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Abstract. Food waste (FW) is the largest and most problematic organic waste component in the solid waste
management system around the world including Malaysia. In promoting renewable energy production, FW
has enormous potential and is one of the most promising sources as it can be converted into energy due to
high organic matter content found in this source. Improper handling of FW has adverse effects on humans
and the environment. FW that ends up in landfills is capable of producing greenhouse gases such as methane
and carbon dioxide which can lead to increased atmospheric temperature, climate change, and global
warming as well as causing serious health hazards. Compared to landfilling, incineration, and composting,
anaerobic digestion (AD) is considered the best treatment alternative in FW management. This paper
reviews the efficacy of using FW AD for energy production, focusing on the critical factors influencing the
digestion process, the characteristics of the FW and their impact on the AD process, and the method of
anaerobic conversion of FW (batch or continuous) to methane. To enhance the AD of FW, the co-digestion
and pretreatment method will also be discussed further in this review paper.

Keywords: anaerobic digestion, food waste, energy, methane, co-digestion, pretreatment, factors
influencing anaerobic digestion process

Introduction

Food waste (FW), which is known as a complex heterogeneous organic material
consisting of highly recalcitrant material up to extremely biodegradable compounds has
become a major global problem. In the United States, the generation of FW has reached
188 kg/capita per year with total losses reaching $165.6 billion at consumer and retail
levels (Abd Ghafar, 2017). According to Liu et al. (2021), the annual food loss per capita
in North America and Europe is 280-300 kg. Furthermore, approximately 33% of food is
wasted in Southeast Asia (Yang et al., 2016). According to Kamaruddin et al. (2017),
Malaysia presently produces around 1.1 kg/capita/day of municipal solid waste (MSW)
where about 40% of MSW consists of FW. The remaining 60% is comprised of inorganic
waste such as plastics, papers, diapers/napkins, textile, metal, glass, rubber and leather,
garden or yard waste, and others (SWCorp, 2016). Approximately, 77% of the FW
produced consists of cooked rice, noodles, bread, and pastries (carbohydrate group)
produced by cafeterias, commercial restaurants, meat, and market industries (Tanimu et
al., 2014). Most of the polymeric carbohydrates and proteins are present in solid form,
for example, rice, bread, noodles, vegetables, and meat. The composition of FW discarded
from the households and foodservice level comprising restaurants, canteens, and others
can be varied. In countries like Europe and Asia, the largest composition of FW produced
Is vegetables and fruits with a percentage of 40% and 56%, respectively. The rest consists
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of pasta and bread, rice, dairy products, meat, and fish. In general, the FW generated
comprises 41-62% of degradable carbohydrate, 15-25% protein, and followed by 13-30%
of lipids (Braguglia et al., 2018). In addition, for many countries in Southeast Asian
continent such as Malaysia and Thailand, the largest composition of FW is dominated by
carbohydrates groups such as cooked or uneaten rice, noodles, and bread. Meanwhile,
proteins and lipids are typically derived from FW comprising meat, fish, eggs, and oily
gravy.

Ineffective FW disposal will contribute to severe environmental problems including
odour emission, leachate production, greenhouse gas emissions (GHG), and groundwater
pollution (Zhou et al., 2018). Landfilling, incineration, and aerobic composting are some
of the traditional approaches that are often taken into consideration in FW management
in Malaysia. Several factors make these three methods unfavourable to dispose of FW,
namely the tendency to create environmental problems, space constraints, and
characteristics of FW. In FW management, anaerobic digestion (AD) is considered the
best alternative of treatment compared to landfilling, incineration, and composting.
Limited environmental impacts and a high potential for energy recovery make this
technology best suited for treating FW (Ariunbaatar et al., 2014) as well as having great
potential in reaching 40 to 60% of waste reduction. Anaerobic digestion is a biological
process that takes place in the absence of oxygen and results in the destruction and
stabilization of organic waste (Negri et al., 2020), involving 4 stages of processes namely
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Zhou et al., 2018; Negri et
al., 2020). This method offers several environmental benefits over other forms of
treatment technology, for example, it reduces greenhouse gas emission (methane and
carbon dioxide), reduces odors, and produces sanitized nutrient-rich fertilizer (Seruga,
2021).

This paper will discuss the anaerobic conversion of FW for energy production,
particularly methane. The focus will be given to the critical factors influencing the
digestion process, the characteristics of the FW, and their impact on the AD process.
Further explanation will be given to the anaerobic conversion of FW into methane either
by batch or continuous AD method. Methods to enhance the AD of FW such as co-
digestion and pretreatment will also be evaluated further.

Anaerobic digestion

Biogas is the most important product in the anaerobic digestion process. Biogas is a
combustible gas, and the quality is defined by its composition. The main composition of
biogas consists of CH4 and CO.. In addition, small quantities of other gas components are
also present in the biogas produced through the anaerobic digestion process which
includes nitrogen (N2), hydrogen (Hz), hydrogen sulfide (H2S), ammonia (NHs), oxygen
(O2), and water vapour (H20). According to Bharathiraja et al. (2018), biogas is largely
made up of methane (CH4) (40-75%) and carbon dioxide (CO3) (15-60%), with minor
amounts of hydrogen (H), nitrogen (N2) (0-5%), hydrogen sulfide (H2S) (0-5000 ppm),
oxygen (O2) (2%), water (H2O) (1-5%), and saturated hydrocarbons (i.e. ethane,
propane). Furthermore, the anaerobic digestion process is becoming popular nowadays
because of its methane recovery potential, and the nutrient-rich solids produced following
digestion (digestate) can be utilized as fertilizer. Waste stabilization is demonstrated by
the generation of methane and carbon dioxide at the end of the anaerobic digestion
process.
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The anaerobic process begins with hydrolysis where complex organic materials will
be hydrolyzed to a smaller size and soluble organic substrate. Meanwhile, in acidogenesis
stage, amino acids, simple sugars, and long-chain fatty acids have been broken down into
short-chain fatty acids. In the third stage (acetogenesis), the simple molecules from
acidogenesis are further digested to produce carbon dioxide, hydrogen, and mainly acetic
acid. Then, methanogenesis stage will take place in which the carbon dioxide and
hydrogen are converted into methane gas.

Critical factors influencing anaerobic digestion

In order to ensure the operation of the anaerobic digestion process occurs in optimum
conditions, there are a few parameters that should be taken into consideration and
controlled. Therefore, any drastic changes in the parameters involved in the anaerobic
digestion system will affect the chain reaction that ultimately inhibits the digestion
process. Complete microbial metabolic processes, which entail intricate interactions of
various types of bacteria, must be in continual equilibrium to ensure the digester remains
stable. Physiology, nutritional needs, growth Kinetics, and sensitivity to environmental
conditions are the important characteristics that distinguish between the acid-forming and
methane-forming microorganisms in the anaerobic digestion system. The instability of an
anaerobic digester is caused by the failure to ensure a balance between these two groups
of microorganisms (Li et al., 2018). Thus, parameters such as temperature, pH and
alkalinity, volatile fatty acids (VFA), mixing, hydraulic retention time (HRT), and
organic loading rate (OLR) must be observed and maintained within the permitted range
to enhance microbial activity and thus boost the efficiency of the anaerobic
decomposition of organic matter in the system.

Temperature

Anaerobic digestion (AD) can function over a large range of temperatures.
Temperature is one of the important operating parameters in determining the performance
of AD reactor to ensure the survival and optimum development of microbial consortium.
Bacteria have two optimum temperature ranges known as mesophilic and thermophilic
although they can survive in a wide range of temperatures. Anaerobic digesters are
discovered to be operated at temperatures ranging from 20 °C to 60 °C. Mesophilic
(20-40 °C) and thermophilic (50-65 °C) temperature ranges are responsible for methane
generation, with optimum temperatures of 35 °C and 55 °C, respectively (Panigrahi and
Dubey, 2019). The value of the optimum temperature for the anaerobic digestion process
is different and it depends on the composition of the feedstock and type of digester used.
Since the rate of digestion is greatly affected by temperature, it is considered a critical
parameter that must be maintained in the desired range. Anaerobic bacteria can survive
in a wide temperature range, from low temperatures (freezing point) until reaching a
temperature of 70 °C. However, the most significant development is in the two ranges of
temperature from 25 °C to 40 °C (mesophilic) and from 50 °C to 65 °C (thermophilic).
The active microbial community structure is different at both optimum temperatures. The
temperature range had a significant influence on the transition of the reactor's
methanogenic activity from mesophilic to thermophilic, as evidenced by the sudden
performance deterioration and complete cessation of methane recovery when the
temperature range was increased from mesophilic to thermophilic (Kim and Lee, 2016).

The optimum temperature setting (35 °C) during mesophilic anaerobic digestion of
FW has successfully produced a high methane yield. This is evidenced through a study
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conducted by Wang et al. (2014), Gou et al. (2014), Dai et al. (2013), Shen et al. (2013),
Ratanatamskul and Manpetch (2016), Drennan and Di Stefano (2014), Wu et al. (2016)
and Paudel et al. (2017). The range of methane yield recorded through their study was
between 153-620 L CHa4/kgVS. In addition, the setting of the optimum temperature
(55 °C) during thermophilic anaerobic digestion of FW also produced a high methane
yield. Some researchers such as Castrillon et al. (2013), Gou et al. (2014), Yang et al.
(2015), Nagao et al. (2012), and Qiang et al. (2013) have recorded high methane yield
production (178-475 L CHa4 / kgVS). However, the increase in methane yield produced
does not only depend on the setting of the optimum temperature during the process alone.
Factors such as pH and co-digestion of the FW with other substrates also contributed to
the increase in methane yield.

In comparison to mesophilic digestion, thermophilic digestion results in a greater
reduction of pathogens in the digested substrate, a higher specific growth rate of
microorganisms, a shorter hydraulic retention time (HRT), and a faster rate of biogas
production (Fernandez-Rodriguez et al., 2013; Cavinato et al., 2013). According to the
Arrhenius equation, increasing the reaction temperature by 10 °C doubles the rate of many
chemical processes (Panigrahi and Dubey, 2019). The specific gas production and gas
production rate rose from 0.34 to 0.49 m3/kgVS and 0.53 - 0.78 m3/m? day, respectively,
as the temperature climbed from 37 to 55 °C (Cavinato et al., 2013). In the thermophilic
process, on the other hand, the high rate of acidogenesis leads to an buildup of propionic
acid in the digester, which may limit methanogen activity. Another issue with
thermophilic AD is its greater energy demand and process instability, both of which can
have a negative impact on energy balance and the entire digestion process (Beevi et al.,
2015). The benefits of thermophilic (increased hydrolysis and conversion rates) and
mesophilic (elevated process stability, better effluent quality) conditions were combined
to develop temperature phased AD (TPAD) (Fuess et al., 2018). TPAD consists of two
stages: a shorter thermophilic pretreatment phase and a subsequent mesophilic phase with
a longer retention duration. The thermophilic stage accelerates hydrolysis and
acidogenesis, which seem to be the rate-limiting processes in anaerobic digestion whereas
the mesophilic stage maintains constant conditions for syntrophic acetogenesis and
methanogenesis owing to methanogens' superior resistance to inhibitory or toxic
chemicals (Borowski, 2015). According to Borowski (2015) and Akgul et al. (2017),
TPAD can improve volatile solids and total coliform degradation, enhance methane
production and organic loading rates (OLR), increase operational stability and effluent
quality in terms of volatile fatty acids (VFA) and soluble chemical oxygen demand
(SCOD), and lowering hydraulic retention times (HRT) for total coliform degradation. It
has the same potential as single-stage thermophilic anaerobic digestion, but it is much
more efficient than single-stage mesophilic anaerobic digestion. The TPAD has been used
to digest sewage sludge, FW, the organic fraction of municipal solid waste (OFMSW), as
well as a solid residue from olive mills. The TPAD of FW is capable of producing high
methane yields as reported by Ventura et al. (2014), Yeshanew et al. (2016), Wu et al.
(2016), and Li et al. (2020). Ventura et al. (2014) have conducted TPAD of FW from a
recycling company using a combination of mesophilic-thermophilic (10L: 30L) and
thermophilic-mesophilic (10L: 30L) reactors. They found that the methane yields
obtained were 440 and 370 L CHa/kg VSadded, respectively using a combination of
mesophilic-thermophilic and thermophilic-mesophilic reactors. Yeshanew et al. (2016)
reported that approximately 334.7 L CHa/kg CODremoved Of methane yield was produced
through the TPAD process of synthetic FW using a combination of continuously stirred
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tank reactor (CSTR) and anaerobic baffled reactor (ABR) with recirculation. Wu et al.
(2016) used a combination of the thermophilic-mesophilic reactor with a capacity of 10L
to digest food waste with de-oiled grease trap waste and found that a total of 520 L CHa/kg
VSadded Of methane yield was produced. Li et al. (2020) reported that two temperature-
phased anaerobic digestion (TPAD) systems, non-recirculation temperature-phased
anaerobic digestion (NR-TPAD) and recirculation temperature-phased anaerobic
digestion (R-TPAD), were operated in parallel for the co-digestion of FW and paper waste
(55 °C in the first reactor and 35 °C in the second reactor). The range of methane content
obtained through these two systems is between 53.99-59.23% and 56.14-60.28%
respectively, using NR-TPAD and R-TPAD. Recirculation had a big impact on the
microbial population's composition and variations. Recirculation promotes phase
separation in the R-TPAD system, converting lactic acid to hydrogen in the first reactor,
and has been shown to enhance co-digestion of food waste and paper waste, resulting in
methane production. However, the utilization of the TPAD system does not all produce
the expected results. For example; Xiao et al. (2018) found methane yield produced
through the TPAD system was lower (454 L CH4/kg VSadded) compared to single
mesophilic AD (477 L CHa/kg VSadded) and single thermophilic AD system (461 L
CHa/Kg VSadded). The TPAD employed in the test resulted in a lower biogas and methane
production rate and yield, but a greater biogas and methane recovery rate than the two
single-stage anaerobic digestion systems. The methane recovery rate for TPAD, single
mesophilic AD, and single thermophilic AD systems is 577, 574, and 564 L CHai/kg
V Sdegraded, respectively.

pH and alkalinity

For optimum growth, each group of anaerobic microorganisms involved in the
anaerobic digestion process has a specific optimum pH, therefore AD is strongly
dependent on the pH of the system. In order to ensure the success of the operation and
stability of an anaerobic digester, this parameter must be monitored and maintained.
According to Parawira (2004), the utilization of carbon and energy sources, efficiency of
substrate dissimilation, synthesis of protein and various types of storage material, and
release of metabolic products of cells are among a few aspects that are influenced by pH.
Since fermentative microorganism is less sensitive to changes, then it can work in a wider
pH range. The acetogenesis phase necessitates a pH of 6.5-7, which is near neutral to
acidic. A slightly acidic and basic pH of 6 and 7.5 are essential for hydrolysis and
methanogenesis, respectively (Leung and Wang, 2016). The literature has indicated a
range of pH values (6.5-8.5) for anaerobic digestion, although the ideal pH for an efficient
anaerobic digestion process is about 7 (Kumar and Samadder, 2020). A decline in pH
(below 6) significantly reduces the activity of the methanogens more than that of the
acidogens and causes volatile fatty acids (VFASs) formation (Panigrahi and Dubey, 2019),
which could inhibit the whole process and contributed to digester instability (Kumar and
Samadder, 2020). Alkalinity can be defined as a measurement of the chemical buffering
capacity of an aqueous solution. Agbalakwe (2011) states that to ensure the operation of
an anaerobic digester is in stable condition, the digester needs to provide adequate
buffering capacity to maintain the pH of the system to be in the range of 6.7 to 7.4 by
neutralizing the VFA which may present in the system. The presence and concentration
of buffering compounds are influenced by the composition of the total organic load and
substrate. Several compounds provide significant buffering capacity in the anaerobic
digestion process such as hydrogen sulfide (H2S), ammonia (NHz3), bicarbonate (H>.COs),
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and di-hydrogen phosphate. An anaerobic treatment system has its buffering capacity
against pH drop. Alkalinity in the form of CO2, NH3, and H2COs is produced by
methanogenic bacteria. According to Appels et al. (2008), the concentration of COz in the
gaseous state and bicarbonate (H.COs3) alkalinity in the liquid state play a huge role in
controlling the pH system. The addition of bicarbonate alkalinity (in the liquid phase) will
increase the pH if the concentration of CO; (in the gas phase) is constant.

