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Abstract Solid-state anaerobic digestion (SS-AD) is commonly used to treat feed-
stocks with high solid content such as municipal solid waste and lignocellulosic
biomass. Compared to liquid state anaerobic digestion (LS-AD), SS-AD has
multiple advantages including high organic loading, minimal digestate generated,
and low energy requirement for heating. However, the main disadvantages limiting
the efficiency of SS-AD are long solid retention time, incomplete mixing, and an
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accumulation of inhibitors. For a successful and efficient SS-AD, it is important
to control operation parameters such as nutrient levels, C/N ratio, feedstock-to-
inoculum ratio, pH, temperature, and mixing. Biogas production in SS-AD perfor-
mance can be enhanced by feedstock pretreatment, co-digestion, and supplement of
additives such as biochar. The aim of this chapter is to provide a comprehensive
summary of the current development in SS-AD as an effective way for treating solid
waste materials.

Graphical Abstract

Keywords Biogas, Co-digestion, Pretreatment, Solid-state anaerobic digestion,
Solid wastes

1 Introduction

With the growth of world population and economics, the production of solid wastes
is increasing tremendously. A large quantity of these waste materials is biodegrad-
able agricultural residues and municipal solid wastes (MSW). It is estimated that the
annual production of MSW will reach 2.2 billion tons by 2025 [1]. These abundant
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materials can be used as a feedstock for anaerobic digestion (AD) to produce energy
while solving waste disposal problems.

AD is a process in which microorganisms decompose organic matters to produce
biogas in the absence of oxygen. An AD process typically consists of four stages:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. In the hydrolysis stage,
macromolecules such as cellulose, starch, proteins, and lipids are decomposed into
monomers such as sugars, amino acids, and fatty acids. Those monomers are then
converted into C2–C5-based volatile fatty acids (VFAs) and alcohols, as well as H2

and CO2 in the acidogenesis stage. In the acetogenesis stage, VFAs and alcohols are
converted into acetate. In the methanogenesis stage, methane (CH4) is produced
through the conversion of acetate to CH4 and CO2 (acetoclastic methanogenesis) or
the reduction of formate or CO2 to CH4 (hydrogenotrophic methanogenesis). Among
these four steps, hydrolysis is commonly the rate-limiting step particularly when the
feedstock is the complex organic substrates. When easily digestible organic matters
are used as a feedstock, methanogenesis becomes the limiting step [2]. The biogas
produced from an AD process usually contains 60–70% CH4 and 20–30% CO2 with
trace amounts of ammonia, hydrogen sulfide, and hydrogen. The biogas can be
combusted to generate heat and/or electricity or upgraded and refined into
transportation fuels. Meanwhile, the digestate rich in nutrients, such as nitrogen
and phosphorus, can be recycled as fertilizers or processed into biochar that can be
used as soil amendment [3].

Based on the total solid (TS) content, AD can be defined as liquid state AD
(LS-AD) with TS less than 15% or solid-state AD (SS-AD) with TS greater than
15% [4]. LS-AD is used to treat high moisture substrates such as animal manures and
sewage. However, the large amount of water used in LS-AD process leads to a
decreased volumetric CH4 productivity and creates the problem of disposing large
amount of digestate [5]. On the contrary, SS-AD can handle feedstocks with high
organic loading with minimal water demand and results in a high volumetric CH4

productivity. The wastewater generated and heating energy required in SS-AD are
also reduced. However, due to inadequate mass transfer, SS-AD has disadvantages
such as longer retention time, high cost, and a tendency to accumulate inhibitors
[6]. In the past decade, a steady increase of publications in SS-AD indicates a great
interest in this area (Fig. 1). The aim of this chapter is to provide a comprehensive
review of the recent advances of SS-AD including feedstock, inoculum, factors
affecting SS-AD performance, operation mode, and digestion process enhancement.

