrate 
biodegradability vary depending on substrate characteristics. 
According to Li et al. [98], pre-treatment methods could be 
physical (or mechanical), which most times could increase 
the capital costs due to additional energy reqiured, biological 
(or microbial), which is enviromental friendly and cosumes 
lower energy or chemical pret-treatment that employs chemi-
cals for maintaining conditions of reaction. Szlachta et al. 
[99] investigated the effect of mechanical pretreatment on 
nine different agricultural biomasses. The biomasses were 
minced into 1.5 mm, 5 mm, and 10 mm particle sizes. The 
results showed that highest biogas was produced at opti-
mum particle size of 10 mm. Rafique et al. [27] obtained 
28% increase in biogas and 25% increase in methane content 
at 100 °C for thermally pretreated dewatered pig manure. 
At temperature above 100 °C, most bacteria are killed and 
hence resulted in a decrease in biogas yield. This shows that 
at temperatures above 100 °C, thermal pretreatment had no 
positive influence on the degradability of dewatered pig 
manure.

Due to limited success achieved in improving biogas 
production using individual pretreatment methods, two or 
more pretreatment techniques can be combined with the 
aim of achieving more efficient conversion of organic matter 

into biogas [100]. Three different pretreatment techniques 
mechanical (milling), chemical (addition of NaOH and 
NH4OH), and biological (fungal addition) were combined 
by Ali and Sun [101] for treatment of park wastes (fresh and 
dry leaves) and cow dung substrate before anaerobic diges-
tion. A 2.5% NaOH was mixed together with 2.5% NH4OH 
for 2 weeks (15 days) then followed by biological treatment 
through the addition of A. terreus and T. viride. At inter-
val of 7 days, substrate pretreatment was studied from 0 to 
70 days. Results showed that 102.6 L/kgVS and 125.9 L/
kgVS biogas was produced from untreated and pretreated 
substrate respectively. Likewise, 61.4 L/kgVS and 79.8 L/
kgVS methane were produced from untreated and pretreated 
substrate respectively. When chemical pretreatment with 
NaHCO3 was applied to improve the performance of the 
digestion process of agricultural solid waste and cow manure 
by Almomani [102]. There was an improvement in the bio-
degradability of the substrate which subsequently increased 
the cumulative methane production by 43%. Summary of 
effect of different pretreatment approaches applied to anaer-
obic co-digestion of kitchen wastes and animal manure is 
presented in Table 5.

Thermal, chemical, and thermo-chemical are the com-
monly used pretreatment methods for animal manure in 
some past studies [27, 104, 105]. Solubilization of wastes 
was achieved through all these pretreatment methods. How-
ever, hydrolysis and acidogenesis could result into accumu-
lation of ammonia and VFAs due to overstimulation as a 
result of excessive particle size reduction. Microwave pre-
treatment increases the risk of organic acid accumulation 
and process inhibition [3], while autoclave pretreatment 
may reduce biogas yield if the proteins in the substrate are 
denatured [106]. Therefore, caution should be taken, and 
prior investigations must be carried out before the selection 
of appropriate pretreatment methods for kitchen waste and 
animal manure before co-digestion.

5 � Current trend and recent issue and future 
prospect of biogas production

According to Mata-Alvarez et al. [36], choosing the best 
blending or mixing ratio for co-substrates improves methane 
production. Success of anaerobic co-digestion of different 
wastes depends on balancing C-N ratio, nutrient contents of 
the given wastes, increasing buffering capacity of the pH, 
and right combination of other parameters present in the co-
substrate mixture [36, 37]. Recent research initiatives have 
chosen and tested different mixing/blending ratios during co-
digestion of wastes to improve biogas yield. Some research-
ers mixed/blended different wastes based on their VS ratios, 
while some used TS ratios [107]. But according to them, 
mixing wastes based on their volatile and total solids ratios 
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would not give optimal result. Therefore, future researchers 
should consider the application of optimization techniques 
such as response surface methodologies (RSM) (simplex-
centroid mixture design (SCMD) and central composite 
design (CCD)); artificial neural networks (ANN); linear pro-
gramming, and adaptive linear programming to obtain the 
optimal mixing ratio for co-digestion of kitchen waste and 
animal manure so as to enhance biogas yield. Furthermore, 
factors such as reactor design, operating conditions, and sub-
strate characteristics affect biogas yield during AD process 
and, if not within the optimal range, could cause reduction 
in biogas yield. Hence, for improvement in biogas yield, 
there is a need to determine the optimized values of these 
factors. Some previous researches employed convention 
technique where a single variable factor will be varied and 
other factors are kept constant at a given condition. These 
techniques are laborious and time-consuming and bring 
about zero interaction between variables. Optimal condi-
tions are very difficult to reach due to lack of interactions 
between variables when conventional method is employed. 
Future works should focus on the use of response surface 
methodology (RSM) and artificial neural network (ANN) to 
determine influence of different factors and their effects on 
biogas yield from anaerobic co-digestion of kitchen waste 
and animal manure.