According to Zamri et al. (2021), the optimum pH ranges for acidogenesis and
methanogenesis are 5.5 to 6.5 and 6.5 to 8.2, respectively. Optimum pH values for high
methane yield recovery in AD have been discovered in several studies. According to Liu
et al. (2008), the optimum pH range for OFMSW biogas yield in AD is 6.5-7.5. The
optimal pH range for methanogenesis utilizing Korean FW leachate was 6.5-8.2 (Lee et
al., 2009). Meanwhile, when anaerobic digestion was performed on FW obtained from
the hostel mess of the National Institute of Technology Calicut, Kerala, India, Jayaraj et
al. (2014) discovered that biogas yield and degradation efficiency were significantly
higher for the substrate of pH 7 compared to other pH values. The methane content of
biogas produced at pH 7 was found to be 60.8% (v/v). The cumulative biogas production
over a 30-day retention period at the same pH was measured at 5655 mL. The results,
however, vary depending on the characteristics of the OFMSW and the acid conditions.
Alkali-based chemicals such as sodium bicarbonate (NaHCO3), sodium carbonate
(Na2CO3), calcium hydroxide (Ca(OH)2), and sodium hydroxide (NaOH) were added to
the reactor during the start-up period to maintain the pH stability for the continuous
process, and NaOH is most efficacious in enhancing the AD process (Kondusamy and
Kalamdhad, 2014; Jain et al., 2015). Before the reactors are fed, neutralization is required
if the anaerobic digestion feedstock has a very high or low pH (Kouzi et al., 2020; Zamri
et al., 2021). According to Zhang et al. (2009), hydrolysis and pH have also been found
to have a strong positive correlation (P= 0.01). Therefore, the hydrolysis rate constant is
inferred to depend on the pH. Both methanogenic and acidogenic microorganisms have
optimum pH levels, which should be highlighted. pH 6.5-8.2 is optimum for
methanogenesis, while 7.0 is the most efficient pH (Lee et al., 2009). Methanogens'
growth rate is considerably lowered at pH values below 6.6, and methanogenic bacteria's
activity is inhibited at higher or lower pH levels (Mao et al., 2015). Because the optimal
pH for acidogenesis was between 5.5 and 6.5, a two-stage AD process splitting the
hydrolysis-acidification and acetogenesis-methanogenesis processes is the recommended
mode of operation (Mao et al., 2015).

The equilibrium of CO> and bicarbonate ions is known as buffering capacity. Direct
pH measurement is less reliable than buffering capacity in determining digester
imbalance. VFAs are formed during the acidogenesis phase, and the pH inside the digester
is decreased. Methanogens, which produce alkalinity in the form of CO- and bicarbonate,
counteract this pH drop. The concentration of CO> in the gas phase and the bicarbonate
in the liquid phase govern the pH inside the digester. Lowering the OLR, applying salts
to turn CO- to bicarbonate, or simply adding bicarbonate can all help with inadequate
buffering capacity (Panigrahi and Dubey, 2019). The food/microorganism (F/M) ratio
also can be altered to adjust for insufficient buffer capacity. It is typically recommended
that alkalinity be kept around 1000 and 5000 mg CaCOs/L to maximize methane
production (Tchobanoglous et al., 2003).
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Volatile fatty acids (VFA)

In an anaerobic digestion monitoring process, volatile fatty acids (VFA) concentration
Is one of the parameters that play an important role that causes toxicity and reactor failure.
VFA consisting of acetic, propionic, butyric and valeric acid is an intermediate compound
produced during the acidogenesis stage. The presence of VFA in the anaerobic digestion
process can reduce the production of methane gas. The effect of fermentation digestion
can be seen as a result of an increase in acid concentration in the system. In case of
uncontrolled accumulation of acid, hydrogen exists in the anaerobic digestion process
will play an important role in preventing the formation of methane gas. According to Mao
et al. (2015) and Jin et al. (2021), methanogenesis inhibition can occur in anaerobic
digestion if the VFA produced has a high concentration. The dissociated form of VFA is
dominant at elevated pH, while at low pH the undissociated VFAs (free volatile fatty
acids) are dominant (Forgacs, 2012). According to Deublein and Steinhauser (2008), the
ability of undissociated VFAs to diffuse into cells and denatured the proteins can cause
inhibiting effect. The best indicator of the most sensitive metabolic group of microbial
groups in the anaerobic system usually refers to the concentration of acetic, propionic,
and butyric acids (Lee et al., 2015). In anaerobic digestion, acetic acid normally presents
in much higher concentrations than the other types of fatty acids (Lee et al., 2015). Sabri
et al. (2018) explain that the conversion rate of VFA to methane varies according to the
sequence of acetic acid > ethanol> butyric acid> propionic acid. Lactic acid is an
undesirable terminal fermentation product and this acid has the potential to be converted
into propionic acid. Propionic acid which accumulates during anaerobic digestion will
lead to failure in the production of methane gas (Mamimin et al., 2017).

VFAs regulate pH, which is one of the most critical factors in AD. Fermentative
bacteria require a pH range of 4.0-8.5, whereas methanogens prefer a limiting pH range
of 6.5-7.2 (Zhang et al., 2014). Previous studies have shown that the pH of anaerobic
digesters has a substantial impact on VFAs: at low pH, acetic and butyric acids are the
predominant VFAs, but at pH 8.0, acetic and propionic acids play a prominent role
(Appels et al., 2011). Furthermore, pH control can influence both the type and amount of
acid-producing bacteria (Horiuchi et al., 2002). The generation and accumulation of
volatile fatty acids (VFAS) have been found to impede and harm the digestion process,
resulting in delayed biogas production (Labatut et al., 2011; Vijayaraghavan et al., 2012).
According to Paritosh et al. (2017), the inhibition of VFAs on methanogen activity is
produced by a pH drop, which may result in acid-sensitive enzyme activity loss.
Macromolecules can be destroyed by large amounts of undissociated acids that can
penetrate cellular membranes. Solid-state food waste anaerobic digestion might produce
VFA concentrations of up to 20,000 mg/L, which is significantly greater than a
wastewater anaerobic process. VFAs vary from 2000 to 3000 mg/L in the optimal
conditions for metabolic activity (Paritosh et al., 2017). According to Lee et al. (2015),
VFA concentrations in field anaerobic digestion facilities processing FW leachate should
be kept below 4,000 mg/L to achieve the Korean guideline of 65% VS removal rate. The
concentrations of VFA should be employed as a key operational parameter for controlling
and managing the anaerobic digestion process. To ensure the success of anaerobic
digestion processes in which high methane yields can be produced as well as prevent
inhibition from occurring, the VFA content must be controlled to be within the optimal
range. The pH control needs to be done throughout the digestion process.
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Mixing strategy

Mixing is one of the important factors in the production of biogas during the AD
process. Increasing the contact between substrate and microorganisms is the main
objective to carry out the mixing process in the digester. Mixing will uniformly distribute
heat and bacteria in the digester to prevent the formation of scum and the occurrence of
temperature gradients in the digester. In addition to maintaining a more uniform
temperature in the digester, mixing can also help to release the resulting biogas during
the AD process. Substrates that have been introduced into the digester should be mixed
at regular intervals to prevent settling as well as maintaining contact between bacteria and
substrate. Mixing aids in achieving substrate homogeneity and uniform distribution of
nutrients, pH, and temperature in the digester, as well as assisting in the release of trapped
biogas in the digestate (Singh et al., 2020).

A slow or minimal mixing process is preferable rather than vigorous and excessive
mixing. Vigorous continuous mixing process will disrupt the structure of microbial flocs,
which consequently interfere with the syntrophic relationships between microorganisms
in the digester which will ultimately affect the reactor performance (Singh et al., 2020).
When compared to vigorous continuous mixing, Lindmark et al. (2014) found that
minimal mixing intensities boosted biogas production rate and overall volume produced.
Kariyama et al. (2018) reported that excellent performance is achieved (high biogas
production rates and specific gas production) when minimal mixing is used in the
digestion of livestock manure. Mechanical mixers, recirculation of digester contents, or
recirculation of the produced biogas to the bottom of the digester using pumps are a few
methods used to mix the organic material in the digester during the AD process (Mao et
al., 2019). To ensure that the solids are in suspension, mechanical or gas mixers can be
used for mixing the organic material in the digester. One of the inexpensive methods to
enhance the movement of organic materials in the digester is by bubbling the biogas
through the chamber. Recirculation of waste is another mixing method in which the
digestate produced at the end of the AD process will be removed and only certain
percentages will be fed into the digester along with the fresh substrate. This action aims
to inoculate the fresh substrate fed into the digester with the bacteria and thus increase
the movement in the digester and avoid the formation of the scum layer.

Mixing is a major difficulty in attaining good digestion performance, especially in dry
AD (TS>10%), because a thick slurry like food waste slurry requires more energy input
to homogenize the feedstock. Mechanical mixing outperforms gas circulation and
pumped circulation, according to a comparison of the three mixing methods (Panigrahi
and Dubey, 2019). During startup and shock loads in combination with higher mixing
intensities, instabilities in the anaerobic digestion process, the buildup of volatile fatty
acids (VFAs), and decreased gas generation were detected (Lindmark et al., 2014). Shear
stress is caused by high mixing intensity, which can decrease and disintegrate flock
formations, as well as reduce biogas generation. Higher mixing intensities also impact the
microbial community's composition by boosting VFA concentrations during startup and
shock loads, hence increasing the relative competitiveness of certain acetate-degrading
bacteria (Lindmark et al., 2014). Lowering the mixing intensity can aid in digester
stabilization. Biogas yield has been demonstrated to increase during mixing in contrast to
unmixed digesters for greater organic loadings and TS concentrations, whereas mixing is
less significant at lower loadings (Karim et al., 2005). Changing from a continuous to an
intermittent mixing regime can also help enhance biogas production (Kaparaju et al.,
2008).
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Lindmark et al. (2014) compared three different mixing intensities for a fresh substrate
of the organic fraction of municipal solid waste (OFMSW), i.e. 150 rpm and 25 rpm
continuous mixing and minimally intermittent mixing, to the effect of mixing intensity
on biogas production and energy efficiency of the biogas plant (OFMSW). The results
show that a lower mixing intensity leads to a higher biogas production rate and higher
total biogas production in both cases. After process stability, 25 rpm continuous mixing
and minimally intermittent mixing produced equivalent amounts of biogas, however,
150 rpm continuous mixing produced lesser biogas throughout the trial. During digestion,
cumulative biogas generation was 2954+2.9, 317+1.9, and 304+2.8 NmL/g VSadded until
day 31. In addition to improving gas generation, optimal mixing can increase the
anaerobic digestion process' energy efficiency.

Hydraulic retention time (HRT)

One of the most important design parameters that affect the economics of anaerobic
digestion is hydraulic retention time (HRT) (Ta et al., 2020). A shorter HRT reduces the
size of the digester for a given waste volume, thus reducing the capital cost. Depending
on the substrate types and process parameters, the HRT of a digester can range from a
few days to months. A longer retention duration typically results in higher cumulative
methane production as well as a lower total VS reduction. Microbes can adapt to toxic
compositions by having a lengthy retention duration. For a longer HRT, a large digester
volume would be required, as a short retention period could result in the microbial
washout, leading to a low methane yield (Panigrahi and Dubey, 2019). The rate of
microbe loss may outweigh the rate of bacterial growth in the case of a short HRT, causing
the anaerobic digestion process to fail. A short HRT also caused VFASs to build up in the
digester (Pan et al., 2021). HRT measures the time taken by the substrate or feedstock to
stay in the digester. HRT can be calculated using Equation 1.

HRT :g (Eq.1)

where, HRT denotes the hydraulic retention time (days), V denotes the working volume
(m%), and Q denotes the flow rate (m*/day).

Several researchers agree that the HRT for mesophilic digesters is longer (15-30 days)
(Mao et al., 2015) compared to the thermophilic digesters with a shorter HRT range
between 12-14 days (Arsova, 2010). Though, some AD process requires longer HRT. For
example, as reported by Owamah and Izinyon (2015) and Bhatia et al. (2021), the HRT
between 50-100 days was required to decompose the solid waste generated from the
feedstock from fibers and lignocellulose-containing plants. Owamah and lIzinyon (2015)
reported that the HRT for anaerobic digestion process of food waste and maize husk is 68
days and produces cumulative methane production of about 400 LCH4/kgVS. Meanwhile,
Bhatia et al. (2021) recorded an HRT of 120 days to decompose a lignin-rich plant
(Ludwigia grandiflora) and produced an average biogas yield of 265 LCHa/kgVS.
Meanwhile, Arsova (2010) points out that longer HRT can be observed in AD processes
using high solid content systems or dry digestion compared to low solid content systems
or also known as wet digestion. Normally, the HRT range for dry digestion is between
14-30 days, while the HRT range is as low as 3 days for wet digestion. The decomposition
of organic material inside the digester will become more complete if the substrate is
allowed to have a longer HRT. The substrate in the reactor that has uniform HRT can be
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observed in a continuously mixed digester. Different microbial communities that grow in
the digesters function according to their respective HRT. In a continuously mixed
digester, the minimum HRT is determined by the growth rate of the slowest growing, an
important microorganism in the anaerobic bacterial community. Nevertheless, the
reaction rate will decrease with HRT. This suggests that there is an optimum retention
time that will allow the AD process to completely occur while reducing operational costs.
The HRT has been identified as a significant parameter that may influence bacteriological
ecology (Siddique et al., 2016). The HRT must be optimized for each waste mixture
introduced into the system (Anggarini et al., 2015).