2 Feedstocks

Feedstocks with high moisture content, such as animal manure or municipal sewage,
have been traditionally treated with LS-AD. Recent development of AD has
expanded to feedstocks with high solid content such as agricultural residues (e.g.,
corn stover, wheat straw, and rice straw), industrial wastes, and municipal solid
wastes; SS-AD has been increasingly used to treat these feedstocks. Corn stover,
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with a 1:1 weight ratio of residue to grain [7], is the most abundant agricultural
residue in the United States, with approximately 80 million dry tons of corn stover
produced each year [8]. It has been reported that SS-AD (18% TS) treatment of corn
stover produced a higher CH4 yield than LS-AD (5% TS) [9, 10]. SS-AD of wheat
straw, another abundant agriculture residue, also resulted in a much higher CH4 yield
than LS-AD [8, 11].

The microstructure of the fibrous feedstock significantly affects SS-AD
performance. Cui et al. [10] examined the fiber structure in wheat straw by scanning
it with an electron microscope (SEM). Compared to the raw wheat straw with long
and smooth intact fibers, the spent wheat straw with rough fiber and serrations at the
edge was more digestible. Similarly, corn stover treated by sodium hydroxide was
more digestible than the raw corn stover [11].

The organic municipal solid wastes (OMSW), such as food and yard wastes, have
also been commonly used as feedstock for SS-AD. It is estimated that 1.3 billion tons
per year of food wastes are produced worldwide [12]. In the United States, food
waste accounts for 12% of total municipal solid waste [13]. Food waste composition
varies widely depending on geographical locations and the eating habits of local
populations. In general, food wastes containing soluble organic matters can be easily
converted into VFAs, which may inhibit the subsequent CH4 formation if VFAs are
overproduced. A two-phase SS-AD can successfully overcome this problem
[14]. Among the 31 million dry tons per year of yard wastes generated in the United
States, more than 60% were treated through composting, during which energy was
wasted as respiration heat [5]. SS-AD as an alternative to composting can recover
energy. However, the types of yard wastes affect the methane yield due to different
TS, VS, and C/N in those materials [15, 16].
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3 Inoculum

Inoculum brings the microbes, nutrients, and water to SS-AD reactors. Typical
inoculum in SS-AD includes sewage sludge, ruminant cultures, and digested manure
[17]. Since most solid feedstock does not naturally contain methanogens,
methanogens-rich inoculum is essential to a SS-AD process [15]. Characterization
of the microbial community in inoculum is important for an insightful understand-
ing, particularly the functional partitioning of a SS-AD process. Shi et al. [16]
studied the microbial community in SS-AD of corn stover using denaturing gradient
gel electrophoresis and found enriched archaeal and bacterial communities in
the system. In SS-AD of rice straw, a high-throughput sequencing analysis
revealed that Methanobacteria, Bacteroidia, Clostridia, Betaproteobacteria,
and Gammaproteobacteria were the primary species [18]. The acetoclastic
Methanosarcina and hydrogenotrophic Methanoculleus coexisted in this system.
For example, in the first 20 days of AD,Methanosarcina accounted around 86.5% of
microbial population, while Methanoculleus accounted 32.1% of microbial popula-
tion from days 7 to 45 [18]. Bacteria producing low temperature-adaptive lipases,
Psychrobacter, was identified in SS-AD of a mixed kitchen waste, pig manure,
and the sludge [19]. In SS-AD of fruit waste, a three-stage system was developed
to accommodate the favorable conditions for hydrolysis, acidogenesis, and
methanogenesis [20]. Lactobacillaceae and Pseudomonadaceae were predominant
in the hydrolysis of carbohydrate into lactate and biomic acids, respectively.
In the acidogenesis stage, the most abundant bacteria were switched to
Porphyromonadaceae and Enterobacteriaceae, while methanogens were the dom-
inant species in the methanogenic stage [20].