AD as a mature waste management technology can be 
employed for kitchen waste and animal manure treatment 
to produce energy. It has gained recognition in most nations 
of the world for the past two decades for treatment of agri-
cultural wastes (animal manure or crop residues), municipal 
solid waste (MSW) and industrial and commercial wastes 
[108] and is widely practiced due to its simplicity, cost-
effectiveness, and environmental friendliness. Biogas from 
anaerobic digestion comprises mainly 50–70% methane con-
tent with high heating value. It can be used to generate power 
for heating and cooking and as transportation fuel when 
upgraded. However, distributors and consumers of biogas 
desire sustainability indices that is related to socio-economic 
performance. Therefore, it has become highly imperative 
to establish a capital and operating cost profile in order to 
determine the viability of the biogas production process 
from the anaerobic co-digestion of kitchen waste and ani-
mal manure economically. This will be very important when 
developing biogas production technology and also assist-
ing with investment so as to avoid unnecessary expenses. A 
number of techno-economic assessments have been carried 
out to evaluate the economic feasibility of biogas produc-
tion from anaerobic digestion of different wastes. But there 
is dearth of information on techno-economic assessment of 
anaerobic co-digestion of kitchen waste and animal manure 
for biogas production most especially at a full-scale level. 
Therefore, future researchers should look into the techno-
economic assessment of anaerobic co-digestion of kitchen 

and agricultural wastes. The main research gaps and recent 
issues are discussed in Table 6.

6 � Conclusions

Waste treatment by anaerobic digestion is an effective and 
promising process for the management of kitchen waste and 
animal manure and gives quite good methane/biogas yield 
as shown in a few empirical studies presented. However, 
there are associated problems of getting a substrate free 
of contaminants so as to increase its biodegradability and 
instability of the process due to VFA accumulation due to 
nutrients imbalance whenever any of them is used as lone 
substrate. Moreover, there are crucial factors or parameters 
that influence the overall efficiency of the biogas production 
technology. Operating and inhibiting parameters that affect 
biogas production performance of anaerobic co-digestion 
of kitchen waste and animal manure include pH, tempera-
ture, mixing ratio, hydraulic retention time, ammonia, heavy 
metals, C-N ratio, and VFA just to mention but a few. For 
maximum biogas production, it is very essential to study the 
effects of these operating and inhibiting parameters. If any 
of these parameters exceeds the optimal range values, condi-
tions become unfavorable to methanogens, and the process 
becomes slow and less efficient. This study reviews effect 
of different operating and inhibiting parameters on biogas 
yield from anaerobic co-digestion of kitchen waste and ani-
mal manure. Furthermore, suitable pretreatment methods for 
kitchen waste and animal manure to increase methane con-
tent in biogas are also summarized. Despite recent reports 
on biogas production from co-digestion of kitchen waste 
and animal manure, many gaps are still left to be investi-
gated. Future investigations should focus on optimization 
of biogas production from co-digestion of kitchen waste 
and animal manure using RSM, CCD, ANN, and adaptive 
linear programming techniques instead of conventional tech-
nique. Optimal mixing ratio and operating conditions which 
will maximize biogas yield without compromising process 

Table 6   Main research gap and recent issues

Issue

Use of VS and TS ratios ✓ Not giving optimal mixing ratio
✓ Low biogas yield

Use of conventional technique 
(single variable factor)

✓ Laborious
✓ Time-consuming
✓ Lack of interaction among process 

variables
✓ Optimal conditions difficult to 

obtained
✓ Not giving optimal biogas yield

Co-digestion ✓ Techno-economic assessment
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stability can be achieved through these techniques. Finally, 
economic feasibility of biogas from co-digestion of kitchen 
and animal manure should receive major attention too.
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