There are several examples of studies involving the influence of HRT on biogas
production during anaerobic digestion of food waste as conducted by Kim et al. (2006),
and Liu et al. (2018). The effects of temperature and hydraulic retention time (HRT) on
methanogenesis were investigated by Kim et al. (2006). The operating temperature was
varied between 30 °C and 55 °C, with HRTs ranging from 8§ to 12 days. Thermophilic
digesters were shown to remove more sCOD from liquid food waste than mesophilic
digesters. Regardless of HRT, the rates of biogas and methane production in thermophilic
digesters were higher than those in mesophilic digesters. Although a 10-day HRT
produced the most biogas, a 12-day HRT yielded the most methane (223 LCHa4/kg
SCODuegraded) in the reactor. This suggests that longer HRTs can produce more biogas.
Nevertheless, when 8-day HRT was used, digestion stability showed a decrease. By
varying process parameters such as hydraulic retention time (HRT) and organic loading
rate (OLR), Liu et al. (2018) observed the biogasification performance of food waste.
Using a continuously stirred tank reactor (CSTR), they experimented with two operating
conditions: R1 (fixed HRT and OLR) and R2 (varying HRT and OLR) for 116 and
92 days, respectively. They discovered that food waste was anaerobically digested with
CSTR under two distinct circumstances, producing the highest biogas generation of
787 mL/g.day achieved at 2.25 g/L.day with a fixed HRT of 30 days. OFMSW (including
food waste) comprises a high concentration of carbohydrate, cellulose, protein, lipid, and
fat components, necessitating a longer HRT (Zamri et al., 2021). Longer HRTSs can result
in higher biogas production. The shorter HRT is advantageous because it directly
corresponds to production costs and process efficiency improvements (Shi et al., 2017).

Organic loading rate (OLR)

Organic loading rate (OLR) can be defined as the quantity of organic matter fed per
unit volume of reactor per unit of time. This parameter plays a significant role in the AD
process that serves to evaluate the performance of a reactor (Panigrahi and Dubey, 2019).
The OLR values are usually associated with the HRT. If the concentration of the organic
matter in the substrate is relatively constant, high OLR will be attained from short HRT.
Instead, the OLR will vary at the same HRT if there are variations in the concentration of
organic matter in the substrate. Generally, OLR of liquid substrates or slurry refers to
organic matter expressed as kg COD/m?3.day, while the OLR of solid feedstock refers to
volatile solids denoted as kg VS/m3.day. OLR can be computed by using Equation 2.

OLR (kg COD/m? day) = <=2 (Eq.2)

where Q denotes the flow rate (m3/day), So denotes COD or VS concentration (kg
COD/m?® or kg VS/m®), and V denotes the working volume (m3).
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The overloading system (high OLR) tends to result in the accumulation of inhibiting
substances such as VFAs which will cause low biogas production and thereby causing a
process termination or reactor failure. Meanwhile, reactors operating on low OLR are
uneconomical because they are not fully utilized (Forgacs, 2012). Optimum OLR to
dispersed growth digesters have been reported to be 1-4 kg VS/m®.day and 1-6 kg
COD/méday, 1-15 kgCOD/m3.day for attached growth digesters, and 5-30 kg
COD/m®.day for anaerobic filters and upflow sludge blanket digesters, respectively
(Polprasert, 2007). In a biological system, OLR can be added to a degree of starvation of
microorganisms where too low OLR leads to starvation, whereas high OLR leads to
intoxication (subjected to fast microbial growth). The system will fail if it is not prepared
because high OLR will require more bacterial to decompose the organic material found
in the reactor. Acidogenic bacteria, which act early in the degradation process and
multiply rapidly if given sufficient substrates, will reproduce and be able to generate acids
quickly. This is one of the issues of OLR if it is not monitored since the beginning of the
AD process. On the other hand, methanogenic bacteria that take a longer time to escalate
their population will not be able to utilize acid at the same rate. As a result, the pH of the
system will drop and this will kill more methanogenic bacteria, stop the digestion process
and ultimately lead to reactor failure. Low biogas production is an indication that the
system has experienced a drop in pH (Charalambous and Vyrides, 2021).

The OLR ranges from 1.2 to 12 kg VS/m®/day or 2.2-33.7 kG COD/m®/day in organic
digestion (Qiao et al., 2013; Guo et al., 2014). Nonetheless, the OLR behavior is
influenced by substrate features, temperature conditions, and the HRT of the AD
operation (Zamri et al., 2021). According to Panigrahi and Dubey (2019), many anaerobic
digesters treating actual OFMSW operated at an OLR of 4.4-22 kgVS/m®/day. There are
several examples of studies involving the influence of OLR on biogas production during
the anaerobic digestion of food waste. Nagao et al. (2012) found that as OLR climbed to
3.7, 5.5, 7.4, and 9.2 kgVS/m®/day, the volumetric biogas production rate has risen to
roughly 2.7, 4.2, 5.8, and 6.6 L/L/day, respectively, and remained constant. The
volumetric gas production rate fell below the gas production rate at OLR of
7.4 kgVS/m®/day at the greatest OLR (12.9 kgVS/m®/day). Tampio et al. (2014)
investigated autoclaved and untreated food waste and discovered that the maximum
methane yield was produced for untreated food waste at an organic loading rate of
3 kgVS/m®/day and for autoclaved food waste at a rate of 4 kgVS/m3/day. The experiment
was carried out at 2, 3, 4, and 6 kgVS/ m®day. Agyeman and Tao (2014) co-digested
food waste with dairy manure anaerobically at various OLRs and found that when OLR
was increased from 1 to 2 gVS/L/day, biogas generation rate rose by 101-116%, but only
by 25-38% when OLR was increased from 2 to 3 gVS/L/day. In the digesters using fine
and medium-sized food waste, specific methane yield reached an OLR of 2 gVS/L/day.
In an experiment conducted by Dhar et al. (2016), 3 distinct OLRs were introduced into
a lab-scale batch anaerobic digester processing OFMSW. At OLRs of 5.1, 10.4, and
15.2 g/L COD, methane yields of 84.3, 101.0, and 168.4 mg/gV Sremoved Were recorded;
the optimum OLR was discovered to be 15.2 g/L COD for a HRT of 27 days and
temperature of 38 °C. Furthermore, OLR affects bacterial populations. Firmicutes are the
most common bacteria at low OLR, while Gammaproteobacteria, Actinobacteria,
Bacteroidetes, and Deferribacteria have been found at high OLR (Mao et al., 2015).
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Anaerobic digestion of food waste

As reported by the Food and Agriculture Organization of the United Nation in 2011,
about one-third of all food produced for human consumption is wasted as much as
1.3 billion tonnes per year (Kondusamy and Kalamdhad, 2014). Of this amount, the rest
of the food produced will be distributed equally between industrialized countries and
developing countries. Approximately, 40% of FW is produced at retail and consumer
levels of consumption in industrialized countries (Kondusamy and Kalamdhad, 2014).
Some amount of energy can be recovered when FW is anaerobically digested. This
method has a great potential to generate 367 m® of biogas per dry tone of FW at about
65% of CH. with an energy content of 6.025 x 10° TwWh/m® (Kondusamy and
Kalamdhad, 2014). Sen et al. (2016) agree that the selection of FW as a feedstock to run
the AD process is a well-established process for the production of sustainable energy. The
method is capable to produce carrier materials for biofertilizers (Kuruti et al., 2017),
producing restricted environmental tracks (Capson-Tojo et al., 2016), and has a great
prospective for energy recovery (Zhang et al., 2014; Zamanzadeh et al., 2016; Kuruti et
al., 2017). Therefore, AD has been selected as one of the alternative methods that are
environmentally friendly to treat the FW generated daily.

The composition and characteristics of FW

The results from the previous studies conducted worldwide by several researchers
found that the composition of FW generated greatly influences the physicochemical
characteristics of the FW. According to Fisgativa et al. (2016a), the value of moisture
content, volatile solid fraction, and pH that are commonly reported worldwide are
74-90%, 85 + 5%, and 5.1 £ 0.7, respectively, are the general characteristics of FW. The
characteristics of FW which include moisture content (MC), total solids (TS), volatile
solids (VS), VS/TS ratio, pH, and C: N are summarized in Table 1. Previous studies
conducted in the countries in Southeast Asian continent (Malaysia and Thailand) on FW
have shown that the value of moisture content varies from 70-98% (lbrahim et al., 2010;
Cheerawit et al., 2012; Tanimu et al., 2014). Since it has a relatively high moisture
content, thus the FW contained sufficient moisture for AD. Moreover, Zhang et al. (2011,
2015, 2017, 2018, 2020), Tanimu et al. (2014), Nguyen et al. (2017), Hegde and Trabold
(2019), and Chuenchart et al. (2020) found that the TS of FW sample obtained in their
characterization work was in the range between 15-33%. Meanwhile, the VS recorded
was between 13-31% in the FW sample tested. High VS indicates that the FW is rich in
organic solid content which can be converted to biogas during the anaerobic digestion
process. The volatile fraction of total solids of the FW (VS/TS ratio) was greater than
0.90, indicating that the FW contained more digestible organic matters which favours
anaerobic conversion (Zhang et al., 2011). In anaerobic digestion of FW, the pH value of
the feedstock or substrate is considered a pivotal factor as the methanogenic bacteria are
very sensitive to acidic conditions. An acidic environment may impede methane
production and retard the growth of bacteria. Table 1 shows that the pH value of the FW
produced is within the acidic pH range between 4.06-6.50 (Ibrahim et al., 2010; Zhang et
al., 2011, 2015, 2017, 2018, 2020; Cheerawit et al., 2012; Tanimu et al., 2014; Nguyen
etal., 2017; Hegde and Trabold, 2019; Chuenchart et al., 2020). In the anaerobic digestion
process, constant pH is important in the start-up stage because the fresh FW to be fed into
the digester has to go through the hydrolysis and acidogenesis stage before methane
formation (methanogenesis stage), which will lower the pH. To maintain the value of pH
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in equilibrium, a buffer such as sodium hydroxide, calcium carbonate or lime, has to be
added into the digester. As shown in Table 1, FW is reported to have a C: N ratio of
13.2-28.2 (lbrahim et al., 2010; Zhang et al., 2011, 2015, 2017, 2020; Cheerawit et al.,
2012; Tanimu et al., 2014; Nguyen et al., 2017; Hegde and Trabold, 2019; Chuenchart et
al., 2020).The optimum C: N ratio is 20-30:1, which is a suitable range used in the AD
process as reported in many pieces of literature (Esposito et al., 2012). In the AD process,
carbon is generally used 20-35 times faster than nitrogen by the bacteria. Thus, at
optimum C: N ratio, the digester is anticipated to function at an optimum level to produce
methane. Nitrogen is transformed to ammonium at a faster rate than can be assimilated
by methanogenic bacteria at a minimum C: N ratio. Meanwhile, a high C: N ratio will
inhibit methane production due to the increase in acid formation in the digester.

Table 1. The characteristics of FW as reported in the literatures

Ibrahim|Zhang |Cheerawit| Tanimu {Zhang| Nguyen |Zhang| Zhang Hsgge Chuenchart Zhang
Parameter| etal. | etal. | etal. etal. |etal. | etal. |etal | etal Trabold etal. etal.

(2010) |(2011)| (2012) | (2014) |(2015)| (2017) ((2017)|(2018) (2019) (2020) |(2020)
Moisture | 70.88-

%) 74 68 - 7231 | 9743 - - - - - 85.11 -
TS (%) - 18.1 - 29.57 | 189 | 23.02 | 22.1 | 32.70 | 23.8 14.89 |30.57
VS (%) - - - - 175 | 20.55 | 20.4 | 30.99 | 22.9 13.89 |29.10
VSITS - 0.94 - - 093 | 092 |092| 095 | 091 0.93 0.95

pH ‘259%' 6.5 5.5 425 | 52 | 491 |592]| - 4.2 4.06 -

. 14.58- 16.46-
C:N - 132 | 20.24 165 | 21.3 29 00 28.2 17,67 15.8 21.20 |16.07

There are various types of macronutrients and micronutrients (Ni, Zn, Cu, Pb, Fe, Mn,
Cd, Al, M, P, and K) present in the FW with varying concentrations. These nutrients are
required by methanogenic bacteria for robust growth which plays an important role in the
production of methane gas. To ensure proper bacterial metabolism and a stable AD
process, these nutrients must be present in the feedstock in correct ratios and
concentrations. According to Zhang et al. (2013b) and Fisgativa et al. (2016a), the
characteristics of the feedstock or substrate will greatly affect the performances of the AD
process. The basic features such as high carbohydrate content, extensive obtainability,
and extremely decomposable organic fractions causing FW to be a very attractive source
for AD substrates as well as economical for energy production.

The implementation of batch or continuous method in the AD of FW

There are two methods or systems to be described in this section, namely the batch and
continuous systems. In a batch system, the feedstock will be fed into the digester and
completed until the methane gas production ceases. There are several advantages of the
batch system which include minimum operating costs, shorter digestion time and less
complicated technical problems to be solved. Meanwhile, in the continuous system, the
feedstock will be fed continuously into the digester until the steady-state condition is
achieved with a constant methane yield. Compared to a batch system, continuous reactors
are capable to maintain and allow the microorganisms to adapt to the system and thus
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avoiding lag time accompanied by the growth of microorganisms. However, the methane
yield generated from the anaerobic conversion of organic feedstock in the continuous
digester is highly dependent on the OLR and HRT.

In the batch method, Biochemical Methane Potential (BMP) test is a popular method
that is often used to determine the feasibility of a substrate or feedstock in the AD process.
In this BMP test, the organic materials that have been mixed with anaerobic bacteria will
be incubated in the incubator under controlled conditions (e.g. temperature, mixing), and
monitoring is performed on the production of methane gas. A comprehensive protocol for
BMP determination has been suggested as the BMP for organic matter is extremely vital
in the design, fitting, and conducting of an anaerobic reactor (Holliger et al., 2016).

Table 2 summarizes the generation of methane yield from batch anaerobic digestion
of FW as reported in the literatures. Several researchers have reported that the BMP value
recorded was between 400-530 L CHa/kgVSaddeds When the AD process of FW was
conducted at mesophilic temperature (35-37 °C) (lzumi et al., 2010; Lu et al., 2012;
Browne and Murphy, 2013; Facchin et al., 2013; Zhang et al., 2013a; Kawai et al., 2014;
Ariunbaatar et al., 2014). Meanwhile, Nathao et al. (2013) and Yang et al. (2015) reported
that a relatively low methane yield between 90-180 L CHa/Kg V Sadded Was recorded when
the batch AD process was performed at both temperatures. Low methane yield is usually
associated with the acidification process that occurs during digestion.