4 Factors Affecting Solid-State AD

4.1 Nutrients

Anaerobic microbes need balanced nutrients such as carbon, nitrogen, phosphorous,
and minerals for their growth. Carbon, the primary energy source for cell growth, is
usually rich in organic materials. Nitrogen and phosphorous are also essential
for anaerobic microbes to synthesize proteins and nucleic acids, respectively.
Ammonium is the nitrogen form methanogens can utilize [21] but will inhibit the
microbial growth at high levels. The C/N ratio of the feedstock also plays an
important role in digestion process. C/N ratio ranging from 20:1 to 30:1 with an
optimal C/N ratio of 25:1 is recommended [22]. Too low C/N ratios increase the risk
of ammonia inhibition, resulting in insufficient utilization of carbon sources, while
an excessively high C/N ratio results in insufficient nitrogen to maintain microbial
growth and biogas production. The demand of phosphorus is usually 15% of that of
nitrogen [23].
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Trace elements such as iron, cobalt, nickel, and sulfur are essential for methane
fermentation [24–27]. Iron is often supplemented in AD systems to activate enzymes
such as ATPase, PEP carboxylase, and serine transhydroxymethylase [28, 29]. Due
to its reduction capacity, iron often reacts with sulfur to form FeS precipitant,
reducing H2S generation and alleviating odor problem [30]. Nickel is an essential
element in coenzyme F430, hydrogenase, and CO dehydrogenase in methanogenic
microbes [31–33]. Cobalt is involved in the activity of methyl transferase and
CO dehydrogenase (CODH) in acidogenesis [31]. The addition of cobalt has
been reported to stimulate CH4 productivity in methanol LS-AD process
[25]. Molybdenum is present in CO2 reductase, a molybdoprotein that is responsible
for reducing CO2 to formate and subsequently reducing to CH4 [34].

4.2 Feedstock-to-Inoculum Ratio

Feedstock-to-inoculum ratio (F/I) is another important factor in SS-AD. Too high F/I
ratio could result in overproduction of VFAs due to excess organic loads, which
eventually leads to an acidic pH and inhibition on methanogens. Zhou et al. [35]
reported that the CH4 yield of rice straw SS-AD was inversely proportional to F/I due
to the VFAs accumulation and poor mass transfer. On the contrary, SS-AD of palm
oil mill residues achieved the highest CH4 production rates at the lowest F/I ratio
within the range of 2:1–5:1, while a rapid hydrolysis at F/I ratio of 4:1–5:1 resulted
in a VFAs accumulation and low CH4 yield [36].

4.3 pH

The pH of a SS-AD system also affects the digestion performance. The ideal pH for a
SS-AD process is within a narrow range of 6.8–7.2 [37]. However, different groups
of microbes in SS-AD have different optimal pH requirements. For example, the
optimal pH for acidogens is between 5.5 and 6.5, while methanogens are most active
at pH 6.5–8.2 with an optimum at pH 7.0 [38]. Due to this discrepancy of pH
requirement, two-stage SS-AD, i.e., separating acidogenesis and methanogenesis
into two reactors, is usually used [37].

During an AD process, pH is affected by many parameters. In a SS-AD of
OMSW with liquid digestate recirculation, the pH was low (<6.5) initially due to
high VFAs concentration and then gradually increased to 8 after VFAs decreased
from 12,000 to 1,000 mg/L within 1 week [39]. The buffer capacity of an AD system
to resist pH fluctuation is evaluated through alkalinity. For example, in a corn stover
SS-AD system with a less alkalinity (1,036 mg CaCO3/kg), pH dropped from nine to
below six rapidly with a decreased CH4 yield [16]. When the alkalinity of the system
was increased (>1,700 mg CaCO3/kg) through adjusting the F/I ratio, pH of the
same system was stabilized with only slight a decrease from 9 to 8.4 [16]. In order
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to maintain a stable pH during SS-AD process, it is essential to balance VFAs
concentration and bicarbonate. In general, reducing organic loading, adding bases
or bicarbonates, and modifying F/I ratio are used to increase alkalinity in SS-AD
systems [37].