The substrate to inoculum ratio (S/1) is a significant aspect influencing the performance
of batch reactors. In order to prevent the accumulation of VFAs in inoculum particles
beyond their assimilative methanogenic ability, batch reactors play a significant role.
According to Kawai et al. (2014), to overcome the irreversible acidification during the
start-up stage, the amount of inoculum fed into the digester has been increased to prevent
the accumulation of VFAs. Based on previous studies, it is found that acidification can
be prevented when the AD process is conducted at S/I ratio below 1.0. Table 2 shows that
the values of methane yield between 417-529 L CHa/kg VSadded Can be achieved from a
single mesophilic batch-test performed using the S/I ratio of < 0.5 (Browne and Murphy,
2013; Facchin et al., 2013; Kawai et al., 2014; Ariunbaatar et al., 2015a). This indicates
that the stability of the process has been achieved in the AD process. Nathao et al. (2013)
has conducted the AD process on synthetic FW and found that methane yield less than
100 L CHa/kg VSadded Was obtained when the high S/I ratio (greater than 1.0) was used
and the AD process was performed within a shorter time (100 hours). Instead, Lu et al.
(2012) obtained methane yield exceeding 400 L CHa/kg VSadded although using a S/ ratio
> 1.0 (18.9). This may be due to the application of double-stage batch reactors that can
separate acidogenic and methanogenic phases and a longer digestion period (55 days).

The production of methane yield in the batch AD system is also influenced by other
factors such as the impact of process temperature, addition of micronutrients or trace
elements, and inoculum acclimatization. The effect of temperature (mesophilic or
thermophilic) on the batch AD system plays a significant role in the production of
methane. However, only a couple of studies, such as those carried out by Algapani et al.
(2017), Jiang et al. (2018) and Yang et al. (2015) have concentrated on thermophilic AD.
High risk of ammonia inhibition and a greater degree of imbalance are two important
things that need to be considered in the implementation of thermophilic AD. At
thermophilic temperature, Algapani et al. (2017) and Jiang et al. (2018) obtained higher
methane yields between 531-591 L CHa4/ kgVSadded, but a lower methane yield value
(178 L CH./ kgVSadded) Was achieved by Yang et al. (2015). It is due to the S/I ratio > 1.0
used and the difference in the characteristics of the FW based on the source of the FW.
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Table 2. Methane yield from batch anaerobic digestion of FW

Anaerobic digestion s/l Methane yield
conditions L CH4/kg VSadded

Volume =1L
Temperature = Mesophilic N.R 417 Izumi et al. (2010)
Digestion period = 16 days

Substrate References

Disposer ground
standard FW

Volume = 2L
Standard FW Temperature = Mesophilic 0.33 435 Kawai et.al (2014)
Digestion period = 45 days

Volume = 1L
Canteen FW Temperature = Mesophilic | 8g VS/L 410 Zhang et al. (2013a)
Digestion period = 28 days

Volume = 1L
Synthetic FW Temperature = Mesophilic 0.5 469 £ 6.8
Digestion period = 25 days

Ariunbaatar et al.
(2015a)

Volume = 0.5L
Canteen FW Temperature = Thermophilic
Digestion period = 29 days

Volume = 0.5 L each (Double
stage)
Temperature = Mesophilic
Digestion period = 100 hours

Volume = 0.5L
Canteen FW Temperature = Thermophilic 15 178 Yang et al. (2015)
Digestion period = 28 days

20.12 g

VS/L 591+ 30 Jiang et al. (2018)

Synthetic FW 7.5 94 Nathao et al. (2013)

Volume =0.12L
Canteen FW Temperature = Thermophilic N.R 531
Digestion period = 55 days

Algapani et al.
(2017)

Vegetable waste | Volume = 1L (Double stage)
from the Temperature = Mesophilic 18.9 445 Luetal. (2012)
supermarket Digestion period = 55 days

Volume = 0.5L
Canteen FW Temperature = Mesophilic 0.33 529
Digestion period = 25 days

Browne and Murphy
(2013)

434440 (inoculum
A)
338 430
(inoculum B)

Batch anaerobic digestion was carried out using 0.12-2.0 L screw cap bottles and glass reactors, N.R=
not reported

Volume = N.R
Temperature = Mesophilic 0.3-0.4
Digestion period = 40 days

Source segregated

FW Facchin et al. (2013)

Several studies on the addition of micronutrients were conducted during AD of FW.
Micronutrients such as Na, Ni, Co, Fe, Zn, Mg, Ca, K, W, and Mo help the methanogens
to grow. High methane yields (45-65%) have been achieved when micronutrients such as
Co, Mo, Ni, Se, and W were added to the FW during the digestion process (Facchin et
al., 2013). The addition of Se and Mo with a concentration of 10 mg/kg and 3-12 mg/kg
dry matter, respectively, will enhance the production of methane up to 30-40%. The study
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on the effects of the use of an acclimatized inoculum in the BMP test to promote the
production of methane was conducted by some previous researchers. Browne and Murphy
(2013) emphasize that for precise BMP evaluation, inoculums must be obtained from the
AD process that has achieved stability and is acclimatized to their substrate. However,
Holliger et al. (2016) argue that the inoculum to be used in the AD process does not need
to be acclimatized first with the feedstock to be tested. This is based on the comparisons
of the latest methodologies used in different laboratories. Facchin et al. (2013) also
studied the effect of inoculum source and found that high methane yield (434 L CHa/kg
V Sadded) Was produced in the AD process when the inoculum from anaerobic digester co-
digesting FW and waste activated sludge was used rather than consuming the inoculum
obtained from anaerobic digester handling only FW (338 L CH4/kg V Sadded).

Two limits influence the effectiveness of methane gas production from a semi-
continuous digester that processes FW, i.e solubilization of organic matters and
acidogenesis stage. According to Capson-Tojo et al. (2016), to ensure the success of
biogas production, two critical factors should be given special attention which is
microbial communities and the quality of inoculum to be applied in the digester start-up
process. Long acclimatization duration and operational changes that occur gradually in
the semi-continuous digester are caused by slower growth of methanogens than
acidogens. The semi-continuous test requires a longer period. The digestion process is
considered to have reached stability when parameters such as pH, VS content, and
specific methane production recorded an average value of around 10% consistently for a
minimum duration of one HRT.

The performance for a single and two-stage for the semi-continuous AD system that
has been reported by some previous researchers is shown in Table 3. In the semi-
continuous AD system, parameters such as OLR and HRT greatly affect the stability of
the digester and methane gas production. It can be inferred from Table 3 that equilibrium
has been achieved in the AD of FW when OLR is less than 4.5 gVVS/L.day and HRT range
between 16-40 days. The range of methane yield obtained is between 316-544 LCHa/kg
VSadded (Shen et al., 2013; Ventura et al., 2014; Grimberg et al., 2015; Zhang et al., 2015;
Voelklein et al., 2016; Zamanzadeh et al., 2016). According to Ariunbaatar et al. (2015a),
the AD can operate at high OLR and subsequently produces high methane yield without
decreasing the pH when the AD system has high buffering capacity due to the production
of total ammoniacal nitrogen (TAN). The literature has indicated a wide range of
inhibitory (TAN) concentrations (1700-14000 mg/L). Unacclimated microorganisms are
hazardous at TAN concentrations of 1700-2000 mg/L, whereas acclimated methanogens
can be inhibited at concentrations of 12,000-14,000 mg/L (Ariunbaatar et al., 2015a).
However, this depends on the operating parameters, source of inoculum, and feedstock
applied. The addition of micronutrients in a small quantity in the FW plays a significant
role in the AD process. According to Yirong et al. (2015), the addition of micronutrients
such as selenium (Se) into the digester can restore the digester that experiences propionic
acid accumulation due to the increase in the concentrations of ammonia. The addition of
cobalt is required in the digester which operates at high OLR.

The two-stage AD system separates between acidogenesis and methanogenesis phases
that optimize the reactor condition for different microbes performing their functions. In
the acidogenesis (first stage), lower pH and shorter HRT (2-3 days) lead to the washout
of acidogenic bacteria. Meanwhile, methanogenesis (second stage) which occurs in the
pH range of 6-8 and HRT of 20-30 days provides a suitable environment for the
development of slow-growing methanogens. Grimberg et al. (2015) have made
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comparisons in methane yields between single-stage and two-stage anaerobic digesters
processing kitchen waste with a capacity of 5 m® in mesophilic conditions. Two-stage
digesters produced higher methane yield (446 LCHa4/kg V Sadded) cOmpared to single-stage
digester (380 LCHa4/kg VSadded). It is found that OLR used for the single-stage digester
was much higher than the two-stage digester. At the same time, the fermentation reactor
can maintain stability with pH 5.2 despite operating under very low OLR
(0.78 kg COD/m3d). Ventura et al. (2014) treated FW from an FW recycling company
using an alternating mesophilic and thermophilic two-stage AD process involving three
different temperature combinations (mesophilic: mesophilic, mesophilic: thermophilic,
thermophilic: mesophilic) and found that the highest methane yield was recorded
(440 L CH4/kgVSadded) When the FW was treated using a combination of mesophilic:
thermophilic two-stage AD process. Due to higher temperatures in the second digester,
the process was found to be less stable than the first digester. The use of higher OLR and
the combination of thermophilic: thermophilic two-stage AD by Micolucci et al. (2014)
produced higher methane yields of 476 L CHa/kg V Sadded. By optimizing OLRs and HRTs
using methanogenic sludge recirculation, this combination will prevent inhibition from
happening in the digesters. Additionally, Chu et al. (2012) used the same combination of
two-stage AD to treat the same waste without sludge recirculation and thereby achieved
low methane yield (364 L CHa/kg VSadded) With low TS content in the feedstock. Shen et
al. (2013) conducted a study on the FW mixed with vegetable and fruit waste using a two-
stage anaerobic digester. They found that this digester was able to produce a higher
methane yield (546 L CHa4/ kg VSadded) because it is less susceptible to overloading
systems due to the increase in methanogenic activity.

During the AD process in a single-stage digester, all four AD stages in the biochemical
pathway including hydrolysis, acidogenesis, acetogenesis, and methanogenesis occur in
the same digester in which polymeric organic compounds converted to CH4, H2S, NH3,
and CO: are also taken place in the same digester (Kondusamy and Kalamdhad, 2014).
The use of a single-stage digester to treat complex FW has been proposed by Shen et al.
(2013), Zhang et al. (2014), and Tran (2017). Up to 38% more methane is obtained when
the AD process is performed in a single-stage digester than a two-stage digester (Nagao
et al., 2012). The use of a single-stage digester in AD of FW also exhibits an increase in
methane yield as shown in Table 3. Tampio et al. (2014) reported that about
483 £ 13 LCHa/kg VSaddes Of methane yield was obtained when treating source
segregated domestic FW using 1 L single-stage digester at the mesophilic condition with
an OLR of 3 g VS/L.d, where the VS removal obtained was 77.7%. A comparison has
been made by Zamanzadeh et al. (2016) in methane yield produced by two 10 L
single-stage digesters operating at two different conditions, i.e. mesophilic and
thermophilic, but at the same OLR and HRT (3 gVS/L.day, 20 days) with digestate
recirculation. The resulting methane yield was higher (480 + 33 LCH4/Kg V Sadded) in the
mesophilic  single-stage  digester than thermophilic  single-stage  digester
(448 + 44 LCH4/Kg VSadded). It also shows that the recirculation of digestate worked very
well under mesophilic conditions. Zhang et al. (2015a) have investigated the effect of
micronutrients on the anaerobic digestion of campus restaurant FW in a single-stage
digester operating at OLRs ranging from 1.0 to 5.5 g VS/L.d in mesophilic conditions. A
high methane yield (465.4 L CH4/kgVSadded) Was obtained. In the digester containing
micronutrients, there was no substantial buildup of VFA. These data suggest that
introducing micronutrients to the AD of FW has a significant influence on its stability.
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Table 3. The performance of semi-continuous AD involving single and double stage digesters

Single/double

stage Process OLR Methane
Type of di estegs/t e temperature| HRT |Digestion| (g VS/L.d; yield References
FW/source gf reactoyrp / (days) period kg (LCH4/kg
it 3
(volume) condition VS/mi.day) | VSadded)
. Single (8L) - 135 1 5p8.544
FW + fruit and Mesophilic | 30 days First stage:
Double L | 210 days Shen et al.
vegetable ) Mesophilic: 10 days:10 2.0-10
waste (5L 8L) Mesophilic days 210 days Second stage (2013)
CSTR P y L beo | 198-546
Double Mesophilic: . N.R .
;Zﬁglgzvniztr?t (5L:5L) Mesophilic 4 dc?Z;é 12 155 389.2+31.8 Voelklein et
company Single (5L) | Mesophilic 16 days N.R 4 3164+ 179 al. (2016)
CSTR
Source
segregated FW| Single (5L) - Yirong et al.
(with CSTR Thermophilici  N.R 50 days 2 400 (2015)
micronutrients)
Pasteurized g:zg:z 888 Mesophilic | 20 days | 152 days 3 480+33  [Zamanzadeh
FW (QZSTR Thermophilic| 20 days | 152 days 3 448+44  |etal. (2016)
Campus Single (6L)
restaurant  |Semi continuous| Mesophilic | 40 days - 4.5 465.4 Zhég%;;)al'
(with TEs) fed digester
Source . .
segregated Single (11 1) Mesophilic | 78 days | 100 days 3 483+13 Tampio et
4 SCSTR al. (2014)
domestic FW
Single (5m3) -
' Double MeSOph'I|'IC. N.R 6 months 3.79 380 Grimberg et
Kitchen (5m°: 5m’) Mesophilic: al. (2015)
CSTR Mesophilic N.R 400 days 0.78 446
. Double Thermophilic . . .
gt‘ctﬁgn\',’\‘/%\ﬂ’g (200 L : 380L) : f‘fg?fs' 140 days | 18.4:48 476 '\i'lccé'zu(fﬂ)et
CSTR Thermophilic| = y '
. Double Thermophilic .
;;Eggg (1L:5 L) o P d?;;s' 10 60days | NR 364 C?zuoitz‘;‘"
CSTR Thermophilic
Double —_ .
(1oL : 301) | Mesophilic: |5days: 15| 4 o0 40 | 3 380
Food waste Double Mesophilic days
. . Mesophilic: |5 days: 15 Ventura et
recycling (10L: 30L) 1 109 days 4.4 440
compan Double Thermophilic|  days al. (2014)
pany . Thermophilic|5 days: 15
(oL :30L) |. - 43 days 4.0 370
CSTR : Mesophilic| days

Methods for improving the AD of FW

Food waste (FW) is a complex organic material that consists of highly recalcitrant
substances up to biodegradable compounds. Therefore, to enhance the performance of
AD of FW, two main strategies can be utilized: 1) co-digestion the FW with the different
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substrate to stabilize the entire process and 2) conducting the pretreatment on the
feedstock to increase the solubilization of organic matter in the AD process.

a, Co-digestion of FW with other substrates

Siddique and Wahid (2018) have considered co-digestion as the instantaneous
digestion of two or more substrate and co-substrate mixtures. Co-digestion of FW with
organic substrates is getting more attention from researchers who have conducted
researches related to the AD of FW. The ability to increase the number of major nutrients,
stabilize the digestate produced, dilute toxic chemicals, balance the nutrients, and take
full advantage of the synergistic effect of microorganisms to enhance biogas and methane
production for an efficient AD process are all advantages of the co-digestion strategy
(Nghiem et al., 2017; Chen et al., 2020). According to Mata-Alvarez et al. (2014), green
waste and agricultural waste, sewage sludge and animal dungs are among the organic
wastes that are often used to co-digest with the FW to increase the biogas and methane
yields. Table 4 shows a summary of anaerobic digestion of FW with different co-
substrates involving green/agricultural waste, sewage sludge, and animal dungs obtained
from the previous literatures.