4.4 Temperature

SS-AD is commonly operated at mesophilic (~37�C) or thermophilic (~55�C)
conditions. Compared to the mesophilic AD, thermophilic AD has a shorter start-
up time and hydraulic retention time (HRT) due to accelerated feedstock hydrolysis.
The CH4 yield in thermophilic SS-AD is also higher as methanogenic microbes have
an optimal growth at 55�C [40]. Thermophilic AD can also produce pathogen-free
digestate. Pohl et al. [41] compared the performance of wheat straw SS-AD under
37�C and 55�C. The CH4 yield from the thermophilic AD was 36% higher than that
in mesophilic AD due to a faster disintegration and hydrolysis of the feedstock.

However, compared to mesophilic SS-AD, poor stability and reliability often
represent obstacles in thermophilic SS-AD. In general, microbes in thermophilic
conditions are more sensitive to environmental changes, exhibiting poor stability and
less diversity and richness in microbial community [38]. Also, the fast hydrolysis
of feedstock in thermophilic processes often results in a rapid VFAs production,
causing an imbalance between acidogenesis and methanogenesis. The higher
temperature also shifts NH3/NH4

+ equilibrium toward the cytotoxic ammonia
[40]. Heating energy in theomorphic AD is also higher [42]. Due to those reasons,
theomorphic digesters are still not commonly used in commercial SS-AD.

4.5 Inhibitors

A variety of compounds have been reported inhibitory to SS-AD, causing an adverse
shift in microbial population, an instability of the process, and a decreased CH4 yield
[43]. In LS-AD, the inhibitor concentrations can be diluted, while inhibitory effects
in SS-AD cannot be alleviated and often cause severe inhibition to the system. The
easily digestible feedstock often leads to a rapid hydrolysis and acidification,
producing excessive VFAs which inhibit methanogens. For example, in SS-AD of
tomato residues, VFAs concertation (12.48 g/L) was much higher than the threshold
level (6 g/L) and caused CH4 production inhibition [44]. Compounds derived
from phenolic degradation, such as p-cresol, inhibit acetogenesis, resulting in
accumulation of VFAs [45].

The partial pressures of CO2 and H2 in SS-AD system also affect the CH4

production. Increasing CO2 partial pressure results in an increased dissolved CO2,
which causes acidification and inhibition of methanogenesis. An elevated H2 partial
pressure leads to an accumulation of dissolved H2, which inhibits the degradation of
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VFAs [46]. In SS-AD of wheat straw, high H2 partial pressure also led to a strong
inhibition on the initial hydrolysis step [47]. Since both CO2 and H2 are needed to
produce acetate/CH4, a balanced CO2/H2 pressure in the headspace is essential to
prevent inhibition.

Ammonia is produced from the degradation of nitrogenous compounds (e.g.,
protein and urea) during AD process. A moderate amount of ammonia is essential for
bacterial growth and neutralizing VFAs to maintain a stable pH; however, excessive
ammonia can inhibit methanogenesis. Ammonia exists as an equilibrium between
ammonium ion (NH4

+) and free ammonia (NH3) [43]. Free ammonia can permeate
cell membrane and cause proton imbalance and thus is inhibitory to microbial cells.
Animal manure usually contains excessive ammonia, resulting in process inhibition.
For example, in SS-AD of chicken manure, the digester was completely inhibited
when influent total Kjeldahl nitrogen (TKN) (mainly ammonia) was 8.2 g/L
[48]. After ammonia was removed from influent, the digester achieved a much
higher CH4 yield.

4.6 Mixing

A certain degree of mixing in SS-AD is necessary to enhance the transfer of organic
substrates to microbes, prevent the sedimentation of denser particles or floating
lighter materials, and facilitate the release of gas bubbles trapped in the solid
feedstock. In SS-AD of rice straw, intermittent mixing with a 5/25 min on/off
cycle at 160 rpm resulted in a good mass transfer while saving energy compared
to a continuous mixing [35]. Premixing of the feedstock with inoculum is also
needed before loading into SS-AD reactor [49, 50].