Due to a very low cost associated with their collection, agricultural waste and green
waste can be considered as the potential co-substrate to be mixed with FW besides animal
dungs and sewage sludge (Chen et al., 2014). According to Gianico et al. (2013),
conducting AD processes on agricultural waste and green waste will face various
challenges. Besides having high lignin and cellulose content, these wastes are not suitable
for single digestion because of several reasons such as low nutrient content, long retention
time, and have a great potential to produce inhibitory compounds. The biodegradable rate
of FW can be reduced when co-digesting the FW with agricultural waste or green waste
to prevent the accumulation of VFAs in the digester. Yong et al. (2015) reported that an
increase in methane yields from 171 to 313 LCHa4/kg V Sadded Were observed when the FW
ratio was increased during mesophilic batch co-digestion (35 °C with the initial loading
of 5 gVS/L.d) with straw. Owamah and Izinyon (2015) achieved an increase in methane
yields of up to 482 L CHa/kg VSadded With the removal of approximately 74.3-80.7% of
V'S when co-digesting FW with maize husk (MH). Ratanatamskul and Manpetch (2016)
have attempted to co-digest the FW with rain tree leaf using a pilot-scale single-stage
(2500 L) and two-stage (1000 L: 2500 L) digesters and found that the VS removal was
higher than 80%, but the resulting methane yield was lower:153 L CH4/Kg V Sadded (Single-
stage) and 283 L CHa/kg VSadded (two-stage). Jabeen et al. (2015) co-digested FW with
rice husk (RH) with C: N ratio of 28 using an 80 L pilot-scale plug flow reactor at 37 °C.
When the OLR was raised from 5 gVS/L.d to 9 gVS/L.d, it was found that there was a
reduction in the reactor stability, VS removal efficiency (a decline from 82.4% to 35.4%),
and biogas production (from 446 L biogas/kg VS to 215 L biogas/kg VS). Tanimu et al.
(2014) co-digested FW mixture (C: N ratio 17) with meat, fruits, and vegetable wastes to
achieve a C: N ratio of 26 and 30. From their work, it can be seen that the increase in
methane yield is 48.2% from 0.352 to 0.679 L/gVSadded and at the same time recording
the methane composition by 85%. COD removal showed an increase from 69% to 85%
at C: N ratio of 30. While at C:N ratio of 26, the increase in methane yield is 21.3% from
0.352 to 0.447 L/gVSaddeds and recorded 54% and 74% of VS and COD removal,
respectively. Panigrahi et al. (2020) used mesophilic conditions to co-digest FW (rice,
cooked vegetables, bread, meat) with pretreated YW (grass-33% w/w; dry leaves-65%
w/w; wood chips-2% w/w). They discovered that anaerobic co-digestion of FW with
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pretreated YW at F/M ratio of 1.5 improved biogas generation to 431 mL/g VSadded, With
VS removal of 62%. Tayyab et al. (2019) have conducted anaerobic co-digestion of
catering food waste (CFW) and pretreated parthenium weed (PPW) to assess the potential
of these plants for biogas production. The investigation involved different mixing ratios
(0: 100, 20:80, 60:40, 40:60, 80:20, and 100: O TS basis) using laboratory-scale
bioreactors under mesophilic conditions (30 = 1 °C). The results showed that in the co-
digestion reactor, where 60% CFW and 40% PPW were employed, the maximum biogas
production rate (559 mL/L.day) and accumulative biogas (5532 mL/L) were attained.

Sewage sludge is another co-substrate for FW which is often used by researchers in
studies related to anaerobic co-digestion. Sewage sludge has a low C: N ratio and organic
content. These two characteristics can help to balance C: N ratio, reduce the intermediate
accumulation such as ammonia and increase the microbial activity (Liu et al., 2013). Dai
et al. (2013) co-digested the FW with dewatered sludge and found that the stability has
been achieved and produced high methane yield (258-380 LCH4/kgVSadded) With VS
removal of 46-67%. Meanwhile, Gou et al. (2014) conducted anaerobic co-digestion of
FW and WAS using a mixing ratio of 33: 67 with increased temperature and increased
HRT using 2 L CSTR. The increased process temperature up to the thermophilic
condition was found to result in higher methane yields from 250 LCH4/kg VS to
370 LCHa/kg VS, but the VS removal decreased from 62-58%. The co-digestion between
FW and WAS resulted in a significant reduction in volatile solids in a single-stage and
two-stage CSTR up to 48% and a significant increase in biogas yields, i.e. 960 L
biogas/kg VS (single-stage) and 440 L biogas/kg VS (two-stage) (Zhang et al., 2013b).

The use of biochar to AD processes improves the removal of COD and lowers the lag
phase of methanogenesis, resulting in increased methane generation (Kumar et al., 2021).
Li et al. (2018) utilized biochar in batch tests to increase stable and efficient methane
generation from thermophilic co-digestion of food waste (FW) and waste activated sludge
(WAS) at F/S ratios of 0.25, 0.75, 1.5, 2.25, and 3. The addition of biochar significantly
reduced the lag time of methane production and enhanced the rate of methane production
with increased organic loading, according to the findings. Microorganism growth and
adaptation to VFA accumulation were aided by biochar's increased buffer capacity and
large specific surface area.

Features such as the low C: N ratio and a wide range of macronutrients and
micronutrients needed by anaerobic bacteria have resulted in the combination of animal
waste with FW to encourage higher methane yields through the AD process as an
excellent co-substrate. The results from the co-digestion of fine and coarse ground FW
particle and dairy manure showed that the highest specific methane yield (630 LCHa/kg
VSadded) Was obtained in the fine ground FW while the lowest methane yield
(470 LCH4/ kg VSadded) Was obtained in the coarse ground food co-digested with dairy
manure (Agyeman and Tao, 2014). Wang et al. (2014) used chicken manure as a co-
substrate to study the possibility of increasing methane yield from the co-digestion of FW
with chicken manure in CSTR using alternate feeding mode (FW and chicken manure
were fed into the reactor alternately) at OLR 2.50 gVS/L.day. A higher methane yield of
508 mL/gVS was obtained from the co-digestion process. Zhang et al. (2012) conducted
a study using a continuously stirred tank reactor (CSTR) with the capacity of 75 L to
co-digest FW with cattle slurry (CS) with a ratio of 20:80 (FW: CS). Greater stability was
achieved when operating at OLR 2 kgVS/m3.day with the methane yield of 220 L
CH4/kgV Sadaed. According to Naran et al. (2016), when mono-digestion was conducted
on the FW, it produces a lot of VFAs together with substances containing ammonium,
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which impede microbial activity and digestion rate. When FW is digested at organic
loadings of more than 2.5 g VS/L/d and at predominantly thermophilic conditions, the
AD process can become more extreme and even fail completely (Oladejo et al., 2020).
To address this issue, FW is frequently co-digested with animal dung, lignocelluloses,
and sewage sludge, which assist to dilute harmful chemicals, improve nutritional balance,
and accelerate microbial activities (Zhang et al., 2014). In the production of biogas, cow
dung (CD) is a significant organic feedstock (Franco et al., 2018). Due to its poor biogas
output, it is frequently co-digested with other biodegradable organic feedstock in order to
boost biogas yield (Ormaechea et al., 2018). According to Dhamodharan et al. (2015),
although co-digested of FW with the CD is revealed to generate the highest methane
compared to other livestock manure, Gaur and Suthar (2017) noted that the combination
of a few types of animal manure in anaerobic co-digestion with FW will increase biogas
production. As a result, Oladejo et al. (2020) have used automated batch anaerobic
reactors to examine the production of biogas from co-digestion of FW with 2 types of
animal manure namely cow dung (CD) and piggery dung (PD). The major goal of their
research is to see how substrate mixing affects the overall reactor and biogas production.
Although biogas was generated by mono-digesting each of the substrates, nutritional
balance and gas output were severely limited. From the observation, after 30 days, the
digestion of FW + CD + PD produced the maximum cumulative biogas yield of 0.67 L.
The digestion of FW + PD yielded the highest methane level of 64.6%, while digestion
of FW alone yielded the lowest (54.0%). Overall, the four digestion regimes of
cumulative biogas production can be stated in the following order: FW + CD + PD, FW
+ PD, FW + CD, and FW only.

Apart from the utilization of agricultural waste or green waste, sewage sludge, and
animal manures as co-substrate in the AD of FW, researchers have carried out extensive
research on other co-substrates such as fresh leachate (Zhang et al., 2015b), brown
wastewater (Paudel et al., 2017) and grease trap waste (Wu et al., 2016) which can help
to increase higher methane production and reactor stability. In conclusion, anaerobic co-
digestion has been identified as an efficient, low-cost, and adaptable method for
minimizing process constraints and improving digestion and biodegradation rates, the
quantity of biogas, and methane yield. There are various types of co-substrates commonly
used in the anaerobic co-digestion of organic waste including the organic fraction of
MSW, fat, oil, and grease (FOG), lipid-rich industrial effluent, agricultural waste
(including animal manure), sewage sludge, and wood waste. Agricultural waste/green
waste, sewage sludge, and animal manure are among the potential co-substrate that are
often used in anaerobic co-digestion of FW. The agricultural plant residues consist of rice
husks, sugar cane fiber, coconut husks and shells, groundnut shells, wheat straws, and
other crop residues. Animal manures usually comprise cattle, chicken, and pig manure.
HRT, OLR, operating temperature (mesophilic and thermophilic), C: N ratio, particle
size, and feeding method can all affect co-digestion with different substrates. Although
co-digestion can offer essential nutrients, the features and components of the substrates
must be thoroughly examined to guarantee that the anaerobic co-digestion process
produces good outcomes. To prevent the inhibition and optimize the production of
methane gas, the mixture ratio between FW and selected co-substrate should provide
positive interactions based on proper nutrient selection and moisture balance. If the
selection of the combination between FW and the co-substrate is not appropriate, negative
results will be achieved such as low methane yield and digester instability.
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Table 4. Anaerobic co-digestion of FW with other substrates
Process . VS .
Types of co- | Types of co- Types of HRT Duration CHayield
gt?bstrate )(;?gestion rg‘gctor temperat ure/ OLRor S/I (days) removal (LCHj/)l:g VS) References
condition (%)
1.0 30 394
FW + pretreated . .
yard waste Batch Mesophilic (30 °C) NR ;g 28 62+04 ﬁé Panl(gzrgg(l);a tal.
(PYW) 25 30 338
Catering FW +
pretreated Batch Mesophilic (30 + 1 NR NR 60 622 (me?;?nt];/tig as Tayyab et al.
parthenium 251L) °C) ' M biog (2019)
production rate)
weed (PPW)
FW + maize 68 1gVS/L.d 120 80.7 % 400
husk (MH) CSTR Mesophilic (37 °C) 27 2.5¢gVvSs/L.d 120 76.5 % 408 Owamah and
(w/w) (5L) P 19 3.5gVvs/Ld 120 74.3% 447 Izinyon (2015)
75:25 15 459gVvs/Ld 120 78.3% 482
FW + straw
Agricultural (wiw) Batch Mesohili . -
. philic Initial loading Yong et al.,
waste / green 20:80 o - - NR NR 171
waste 60-40 (1L) (35°C) 59 VS/L 599 (2015)
80:20 313
FW + fruit and
vegetable waste 0
+meat Batch Mesophilic NR Initial loading 30 gjé’ 8223 Tanimu et al.,
(1L) (35 0C) ' = 3.5gVS/L > ' (2014)
71% 0.679
C:N ratio = 17, ’
26, 30
Pilot scale one
. stage 0
FW + rain tree (2500L) - 30 6.8 g VS/L.d 80.4 % 153 Ratanatamskul
leaf (RTL) : Mesophilic
Pilot scale o 112 and Manptech
(\é\g\-,;) two stage (370 30 | 9.5gVS/Ld 89.2 % 283 (2016)
' (1000 L + = GVorL. o7
2500L)
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Process . VS .
T;/Sbe:t?;feo- T)c?i)ess(t)ifo%o- 'I;ngtsoorf temperature/ HRT | oLrRor s/ D(L:jr:t:))n removal (Lg:l /BI/(IEISS) References
g condition y (%) K9
FW + rice husk 0 446 Lupiogas’kg VS
(RH) Mixed to | Pilot scale plug | Mesophilic 26| SgvsiLd 21 824% | 309 Lyogeslkg VS | Jabeen etal.,
obtainaC:N = | flow (80L) (37 °C) 25 | 6gVsiLd 52 731% | 915 Lujogeslkg VS (2015)
28 ' 14 9gVS/Ld 30 354 % 1ogas
FW + dewatered
sludge (DS)
FW : DS Mesophilic 6.3 gVS/L.d 46 % 258 Dai et al
(VS ratio) CSTR (6L) 35 poc) 20 days | 7.2gVS/L.d NR 58 % 332 (2013) N
30:70 7.6 gVS/L.d 67% 380
50:50
70:30
FW + WAS
(TS ratio)
33.3:66.6 Cé[)R 35 16.7 days| 2gVS/L.d 160 62 % 250 G‘(’goelts"'
33.3:66.6 45 178 60 % 290
33.3:66.6 55 188 58% 370
FW + WAS .
Sewage sludge (VS ratio) pi?(l)?%:lg'?gg(ZO Mesophilic 20 350 46 % 960 Lpiogas'kg VS
16.5:83.5 tonnes) (35°C) 0.85gVS/L.d Zhang et al.,
FW + WAS Two stage pilot (2013b)
(VS ratlo) CSTR (45 + Mesoehlllc NR NR 350 48 % 440 Lpiogas’/kg VS
16.5:83.5 (35°C)
15.5 tonnes)
Synthetic FW + 20
waste activated Th hili 832 38
ermophilic .
sludge (WAS) Batch (55 °C) NR 15 20 NR 150 Li etal. (2018)
(0.12L)
. 2.25 200
(addition of .
. 3.0 (cumulative methane
biochar) .
production, mL)
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Process . VS .
T;/Sbe:t?;feo- T)c?i)ess(t)ifo%o- tgsgtsoorf temperature/ HRT | oLrRor s/ D(L:jr:t:))n removal (LSE4 /BI/(IEISS) References
9 condition y (%) K9
FW + cattle
slurry (CS) CSTR Mesophilic Zhang et al.,
(VS ratio = (751) (36°C) 30 days | 2 gVS/L.day 308 NR 220 (2012)
20:80)
FW + dairy .
. - 630 (fine), 560
Animal manure (DM) CSTR Mesophilic S Agyeman and
manures/dung (VS ratio = 2L) (36°C) 80 days | 2 gVS/L.day 180 NR (mediumy), 470 Tao (2014)
50:50) (coarse)
. CSTR -
FW + chicken Mesophilic Wang et al.,
manure (35L) (35°C) 35 days |2.5 gVS/L.day 225 NR 508 (2014)
FW + cow dung FW+CD+PD : 0.67 L
(CD) + piggery CSTR Mesophilic FW+CD: 0.62L Oladejo et al.
dung (PD) (10 L) NR NR 30 NR FW+PD : 0.58L (2020)
(1:2:2) FW only : 0.49L

NR = not reported
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b, FW pretreatment

Pretreatment and other in-situ procedures (such as co-digestion and addition of
additives) are two methods that have been studied to enhance the hydrolysis rate
(Panigrahi and Dubey, 2019). Pretreatment is required to convert complex structures such
as cellulose, hemicellulose, and lignin, which are difficult for microbes to degrade, into
biodegradable substances that can be digested by microbes (Siddique and Wahid, 2018).
This method is used to boost methane production by increasing chemical oxygen demand
and releasing the substrates' intracellular nutrients (Neshat et al., 2017). As a pretreatment
stage happens early in the digestion process, it can minimize the level of difficulty in the
hydrolysis stage, resulting in a more efficient digestion process. An effective pretreatment
should be able to: (i) maintain organic components in biomass; ii) promote hydrolysis
progress; iii) prevent the development of hazardous and/or inhibitory compounds; iv) be
environmentally friendly, and v) be economically feasible (Derman et al., 2018; Choi et
al., 2019). There are various effective pretreatment methods to increase biogas production
especially methane through the anaerobic digestion process. These include physical,
chemical, biological, and combination of these methods.