The methods of mixing in SS-AD can be liquid (leachate) recirculation, solid
mixing using augers, and biogas recirculation [4], among which the leachate
recirculation is commonly used. Leachate recirculation in SS-AD facilitates the
nutrient diffusion from substrates to microbial cells [51] and also reduces the amount
of inoculum as the microbe-containing leachate collected from the reactor can be
reapplied to the digestion systems [52].

In addition to mixing, leachate recirculation also provides other benefits to
SS-AD. For example, when leachate recirculation was used in the acidogenic reactor
of a two-stage hybrid solid-liquid AD system, the extraction of organic matters from
the feedstock was facilitated, and the pH was buffered [53]. In the SS-AD of hay and
soybean processing wastes, leachate recirculation accelerated the daily CH4

production to the peak value due to the enhancement of VFAs mass transfer from
acidogenic to methanogenic pockets [54]. However, leachate recirculation may also
lead to accumulation of VFAs and other inhibitors compounds; therefore, dilution of
leachate with fresh water may be needed [15]. A leachate recirculation rate also
needs to be carefully controlled to avoid irreversible acidification of the system [55].
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5 Process Operations of SS-AD

5.1 Batch vs. Continuous Operations

Batch and continuous operations are two operation modes commonly used in
SS-AD. Table 1 compares the performance of batch and continuous operation of
SS-AD. Compared to continuous operation, batch operation is easier to maintain
because it needs less capital and operating costs with less process control
requirements. However, the biogas production in batch SS-AD is variable with
time, and the majority of biogas is produced only at peak production time. For
example, it was reported that in a 55-day batch SS-AD of corn stover, more than
80% of biogas was produced only at 36-day period of methanogenic phase
[22]. Another limitation in batch SS-AD is the requirement of a large amount of
inoculum (i.e., low F/I ratio). For example, Capson-Tojo et al. [56] reported that a
batch SS-AD of food waste and cardboard mixture can only produce biogas at a F/I
lower than 0.25; the biogas production had completely ceased when the F/I ratio was
above this ratio due to overproduction of VFAs. Similar results were obtained for a
batch operation of yard trimmings SS-AD process in which the highest CH4 yield
(244 L/kg VS) was obtained at the lowest level of the F/I ratio ranging from 0.2 to
2 [57]. The inoculum sources also significantly affected the batch SS-AD process.
Guendouz et al. [58] studied three successive batches of MSW SS-AD and found
that the second and third batches inoculated with the residue from the previous batch
shortened the lag phase and accelerated reaction, which was due to the adaptation of
the microbes to the digestion system.

Contrary to the batch operation, continuous SS-AD can consistently produce
CH4 at steady state. Organic loading rate (OLR), CH4 production, and solid
retention time (SRT) are the three main parameters in determining the interaction
between microorganisms and substrates and thus are used in designing and
evaluating a continuous SS-AD performance [51]. OLR represents the conversion
capacity of an AD system; a maximum OLR level in SS-AD depends on various
parameters such as reactor design, feedstock characteristics, microbial activity,

Table 1 Comparison of batch and continuous SS-AD systems

Parameters Batch systems Continuous systems

Investment Low High

Technical operation Simple Complex

Land acreage required Large Small

Organic loading rate (OLR) Low High

Inoculum High Low

Water consumption Low High

Biogas yield Uneven; low Even; high
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temperature, pH, and toxicity level [59]. A high OLR is always preferred as it
means an improved utilization efficiency and reduced digester size. However, high
OLR can also lead to VFAs overproduction, causing an imbalance between
acidogens and methanogens. For example, in a batch SS-AD process of rice
straw, increasing TS loading from 20% to 24% prolonged the lag phase from
15 days to 20 days [35]. Similarly, increasing OLR from 2.3 to 9.2 kg VS/m3 day
in semicontinuous SS-AD of food waste slowed down bacteria acclimatization in
the new environment, resulting in a prolonged adaptation time from 2 days to
31 days [60]. In a co-digestion of chicken manure and poplar leaf, CH4 yield
decreased when OLR increased from 4.0 to 8.0 g VS/L day [61].

One important operational parameter in continuous SS-AD is solid retention
time (SRT); the time organic compounds stay in the digester. Due to slower mass
transfer, the SRT in SS-AD is usually longer than the HRT commonly used in
LS-AD [54]. The retention time needed for a complete degradation of solid
feedstock can be determined through biomethane potential (BMP) assay
[62]. An optimal SRT depends on many factors such as the feedstock, OLR, and
TS. Decreasing SRT leads to washing out of microorganisms and insufficient
substrate utilization. A longer SRT is usually not economical because it would
require larger reactor volumes and higher costs for maintenance. SRT has a
considerable impact on CH4 production. In SS-AD of organic waste containing
vegetable, fruit, and green waste, increasing SRT from 15 days to 35 days
increased methane yield from 360 to 454 mL/kg VS [63].

5.2 Single-Stage vs. Multistage Operations

SS-AD can be operated in a single stage or multiple stages. In a single-stage system,
the multiple steps of the conversion of organic substrates into biogas are
implemented in one reactor vessel. In a multiple-stage operation, different
conversion steps are implemented into different reactor vessels. A two-stage AD is
commonly used as a multiple-stage operation during which the hydrolysis/
acidogenesis is in the first reactor and the methanogenesis is in the second
reactor [64].

Compared to a two-stage operation, a single-stage reactor is easier to design and
build with less operating costs. However, the OLR in a single-stage digester is often
limited in order to avoid VFAs overproduction and rapid pH drop [4]. Unlike the
single-stage digester, two-stage systems can accommodate each conversion step,
such as acidogenesis and methanogenesis, at their own optimal conditions (pH,
temperature, OLR, and SRT). Two-stage systems generally perform better than a
single-stage system. For instance, SS-AD of brewery spent grain (BSG) in a single-
stage reactor was limited by the inhibitors, such as weak acids, furan derivatives, and
phenolic substances, generated in the degradation of lignocellulose in BSG
[65]. While in a two-stage SS-AD system, separating hydrolysis in one reactor and
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acidogenesis and methanogenesis in another granular-based reactor, both biogas
production and feedstock biodegradation were improved (Table 2).

In some occasions, AD systems with more than two stages, such as three stages,
are designed to create different favorable conditions for hydrolyzing bacteria,
acidogenic bacteria, and methanogens, with each group of microbes performing a
particular role. A three-stage system was used in the co-digestion of food waste and
horse manure in which the first-stage hydrolysis and second-stage acidogenesis were
operated as a solid state, while the methanogenesis was operated as a liquid state.
This hybrid system increased CH4 yield by 11.2–22.7% and the abundance of
methanogenic archaea by 0.8–1.28 times compared to the single-stage reactor.

It should be noted that despite the fact that multistage AD systems are
advantageous in improving AD performance, high capital and operating costs
are the main hurdles for implementing this type of systems at a commercial scale.
As a result, single-stage AD is still dominantly used. In Europe, for example, about
90% of the installed AD capacity is from single-stage systems, and only about 10%
is from multistage systems [4].

6 Enhancement of Digestion Performance in SS-AD

6.1 Feedstock Pretreatment

As hydrolysis is the rate-limiting step for SS-AD of most solid feedstocks, various
treatment technologies have been developed to accelerate the feedstock hydrolysis
so overall biogas yield can be enhanced. Those pretreatment methods are
summarized in Table 3.