Mechanical, freezing/thawing, ultrasonic, microwave, and thermal/hydrothermal
treatment are examples of physical pretreatment procedures. The purpose of physical
treatments is to alter the morphological structure of substances in order to improve the
solubilization and hydrolysis of solid organic materials (Ma et al., 2018). The application
of the mechanical pretreatment method can help to boost the effectiveness of the
anaerobic digestion process and increase biogas production especially methane. This
method has the potential to reduce the size of the substrate particles and increase the
surface area of the substrate to be exposed to anaerobic bacterial activity. As reported by
Panigrahi and Dubey (2019), Braguglia et al. (2018), and Ariunbaatar et al. (2014),
several mechanical methods are often used to pretreat the substrate before introduction
into the anaerobic digester. These include grinding, bead milling, high-pressure
homogenizer (HPH), stirred ball mills, ultrasonic, and the jetting and colliding method.
The mechanical pretreatment method is a physical process that does not involve the
addition of chemical substances. Mechanical pretreatment improves the kinetics of
biological processes by altering the chemical composition, reducing particle size,
crystallinity, polymerization, the release of dissolved organic matter (Panigrahi and
Dubey, 2019), as well as improving the substrate's surface area to volume ratio and pore
volume (Jain et al., 2015). A larger surface area allows for better contact between the
substrate and the anaerobic bacteria, which improves the AD process. Ultrasonic
(Rasapoor et al., 2016; Menon et al., 2016; Deepanraj et al., 2017), mechanical grinding
(Izumi et al., 2010; Agyeman and Tao, 2014), and freezing/thawing are some of the
physical pretreatment procedures employed on FW (Stabnikova et al., 2008).

Thermal pretreatment enhances the AD process by disinfecting by sterilization (Li and
Jin, 2015), deflocculating macromolecules, and enhancing dewaterability (Jin et al.,
2016), solubilizing refractory particles (Ariunbaatar et al., 2015b), and lowering
exogenous pollution, but it also inactivates methanogenic bacteria in the raw material.
Thermal pretreatment is often evaluated in terms of soluble COD, VFA, and biogas
generation. The existence of oil in OFMSW, on the other hand, necessitates the
examination of both physical and chemical properties following thermal pretreatment (Jin
et al., 2016) The primary affecting parameters in the thermal pretreatment method are
treatment temperature, treatment time, and heat transfer mode, but treatment temperature
is more essential than the duration of treatment (Panigrahi and Dubey, 2019). Thermal
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pretreatment (the only temperature is regulated, for example in a hot air oven, microwave,
or hot water bath) and hydrothermal pretreatment (both temperature and pressure are
regulated such as autoclave pretreatment) are the two types of thermal pretreatment
methods. Microwave pretreatment for organic solid waste is more successful than
autoclave pretreatment in terms of methane production (Tampio et al., 2014; Pecorini et
al., 2016). Various studies related to thermal pretreatment have been carried out at
temperatures ranging from 50 to 250 °C. According to Ariunbaatar et al. (2014), the
effects of thermal pretreatment are dependent on the kind of substrate or feedstock used
and the temperature range involved. Although the degree of solubilization shows a
significant effect when higher temperatures (>110 °C) and longer retention times are
applied to the substrate during thermal pretreatment, it cannot be directly attributed to the
final energy yield (Braguglia et al., 2018). In some cases, higher solubilization can also
be achieved at a low temperature (<110 °C) but requires a longer retention time.
According to Ariunbaatar et al. (2014), many studies related to thermal pretreatment
performed at low temperatures (<110 °C) i.e 70 °C. This is based on EU Regulation
EC1772/2002 which requires organic solid waste to be pretreated at 70 °C at least 1 hour.
Thermal pretreatment on FW has been carried out by several previous researchers such
as Gnaoui et al. (2020), Li et al. (2017), Li and Jin (2015), and Tampio et al. (2014).

In chemical pretreatment, chemicals such as strong acids, alkalis, or oxidants have
been used as pretreatment methods to break down the organic constituents by hydrolyzing
the cell walls and membranes resulting in higher solubility of organic matter in the cells.
To solve problems related to sludge solubilization efficiently with little or no energy
demand, acid and alkali pretreatment become the appropriate option in addition to
producing pathogen-free digestate. According to Sarto et al. (2019), acid pretreatment
aims to weaken covalent hydrogen bonds and van der Waals forces in order to solubilize
hemicellulose, break down cellulose, and hydrolyze hemicellulose into monosaccharides.
Dilute acid was chosen for this pretreatment because it is less poisonous, less corrosive,
and less costly, as well as requiring fewer neutralizing reagents and involving cheaper
reactor construction material costs. The lignocellulosic substrates such as agricultural
wastes, wood chips, crop waste, and paper waste have all been subjected to the dilute acid
pretreatment approach. Various types of lignocellulosic fractions of MSW have been
treated with dilute sulfuric acid (H2SOa), dilute nitric acid (HNO3), dilute hydrochloric
acid (HCI), dilute phosphoric acid (HsPOa), dilute glycolic acid (C2H40Os3), and dilute
oxalic acid (C2H204), however, because of its inexpensive cost, dilute H2SO4 is the most
often used (Panigrahi and Dubey, 2019). During alkaline pretreatment, acetyl groups are
removed and uronic acid is substituted, making cellulose and hemicellulose more
accessible to hydrolytic enzymes. Pretreatment with alkaline improves the internal
surface area, degrades lignin, and destroys the lignin-carbohydrate bond. Alkaline
reagents such as NaOH, KOH, Mg(OH)., Ca(OH)2, and NH4OH have been employed in
previous investigations (Bazargan et al., 2015). In terms of COD solubilization, NaOH is
the most effective of these chemicals, followed by KOH, Mg(OH)2, and Ca(OH)
(Panigrahi and Dubey, 2019). By increasing the internal surface area of biomass, NaOH
has the maximum ability to reduce crystallinity and degree of polymerization, as well as
boost biomass degradability. Because part of the chemicals is used by the biomass during
alkaline pretreatment, a larger chemical dosage is required. However, it has been noted
that using NaOH can raise the cost of pretreatment and that a high concentration of Na*
can impede the AD process. When comparing NaOH to Ca(OH)2, Ca(OH): is preferable
since it is less expensive, safer, and easier to extract from aqueous solutions using CO..
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Apart from acid and alkaline pretreatment, the oxidation process is one of the
pretreatment methods found in chemical pretreatment. This method includes ozonation,
peroxidation, and peracetic acid. Ozonation and peroxidation pretreatment methods are
very useful in sludge stabilization. The use of ozone will cause cellular disruption, flocs
disintegration, and high COD solubilization (Salihu and Alam, 2016). There are some
disadvantages of this pretreatment method which require high capital. In addition, higher
ozonation will cause the formation of soluble compounds that will have a damaging effect
when released into the environment. The use of the peroxidation method is also limited
due to the factors such as low pH, requiring proper handling, and special equipment and
corrosion problems (Salihu and Alam, 2016). Therefore, most researchers prefer acid and
alkaline pretreatment methods to treat organic waste that will be used as a feedstock for
the anaerobic digestion process because both methods are easier with little or no energy
demand. There are several researchers such as Junoh et al. (2015), Naran et al. (2016),
Jang et al. (2015), and Yue et al. (2020) who used chemical methods (acid, alkaline, and
ozonation) to perform FW pretreatment to increase biogas production during AD process
(refer Table 5).

According to Panigrahi and Dubey (2019), the major objective of biological
pretreatment is to improve the digestibility of complex waste by eliminating covalent
cross-linkages and non-covalent interactions between hemicelluloses and lignin, as well
as increasing particle surface area. Various types of feedstocks such as wood and grass,
waste office paper, lignocellulosic substrate, agricultural residues, hardwood, FW, and
MSW are suitable for biological pretreatment before the AD process. Biological
pretreatment is an environmentally friendly process but time-consuming and that requires
a longer retention time. During the pretreatment process, the microbes utilize free and
easily accessible carbohydrates as their primary carbon source. Because the microbes
compete with the native microorganisms during the pretreatment process, maintaining a
pure culture of bacteria and optimizing their growth conditions for an FW pretreatment
can be difficult (Banu et al., 2020). In biological pretreatment, the primary affecting
parameters are incubation temperature and time, moisture content, type of biological
pretreatment, pH of the medium, and substrate particle size. Aeration of FW is another
biological pretreatment option that can boost hydrolysis rates. Aeration changes the
biomass community in the FW and slows the build-up of volatile fatty acids, as well as
hydrolyzing resistant substrates by mobilizing enzymes. Not limited to microbial systems
alone, the biological pretreatment also involves enzymes such as amylase, lipase,
protease, and cellulase which works to accelerate hydrolysis through enzymatic catalysis
and further promote methane production through an anaerobic digestion process. The
utilization of enzymes in biological pretreatment promotes the solubilization process that
occurs earlier within the system than in the microbial process which requires an
acclimatization period. Enzymatic pretreatment is one of the most promising biological
pretreatment methods in which the rate of hydrolysis for organic residues can be improved
further before anaerobic digestion. Before the digestion process, enzymes may be
introduced to the substrate as a pretreatment or directly added to the digester. According
to Carrere et al. (2016), the addition of enzymes directly into the digester is a common
procedure in the full-scale scenario. Although enzymatic pretreatment requires less input
energy than mechanical and thermal pretreatment methods without involving the addition
of chemicals, other factors as the main issues would be the price, enzyme selection (lipase
or glucoamylase), and process efficiency.
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orggg)cevsgste P::itr:giti?r?sm Tyg/esfe fn,]A\D Impact of pretreatment Anaerobic digestion performance References
. the range of methane yield
Food waste MECHANICAL Mesophilic (semi-| reduction in the average size of FW | produced for particle sizes of 2.5, 4, and 8 | Agyeman and
(FW) Grindin continuous) particles to 2.5, 4 and 8 mm mm is in the range between 510-630, 470- | Tao (2014)
g 560 and 460-470 mL CH. /g V/S.
. the mean particle size of the FW
Food waste MECHANICAL Mesophilic decreased from 0.843 to 0.391 mm. D methane yield has increased by 28| lzumi etal,,
(FW) . (batch) . substrate solubilization has % (2010)
Bead milling (1000 rpm) increased by 40 % of the total COD.
MECHANICAL
gi;%m:fléa?ﬁ\%gi . the COD removal rate of FW
9 pretreated with HVPD was over 100%, . the methane yield increased by
Fo‘zgmsm Voltage = 40 kV M?;;’t‘z?]')"c . S'gn'f'f:giy\%;a;evrvgﬁg E)Zenﬁ:;?:ze 4 | 34.6% from 234 ML CHAIGCOD e to [ZOU et al. (2016)
Electrode distance = 5 - ; 315 mL CH4/gCODremoved-
mm due to the greater ammonia content in the
Pulse frequency = 400 reactor after HVPD pretreatment.
Hz
Duration = 30 min
. Proteins and polysaccharides were
degraded by Proteiniborus and
MECHARICAL Parabacteroides, respectively. . There was an increase in methane
Food waste . Mesophilic o Bacteroides was the only bacteria | . Zhang et al.
(FW) Microwave (batch) that dominated in the co-digestion system yield from 297 mL. CHafg VSaeqt0 316 mL (2016)
Temperature = 100 °C : o CHa/g VSadded.
Power = 600W . At the active methane generation
phase, Methanosphaera predominated in
microwave pretreated FW.
FW from the MECHANICAL . . . . Produce 149 mL H2/gV Sadded
0,
campus M?bsgtiw)llc * There WgégnDl ncrease of 7 % in (sonicated) and 85 mL Hz/gV Sagded (NON- Gaz(j;oe ﬁ:)al"
cafeteria Ultrasonic ' sonicated)
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Type of Pretregt.ment Type of AD Impact of pretreatment Anaerobic digestion performance References
organic waste conditions system
(rice, Power = 1200 W o The biogas production has been
vegetables, | Ultrasonic density = 1.5 enhanced with a 75.3 % increase in
fruit peels, W/mL hydrogen content.
other residues) | SE = varied depends on
sonication duration and
TS
Frequency = 20 kHz
Sonication duration = 15
min
MECHANICAL
co-dﬁVXsted Ultrasonic y TS, VS and COD removal
with p?oultry Power = 130 W Thermophilic efficiency recorded 61.83%, 65.21% and . Produce maximpm cumulative Deepanraj et al.,
_ 54.66%, respectively. biogas of 9926 mL with methane
manure SE=N.R (batch) composition of 62.47 % (2017)
Frequency = 20kHz P B
Sonication duration = 30
min
MECHANICAL
Ultrasonic
Kitchen waste UD =0.2-0.6 W/L Mesophilic . There was an increase about 93%, | The maximum biogas yield produced after
SE =5000-10000 kJ/kg (batch) 83% and 37% in TVFA when the kitchen | 72 h of digestion ranged between 220-440 | Rasapoor et al.
TS waste with TS of 6%, 8% and 10% was | mL/gVS at this condition :5000 kJ/kg TS- (2016)
Frequency = 20kHz sonicated for 30 min, respectively. 10,000 kJ/kg TS, 6 % TS.
Sonication duration =
10-30 min
Power = N.R
MECHANICAL
o Reduction of processing time to 38h . .
Canteen FW Ultrasonic Thermophilic |from the 60-80h needed in normal operation. bi:) as ro;iruh(iz(e)er\;a\/Sit?IHSIZr]g;easef;: dtat;xl()/ Menon et al.
Power = 100 W (batch) . No significant improvement in gasp co oz ° (2016)
SE=N.R either SCOD or VFA production z
Frequency = 20kHz
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orgg?cev?/;ste P(r:itnrgitir;r:asnt Tygz& fn'f‘D Impact of pretreatment Anaerobic digestion performance References
Sonication duration = 15
-45min
CHEMICAL S .
. COD solubilization was optimum at .
- . the methane production of 864.19
Fo?gw;lste Alkaline pretreatment M?t?:te:?)“c 166'92?8(?_/")‘ /(Sql]f(')\:allehnéjf 619 ML/Q V Sgestructed WaS obtained with an Jurgczagleg)al.
(40-190 meg/L Ca(OH),, 2 ' increase of 20% compared to untreated FW.
1-6 hours)
CHEMICAL
. e . there was an increase in methane
Foodwaste | Alkali soncentrations | MEOPIC | Which incressed G | YIeld(259) from 2717103302 mL | Naran etal.
0.4N NaOH (batch) ,recove CHa4/gVSremoves When alkaline pretreatment (2016)
F’)H 127 - was performed on FW.
Duration= 1 hour
CHEMICAL
Alkaline pretreatment - . . .
Food waste Alkali concentration = Mesophilic . the VS reduction recorded after | o the resulting hydrogen yield was Jang et al.
(FW) 0.4N NaOH (batch) alkaline pretreatment was 51 & 4.0 %. 162 mL H2/g VSadded- (2016)
pH=12.0
Duration= 30 hours
. When the ozone content in the .
CHEMICAL pretreatment was increased to 0.8 g-03/g- | ° VS thAet %g?hnacneemr?;llg?rg;oﬁ gc-eorgllg-
TVS, the decomposition rate of glycerol trioleaté increased b >5/31 9% to 9943é 5 mL/
Ozone pretreatment trioleate into hexadecanoic acid and TVS after dark h 3('”0 .en ;ermentétion g
Food waste Flow rate = 30 mL/min Mesophilic tetradecanoic acid increased to 78.6%. . Becauze oz%ne oxidization ' Yue et al
(FW) Ozone concentrations = (batch) o After ozonation pretreatment, the damaged most small-molecular (2020)