6.1.1 Physical Treatment

Physical treatment such as milling and grinding reduces the particle size of the
feedstock and thus provides a greater surface area for microorganisms to access. Tian
et al. [66] reported a 29% increase in CH4 yield in SS-AD of rape straw when the

Table 2 Biogas, methane production, and feedstock degradation of brewery spent grain SS-AD in
single-stage and two-stage processes with raw and acid pretreated feedstock [65]

Feedstock types Single stage Two stage

Biogas production (L/kg) Raw 87.4 89.1

Pretreated 89.1 103.2

Methane production (L/kg) Raw 51.9 58.7

Pretreated 55.3 58.7

Biodegradation % Raw 62.0 63.5

Pretreated 62.2 73.6
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feedstock size was reduced from 2–2.5 cm to 0.5 mm. However, a too fine particle
size may negatively affect the AD performance. For example, Motte et al. [82]
compared the SS-AD of straw at three particle sizes (0.25, 1, and 10 mm) and found
that the coarse particles (10 mm) resulted in the highest CH4 yield followed with the
medium size particles (1 mm) and the finest size (0.25 mm). The reason for this
phenomenon was due to rapid acidification of the substrate at smaller particle sizes,
which resulted in an overproduction of VFAs and rapid pH drop.

Table 3 Methods used for the feedstock pretreatment in SS-AD

Treatment
method Processes Feedstock

CH4 yield
(L/kg VS)

Enhancement
(%) References

Physical Milling/grinding Rice straw 188–243 29 [66]

Sonolysis OFMSW 186.4 16 [67]

Microwave Wheat straw 345 28 [68]

Steam
autoclaving

MSW 248 N/A [69]

Low temperature High solid
sludge

99.3–116
(biogas)

11% [70]

Chemical Alkaline Poplar leaf 156.7 N/A [61]

Corn stover 372.4 37 [71]

Peracetic acid
oxidation

Waste acti-
vated sludge

175 (biogas) 21 [72]

Ozonation OFMSW 227.9 37 [67]

Organosolv Pinewood 71.4 84 [73]

Biological Trichoderma
reesei

Rice straw 214 78.3 [74]

Pleurotus
ostreatus

Rice straw 263 120 [74]

Ceriporiopsis
subvermispora

Yard
trimmings

44.6 154 [75]

Albizia chips 123.9 270 [76]

Miscanthus
sinensis

170–175 25 [77]

Orange
processing
waste

275–330 N/A [78]

Stacking Corn stover/
cow dung

450 (biogas) 29.1 [79]

Pre-aeration Rice straw 355.3 N/A [35]

Composting Rice straw 353 N/A [18]

Combined Acid-thermal Brewery spent
grain

55.3 6.5 [65]

Thermo-lime Spartina
alterniflora

218.1 N/A [80]

Milling-steam
explosion

Birch wood 188.1 N/A [81]
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Thermal treatment is an effective treatment method for industrial SS-AD
[83]. In addition to enhancing the reaction rate, thermal treatment removes
pathogens, improves dewaterability, and decreases viscosity of the digestion system.
In the SS-AD of steam autoclaved MSW, the digestate passed all the criteria for
biosolids land application in the United States [69]. In the thermal treatment, an
appropriate combination of temperature and time is needed as the high energy
consumption often offsets the overall benefits. Liao et al. [70] studied the effect of
treatment temperature (60, 70, and 80�C) on the SS-AD of sewage sludge and found
that 70�C for 30 min was optimal for SS-AD. Under this condition, biogas yield
increased by 11% and SRT reduced from 22 to 15 days.

Other physically based treatments were also reported. For example, ultrasound
treatment generates both mechanical effects through cavitation and chemical effects
through formation of free radicals. OMSW treated with low-frequency ultrasound
released more soluble organic matters, resulting in a 16% increase in biogas
production in SS-AD [67]. Microwave treatment is related to structure modification
as well as thermal effects, contributing to increased sludge solubility [84], shortened
initial lag phase [85], and improved CH4 yield [68].