0,0.02,0.05,0.2and 0.8
g-03/g-TVS.
Pretreatment time = 0,
1.5, 3.75, 15, 60 min

coating of methanogens by lipids during the
anaerobic digestion process was significantly
reduced.
. When food waste (carbohydrate
45.7 %, protein 21.4 %, lipid 28.1%) and

carbohydrates and a portion of proteins,
excessive ozone pretreatment (0.05 g-O3/g-
TVS) lowered not only hydrogen yield but
also methane yield.
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Type of Pretregt.ment Type of AD Impact of pretreatment Anaerobic digestion performance References
organic waste conditions system
glycerol trioleate were combined with a total
volatile solids (TVS) ratio of 1:1, an

ozonation pretreatment of 0.02 g-O3/g-TVS
resulted in the maximum energy conversion
efficiency of 78.7% through two-stage dark

hydrogen fermentation and anaerobic

digestion.
. the methane yields at all OLR for
. increase soluble COD by 16.4 % | autoclaved FW were lower than untreated
THERMAL o slight increase in pH from 4.96 to FW.
Food waste Mesophilic (semi- 5.01 . lower ammonium and hydrogen | Tampio et al.
(FW) Autoclave at 160 °C, 6.2|  continuous) . most parameters show a decline | sulphide concentrations, due to reduced (2014)
bar after the autoclave pretreatment such as TS, protein hydrolysis as a result of the
VS, VFA, and density. formation of Maillard compounds where
the substrate cannot be biodegraded.
o improve the breakdown efficiency
of crude protein (CP), fat, oil and grease
(FOG), volatile solid (VS), and volatile fatty
acids (VFA), according to the kinetics
THERMAL

Kitchen waste
(KW)

Pretreatment condition =

70 min at 55-90 °C and
50 min at 120-160 °C.

THERMAL

Mesophilic
(batch)

results.

had no effect on the ultimate protein
content, but it did reduce the FOG
degradation potential (7-36%) and
lengthened the lag phase for protein and FOG

degradation by 35-65 % and 11-82 %,
respectively, as compared to untreated KW.

. the reduction in CP rose

tremendously with the efficiency of FOG
removal.

other organics (CP and FOG) enhanced
cumulative biogas yield in a linear and
exponential way.

The removal efficiency of VS and

Lietal. (2017)

Food waste
(FW)

Temperatures = 60, 80,

Mesophilic
(semi-continuous)

and 100 -C

Soluble COD was raised as a result
of temperature and time treatment, reaching

68.54 + 2.4 mg/L at (100 °C, 30 min), which

Anaerobic (AD) digestion of

thermally pretreated FW at 100 °C for 30

was 43.41 % greater than the control.

min produced 382.82 mL STP CH4/g VS of

Gnaoui et al.
(2020)
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orgg?cev?/;ste P(r:itnrgitir;r:asnt Tygz& fn'f‘D Impact of pretreatment Anaerobic digestion performance References
Duration = 15, 30 and 45 . Thermal pretreatment reduced the | methane which was 23.68 % higher than
min percentage of VS as compared to raw FW. untreated FW.
o Biodegradability was improved by
9.8% from 83.23% to 91.44%.
) reduce the retention time required
L eismenTsmavs | T dislon oy S
THERMAL solubilization rate at 55-120 °C (26.63% and 70 °C and 140-160 °C, the organic removal
Kitchen waste Mesophilic 49.21%, respectively) but decreased when rate and biogas rodu,ction for subsequent Li and Jin
(KW) Temperature = 55, 70, (batch) the temperature increased to 140-160 °C anaerobig di pest'on showed a sli qht (2015)
90, 120, 140 and 160 °C during acidification. gestion snowed a slig
reduction.
. at a temperature of 90 and 120 °C,
a better result was achieved.
o After 4 days of aeration, there were
BIOLOGICAL up to 10% VS losses, as well as a reduction
Aeration in VFA, simple sugars, and low-weight
organic molecules. . The methane potential of
N - . The bacterial community became | pretreatment waste was maintained (500 L
Food waste | Aeration in 10'_‘ reai:tor Mesophilic more diverse as a result of the aerobic NLCH4/kg VS), but after a long period of Fisgativa et al.
(FW) Temperature = 40 °C (batch) . ; . (2016b)
Flow rate = 50 L/h mrcumstancgs. _ aeration, the methane potential was reduced
Oxygen concentration = . Because of the hlgh_ excretion of to the starting amount of waste.
21% O, exoenzymes, the Proteobacteria phylum may
Duration = 2, 4 days have a superior capacity to hydrolyze less
' easily biodegradable compounds.
o The biogas production rate had
. COD removal rates were 96.7 £ | increased to 5.2 +£0.3,5.7+0.3, 6.4 +£0.2,
BIOLOGICAL 1.5%,92.1 +£3.4%, 88 £2.3%, 84.1 £2.3%, |6.9+0.2 and 7.8 £ 0.1 L/L.d when the OLR Zhang et al
Food waste Mesophilic (semi-| 88.4 + 3.2% when OLRs of 12, 14, 16, 18, | was increased from 12 mgCOD/Ld to 14, (2020) '
(FW) Enzymatic pretreatment | continuous) |and 20 g COD/Ld were utilized, respectively.| 16, 18 and 20 mgCOD/L.d, respectively.

o The COD removal rate declined
slightly as the OLR increased.

o The resulting methane yields were
0.30, 0.28, 0.28, 0.26, 0.27 m3 CH4/ kg

CODremoved, respectively.
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orgg?cev?/;ste P(r:itnrgitir;r:asnt Tygz& fn'f‘D Impact of pretreatment Anaerobic digestion performance References
. Methane concentrations were
typically between 60 — 64 %, showing that
the digestion process was stable.
BIOLOGICAL s apout 89.1 g/L glucose, 2.4 g/L free| o .the methane yield and me.thane
Food waste Mesophilic amino nitrogen and 165 g/L SCOD were product_lon rate were 2.3 and 3.5 times Kiran et al
(FW) Fungal mass (batch) produced higher than untreated FW. (2015) N
. 64% reduction in VS within 24 . The percentage of VS of about
hours. 80.4 + 3.5% was achieved.
. a total of 19.1% reduction in VS
was achieved.
. the SCOD concentrations increased
to 6853.8 £ 223.7 mg/L after 24 h of
F BIOLOGICAL - hydrolysis with the fungal mash, higher than S .
ood waste Mesophilic untreated FW . the methane yield increased from Yinetal.,
: 0,
(FW) (concF:r:]tgr]:tligTwa:lszhg/L) (batch) . the FAN concentration increased to 610.3 to 817.0 mL CH4/gVS (25.3%). (2016)
74.1 £ 13.9 mg/L after 24 hours pretreatment
o The glucose concentration increased
to 3598.8 = 128.3 mg/L after 24 hours
pretreatment.
COMBINATION
PRETREATMENT
. The control (MP) and CMUP
Combined mechanical- experiments produced 382 mL CH4/gVS
ultrasonic pretreatment and 493 mL CH4/4VS of methane,
(CMUP) . - respectively.
Kitchen waste |Mechanical pretreatment|  Mesophilic y trol Tgecki\l/loggg_raggbol/llty gfglg/l; This clearly reveals that the CMUP| Karouach et al.
(KW) (MP): Size reduction (batch) (control) an 1S oan o improves methane generation and (2020)

using kitchen blender

Ultrasonic pretreatment
(UP):
Frequency= 40 kHz
Time = 24 min

respectively, in both trials.

biodegradability, implying that the

hydrolysis and methanogenesis phases of
the process are improved by this combined

pretreatment.
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orgg?cev?/;ste P(r:itnrgitir;r:asnt Tygz& fn'f‘D Impact of pretreatment Anaerobic digestion performance References
. Pretreatment of kitchen waste (KW)
(from Canadian OFMSW) at 115°C and
PCF:QCI;'IMIEéxﬁ&ISI{I\IT 145°C improved biogas production by 4-7%
compared to untreated KW (control).
Microwave-hvdrogen . Biogas production was reduced
. yarog when pretreated at 175 °C due to the L
peroxide pretreatment . L |e The combination of MW and H»0
development of refractory chemicals, which .
o L) modalities had no effect on KW
. H.0, added = 0.38 g/gTS s inhibited digestion. stabilization or increased biogas generation .
Kitchen waste O (v Mesophilic . The effect of pretreatment on ‘| Shahriari et al.
(KW) at 30/.0 (Vv); (batch) cumulative biogas production (CBP) for the ® All H20-pretreated samples had a (2012)
Contact time =1 h; A - considerable lag phase, and the CBP was
Microwave liquid component of KW was more obwou_s typically lower than MW irradiated only
fr _ for SWA20 at 145 °C, with a 26% increase in
equency = 2450 MHz bi ion af £ dicesti samples.
Tax = 85 °C: iogas production after 8 days of digestion
Ramp time = 40,min compared to the control.
Retention . The enhanced substrate availability
time = 1 min in the liquid fraction following MW
pretreatment resulted in a 78 % increase in
biogas generation compared to the control.
COMBINATION
PRETREATMENT
Ultrasonic with acid N us preatreatment showed the . UA pretreatment achieved the
highest increase in soluble COD and soluble |, . .
(UA) rotein by 33% and 40%. respectivel highest hydrogen yield of 118 mL/g VSinitial.
Food waste | (SE=79 kJ/kg TS, pH 3 Mesophilic E) %;]e hichest incréase Fi)n Solub)llé . UB pretreatment produced a Elbeshbishy et
(FwW) with 1N HCI, 24 h). (batch) g . o hydrogen yield of 67 mL/g VSinitia Which | al., (2011)
carbohydrate by 31% was indicated by UA ; .
pretreatment was slightly higher than that was observed

Ultrasonic with base
(UB)
SE=79 ki/kg TS, pH 11

with NaOH , 24 h).

in untreated FW (42 mL/g VSinitiar).-
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Type of Pretreatment Type of AD Impact of pretreatment Anaerobic digestion performance References
organic waste conditions system
COMBINATION
PRETREATMENT
Thermo-acid . Chemical pretreatment of KW using

Kitchen waste retreatment either 1.12 % HCI for 94 minutesor 1.17 % | e The mono-sugars glucose and Vavouraki et al

(from P HCI for 86 minutes (at 100 °C) raised soluble| fructose were primarily responsible for the (2013) '

OFMSW) sugars concentration by 120 % compared to rise in soluble sugars.

1.12% HCI for 94 min or
1017% HCI for 86 min
Temperature = 100 °C

untreated KW.
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In addition, longer contact time requirements (at least 24 hours) cause this pretreatment
method is not appropriate to be performed on a full scale even though the batch test
indicates high methane production (Braguglia et al., 2018). In addition to numerous
modes of action depending on distinct FW components, Ma et al. (2018) showed that
enzymatic pretreatment may be used quickly and effectively in FW hydrolysis. Amylase,
protease, and lipase are enzymes that may break down macromolecular starches, proteins,
and lipids into glucose, free amino acids (FAN), and long-chain fatty acids (LCFA),
correspondingly. Despite the fact that enzymatic pretreatment of FW resulted in high-
efficiency hydrolysis with a VSS removal rate of 60% and a methane yield and generation
rate roughly double that of the control, it is still not extensively used in AD processes due
to the high cost of commercial enzymes. Biological pretreatment methods of food waste
consisting of microbial reactions, enzyme reactions, and aeration have been investigated
by several researchers such as Kiran et al. (2015), Yin et al. (2016), Fisgativa et al.
(2016b), and Zhang et al. (2020).

The combination of various pretreatment methods involves the utilization of more than
one pretreatment method in which the combined effect produces better substrate
solubilization which in turn produces higher biogas production and faster AD Kkinetic
processes (Ariunbaatar et al., 2014; Salihu and Alam, 2016). Combination pretreatment
can reduce inhibition, formation of recalcitrant products, long retention time, enzyme
specialization as well as energy costs. Combination pretreatment is also used when a
single pretreatment is insufficient to achieve the desired outcome due to its unique
mechanism of action (Braguglia et al., 2018). There are two major combinations of
pretreatment methods, namely thermo-chemical pretreatment and thermo-mechanical
pretreatment. Thermo-chemical pretreatment is a combination of two methods, namely
thermal pretreatment and chemical pretreatment. The chemicals that are commonly added
to these pretreatment combinations are sodium hydroxide (NaOH), calcium oxide (CaO),
or lime and hydrogen peroxide (H20.). Several studies have been conducted and reported
regarding the thermo-chemical pretreatment method to improve the anaerobic
biodegradability of organic wastes such as sludge (Tong et al., 2018), animal manure
(Khan and Ahring, 2021), organic fraction of municipal solid waste (OFMSW) (Bala et
al.,, 2019), and FW (Junoh et al., 2015). Thermo-mechanical pretreatment is a
combination of two methods: thermal and mechanical pretreatment. Combination of
microwave-ultrasonic and thermo-pressure pretreatment are the two methods that are
available under the thermo-mechanical pretreatment. Most studies involving thermo-
mechanical pretreatment are performed on sludge. In addition, there is a combination of
other pretreatment methods that are also used to pretreat the organic waste i.e physical-
chemical pretreatment (ultrasonic-alkaline, ultrasonic-acid) and electro-chemical
pretreatment. Table 5 demonstrates the summary for some of the pretreatment studies
involving mechanical, chemical, thermal, biological, and combination of various
pretreatment methods reported on FW.

Inoculum and microbial communities in AD of FW

The AD of FW is a complicated process. Numerous inhibitors, such as ammonia
buildup and VFAs, cause poor performance and then even system malfunction (Dai et al.,
2013; Agyeman and Tao, 2014; Owamah and Izinyon, 2015). The digesters are typically
run at a low organic loading rate (OLR) to ensure a steady operation (Tampio et al., 2014).
The majority of prior studies focused on process monitoring and control to increase
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process stability and efficiency (Li et al., 2014). AD is a multi-stage biochemical process
that involves complex organic molecules going through hydrolysis, acidogenesis,
acetogenesis, and methanogenesis in order. In the process of producing methane by AD
of FW, the microbial communities differ at different stages of hydrolysis and
acidification, hydrogen synthesis, and methane production (Wang et al., 2018). Because
AD is a biochemical process involving a wide range of microbial groups, microorganisms
form the foundation of the digesters. Bacteria and archaea are the two types of
microorganisms that participate in anaerobic digestion. Bacteria degrade complicated
substrates to produce VFA, CO2, and Hz, while archaea produce methane (Ren et al.,
2018). Seon et al. (2014) and Yamada et al. (2006) pointed out that Clostridium,
Bacteroides, Bifidobacterium, Butyrivibrio, Proteobacteria, Pseudomonas, Bacillus,
Streptococcus, Eubacterium, and other bacteria are involved in the hydrolysis and
acidogenesis processes. Methanogens are archaea, and there have been 65 species
discovered so far, divided into 3 orders, 7 families, and 19 genera. Imachi et al. (2007),
Nielsen et al. (2007), and Sousa et al. (2007) reveal that the primary bacteria that produce
methane  include  Methanobacterium,  Methanococcus, = Methanobrevibacter,
Methanomicrobium, Methanosarcina, and Methanosaeta.

To enhance the AD of organic waste, inoculum has been employed as a microbial
booster. Fresh manure and anaerobically digested sludge from numerous wastewater
treatment plants (WTPs) and manure treatment AD plants are typical inoculum sources,
as the bacteria are more acclimated to anaerobic environments (Bong et al., 2017).
According to Gu et al. (2014), some organic waste cannot be digested on its own,
necessitating the use of additional methane-producing bacteria to commence the digestion
process. Active microbial communities are required for anaerobic digestion, and
inoculums should contain these communities. A good inoculum can speed up digestion,
boost biogas production, reduce startup time, and make the digestion process more stable
(Gu et al, 2014). Many trace elements could be found in the inoculum, which could aid
in the activity of anaerobic microbes. Sufficient trace elements in the seeded inoculum,
such as Ni and Mo, could have a good impact on the AD of FW, enhancing methane
production and hydrolysis rate while also decreasing the lag phase (Sawatdeenarunat et
al., 2021). The majority of studies examining the impacts of different inoculums in
biomass digestion have concentrated on substrate breakdown and biogas production,
rather than the inoculums themselves, such as enzyme activity and nutrient content.
Inoculum micronutrients can boost enzyme activity and biogas output (Zhang et al.,
2011).

The use of inoculum from various sources in the mono-digestion of FW has been
practiced by several researchers such as Lim et al. (2020), Zhang et al. (2017), Wu et al.
(2016), Li et al. (2015), Jang et al. (2015) and many more. Lim et al. (2020) compared
two techniques of converting mesophilic to thermophilic consortia and evaluated the
effect of inoculum on the start-up of thermophilic anaerobic digestion (AD) of FW. The
use of inoculum was crucial during the start-up process, and a one-step temperature
increase was the favored method. The inoculum employed in their investigation came
from two places: anaerobic sludge obtained from a digester treating activated sludge from
a wastewater reclamation plant in Singapore and anaerobic sludge taken from a laboratory
pilot-scale 1000 L digester treating FW for more than three months at 35 °C. When the
temperature approached 50 °C, there were symptoms of instability and failure, according
to observations made during the investigation. For step-wise temperature increase
reactors, a large increase in absolute abundance of bacteria but a decrease in archaea likely

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4795-4847.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1906_47954847
© 2021, ALOKI Kft., Budapest, Hungary



Sabiani - Tajarudin: Biogas harvesting from anaerobically digested food waste
- 4832 -

resulted in an excess of AD intermediates that were not digested by methanogens in time,
generating reactor sourness. At this point, there will be an accumulation of VFA as well
as an initial decrease in biogas. However, the one-step temperature increase reactor
recovered from VFA accumulation and poor biogas generation after 10 days attributed to
the successful adaptation of thermophilic bacteria such as Thermotogae,
Thermoanaerobacterales, and Thermoanaerobacterium, as well as Methanosarcina.
Microbial consortia for thermophilic AD were successfully generated using the one-step
temperature increase technique and a suitable inoculum, which assisted the start-up of
thermophilic AD of FW. Zhang et al. (2017) evaluated the efficacy of a three-stage
anaerobic digester (TSAD) in treating FW, as well as the synergistic effect of
microorganisms in the TSAD. The inoculum employed in this investigation was waste-
activated sludge (WAS) from a large-scale anaerobic digester at Singapore's Ulu Pandan
Water Reclamation Plant (UPWRP). TSAD exhibited a 24-54% higher methane yield at
a high organic loading rate of 10 g VS/L when compared to standard one-stage and two-
stage anaerobic digesters. TSAD also obtained a greater volatile solid reduction rate of
83.5 + 1.3%. When the one-stage and two-stage digesters had already soured and failed,
TSAD showed a strong buffering ability even at high organic loading. According to the
pyrosequencing study, the bacterial community in TSAD is more diversified than in
control digesters. Multi-function methanogens like Methanosarcina, as well as some
dominant populations with acetogenesis, amino-acid consumption, and symbiotic
functions, have been discovered to selectively enrich TSAD. Wu et al. (2016) used high-
throughput sequencing of 16S rRNA genes to investigate the microbial community during
the start-up stage of a thermophilic AD treating FW with sludge sourced from secondary
sedimentation basin from the Jinhai Municipal Wastewater Treatment Plant in Chengdu.
They discovered that thermophilic AD that treated FW could be started up fast and
successfully. At the end of the start-up, bacterial groups involved in hydrolysis,
fermentation, acetogenesis, and syntrophic oxidation were dominating, and a steady
hydrogenotrophic/acetoclastic methanogen ratio was critical for methanogenesis. These
modifications represented microbial communities' adaptation to AD environments in
enhancing AD performance. The fast start-up of the AD process was likely aided by the
cooperation of bacterial and methanogenic populations, as well as the thermophilic
environment. During the start-up phase of this study, many thermophilic Firmicutes,
Bacteroidetes, and Thermotogae with hydrolytic, acidogenic, and acetogenic activities
became predominant. Li et al. (2015) utilized organic loading rate (OLR) disturbances in
a mesophilic anaerobic digester to produce stable and deteriorative phases in FW
inoculated with anaerobic sludge collected from a rural household biogas digester
operated at ambient temperature. 454-pyrosequencing was used to look at the microbial
community of each phase. At the deteriorative phase, the relative abundance of acid-
producing bacteria and syntrophic volatile fatty acid (VFA) oxidizers grew considerably,
but the dominant methanogens (Methanosaeta) remained acetoclastic. The mismatch
between bacteria and methanogens could be contributing to the deterioration of the
process.

One of the most important drivers of anaerobic bioconversion of various feedstocks in
AD processes is the AD microbial community. As various microorganisms are regularly
introduced through co-feedstocks, co-digestion systems tend to support microbial
communities with greater variety than mono-digestion systems (Karki et al., 2021). Co-
digestion of FW with other organic substrates is gaining popularity because it improves
AD efficiency, increases biogas generation, and enhances microorganism synergy
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(Braguglia et al., 2018). Firmicutes, Chloroflexi, Bacteroidetes, Proteobacteria, and
Actinobacteria are the most common bacteria found in traditional AD (Dai et al., 2016;
Zamanzadeh et al., 2017). The type of feedstock has a significant impact on the structure
of microbial communities. Animal dungs and sewage sludge are the most common
organic waste streams explored for co-digesting FW for biogas production. Firmicutes
(40.8%), Bacteroidetes (23.9%), Proteobacteria (5.9%), and Chloroflexi (1.1%)
constitute the composition of bacterial communities found in sewage sludge-fed AD
systems, while the percentage of bacterial communities consisting of Chloroflexi
(52.9%), Firmicutes (20.6%), Bacteroidetes (6.6%), and Proteobacteria (6.3%) are found
in manure-fed reactor systems (Dai et al., 2016). The microbial community structure is
also influenced by the ratio of different feedstocks and their biodegradability (Karki et
al., 2021).

Co-digestion of FW with other substrates such as animal manure and sewage sludge
has been practiced by several researchers such as Muratcobanoglu et al. (2020), Chan et
al. (2019), Kim et al. (2019), Wang et al. (2020), Lim et al. (2013) and many more.
Muratcobanoglu et al. (2020) used batch tests in mesophilic conditions to explore the
effects of graphite on the anaerobic digestion of food waste (FW), cow dung (CM), and
their mixture (FW/CM). Graphite was employed as a conductive material in the anaerobic
digestion of CW, FW, and the mixture of FW+CW in their investigation. Carbon allotrope
graphite has a huge surface area and a strong conductivity. The maximum biogas
generation with graphite addition is 1128.46, 829.6, and 1471.1 mL/gVS for FW + 1 g/L,
CM + 1.5¢g/L, and FW/CM + 0.75 g/L, respectively. Muratcobanoglu and his co-workers
also studied the relationship between microbial community structure and biogas
production when graphite is added. They found that Aminiphilus (13-14%),
Actinobaculum (13-15%), and Clostridium (12—18%) were the most common bacterial
genera in graphite-added FW, CM, and FW/CM reactors, according to 16S rRNA gene
amplicon sequencing results. In this anaerobic digestion configuration, abundances of
Clostridium along with co-digestion impact FW/CM biogas generation synergistically. In
the graphite-added digesters, Methanosaeta was the most common methanogen;
however, the relative abundance of these groups differed. Chan et al. (2019)
supplemented copper (such as CuSO4 and CuCly) at 10, 30, and 50 mg/L Cu?* to boost
anaerobic co-digestion of food waste and domestic wastewater. They reported that copper
supplementation enhanced high methane production (0.260 — 0.325 L CHa/g CODremoved)
compared to control (0.175 L CHa/g CODremoved), in addition to a COD removal efficiency
of more than 90%. When 10 mg/L of Cu?" was added to the mixture, the cumulative
methane production increased by 94.1%. They also found that copper as a cofactor of
several microbial enzymes and coenzymes involved in methane synthesis enhanced
methane production as well as COD removal efficiency. However, microbial community
analysis confirmed that copper supplementation had a considerable impact on bacterial
populations, but only a little impact on archaea diversity. When compared to the control,
there was a significant change in the microbial populations following copper
supplementation. Bacteroidetes (37.2%) were the most common phylum followed by
Firmicutes (20.7%), Thermotogae (17.3%), and Synergistetes (6.9%) after copper
supplementation. Kim et al. (2019) investigated the impact of food waste (FW) co-
digestion with wastewater biosolids (WWB) on microbial communities by running
thirteen lab-scale digesters for 100 days under various operational conditions, including
OLR (2 and 4 kg COD/m®.day), feed types (WWB and FW), and FW content (10%, 90%,
100%). FW co-digestion increased biogas generation by 13% and COD degradation rates
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by up to 101% when compared to mono-digestion of WWB. From the microbial analysis,
Syntrophomonas was the dominating genus among fermentative bacteria/acetogens in
FW digesters, whereas Clostridium was prominent in WWB digesters. Methanosarcina
and Methanosaeta are the dominant methanogens in FW digesters and WWB digesters,
respectively. The Bacteroidetes population was shown to be highly associated with COD
breakdown rates and methane production. Clostridium was shown to be highly associated
with methane production rate in FW digesters, syntrophs in WWB digesters, and
acetoclastic methanogens in both digesters. Wang et al. (2020) investigated the methane
output from the digesters that co-digest pig manure (PM) and food waste (FW) at various
TS concentrations (R1, TS 5%; R2, TS 10%; R3, TS 15%; and R4, TS 20%). They
reported that the increase in TS concentrations from 5% to 15% did not have a significant
effect on specific methane yield (278.8-291.7 NmL/g VSadded) and even decreased
(259.8 NmL/g VSadded) When TS concentration was increased to 20% TS. There was a
general shifting from the acetoclastic pathway to the mixotrophic pathway and
hydrogenotrophic pathway in dry AD (20% TS), with mixotrophic and hydrogenotrophic
methanogens predominant. Firmicutes, Proteobacteria, and Chloroflexi were the most
prevalent bacteria in the samples. Firmicutes, Proteobacteria, and Chloroflexi all had
relative abundances of 33.9%, 19.5%, and 11.4%, respectively, within the mixture. Lim
et al. (2013) examined the microbial community and reactor performance in single and
two-phase continuously stirred tank reactors (CSTRs) for the anaerobic co-digestion of
brown water and food waste. After 150 days of reactor operation, the bacterial and
archaeal populations were investigated. Methane generation in two-phase CSTR was
found to be 23% greater than in single-phase CSTR. The abundance of Firmicutes and
increased bacterial variety in two-phase CSTR, and the scarcity of Firmicutes in single-
phase CSTR, might explain these observations. Both CSTRs had high amounts of
Methanosaeta, which was associated with low acetate levels in their effluent.

Conclusions

To be known as substrate containing high organic matter and high moisture content as
well as the highest contributor in the MSW composition, FW has enormous potential and
is one of the most promising substrates to produce biogas and methane using biological
treatment method, i.e. anaerobic digestion (AD). The concept of waste recovery is
important in the present context in order to reduce waste and produce renewable energy
due to the abundance of FW. This review shows the progress and changes in the field of
research related to FW conversion to energy. From the reviews conducted, FW is a
complicated substrate with different degrees of decomposability. The success of the
biodegradation process also depends on several parameters such as temperature, pH and
alkalinity, mixing strategy, hydraulic retention time (HRT) and organic loading rate
(OLR). As a result, the biogas produced through the AD process can vary significantly
when FW is processed either by batch, continuous or semi-continuous method. In FW-
related research studies, pretreatment and co-digestion are among the issues that have
been frequently highlighted over the last 20 years. The implementation of pretreatment
can improve the degree of anaerobic biodegradability of FW which in turn increases the
production of biogas and methane yield. Pretreatment technology is introduced in AD of
FW aims to improve the solubilization of organic matter and reduces the size of organic
compounds before decomposed by anaerobic bacteria, enhance the hydrolysis rate and
improve the biodegradability of organic matter to support a more efficient hydrolysis
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process. However, adverse effects such as VFA accumulation during the hydrolysis stage
may interfere in the AD process due to excessive pretreatment. Co-digestion of FW with
organic substrates such as green waste or agricultural waste, sewage sludge and animal
manures is getting more attention in the research field related to AD of FW. This strategy
succeeded in increasing the number of major nutrients, stabilizing the digestate produced
and increasing the biogas and methane production. Although many studies on AD of FW
produced encouraging findings regarding the advances in the design and optimization
process, but further studies related to cost savings in the construction of bioreactor and
monitoring processes still need to be implemented.
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