6.1.2 Chemical Treatment

Chemicals such as acids, alkaline, or oxidants can facilitate the breaking down of
recalcitrant structures of feedstock. The effectiveness of chemical treatment relies
on the feedstock characteristics and the reagents used. Feedstocks with easily
digestible carbohydrates such as starch are typically not suited for chemical
treatment because it accelerates starch degradation leading to VFAs overproduction
and accumulation [86].

Alkaline treatment is usually carried out at ambient temperature with lime,
sodium hydroxide, potassium hydroxide, and ammonium hydroxide as agents. The
mechanism of alkaline treatment is to remove lignin from lignocellulose, improving
the accessibility of hemicellulose and cellulose by the microbes and enzymes
[87]. Additionally, the presence of residue alkali neutralizes carboxylic acids
resulted from lignocellulose degradation in subsequent acidogenesis stage and pre-
vents pH drop [71]. Zhu et al. [71] reported a 37% increase in biogas yield in SS-AD
of corn stover treated with 5.0% NaOH compared to that of untreated corn stover.
Liew et al. [88] achieved a 24-fold higher CH4 yield in SS-AD of fallen leaves
treated with 3.5% NaOH. However, excessive alkali loading may inhibit AD due to
high pH or ion toxicity [89]. For instance, in SS-AD of corn stover, although the
lignin degradation of corn stover increased with NaOH loadings from 1.0% to 7.5%,
the biogas yield was not improved correspondingly; 7.5% NaOH loading actually
inhibited biogas production due to VFAs accumulation and acidification [71].

Compared to alkali treatment, acid treatment is more effective to break down the
recalcitrant lignocellulosic structure and produce reducing sugars [83]. However,
compounds such as furfural and hydroxymethylfurfural (HMF) can be produced
during acid treatment which inhibit the AD process [86]. Acid treatment also
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requires additional bases to neutralize pH before starting SS-AD. Overall, acid
treatment is less preferable than alkaline treatment in SS-AD.

Ozonation is another chemically based treatment in SS-AD with no chemical
residues left in the system. As a strong oxidant, ozone decomposes into radicals and
reacts with the soluble and insoluble fractions of the substrates [90]. The optimal
ozone dosage is reported in the range of 0.05–0.5 g O3/g TS [86]. In SS-AD of
OMSW, a 37% increase in biogas yield was achieved with feedstock treated with
ozone at 0.16 g O3/g TS; however, higher ozone dosages (0.4 and 1.2 g O3/g TS) led
to a lower biogas yield, probably due to the formation of intermediate compounds
that are difficult to be digested [67].

Organic solvent is another chemical used in the treatment of lignocellulose-based
feedstock by removing lignin and thus improve degradability of lignocelluloses. For
example, in SS-AD of elm, pine, and rice straw, treating the feedstock with ethanol
prior to SS-AD enhanced CH4 production by 73%, 84%, and 32%, respectively [73].

6.1.3 Biological Treatment

Biological treatment relies on microorganisms and/or enzymes to break down the
recalcitrant structure of the feedstock. Enzymes such as peptidase, carbohydrase, and
lipase [86] are commonly added to the LS-AD system to speed up the digestion.
However, the practices of adding external enzymes to the SS-AD process have
not been widely reported. Microorganisms, such as white-rot fungi, capable of
decomposing lignin and altering the linkage between lignin and polysaccharides
are commonly used in SS-AD [91]. The fungi Pleurotus ostreatus and Trichoderma
reesei were used to decompose rice straw as an effective way to enhance CH4 yield
in SS-AD of this feedstock [74]. The white-rot fungus Ceriporiopsis subvermispora
is considered one of the most effective species to degrade lignin while preserving
cellulose [76]. Due to its selective degradation feature, C. subvermispora-treated
SS-AD led to a 20.9% lignin degradation of yard trimming and only 7.4% cellulose
degradation, achieving a 154% increase in CH4 yield in the subsequent SS-AD
[75]. When C. subvermispora was used to treat albizia chips, CH4 yield increased
3.7-fold compared to the untreated feedstock [76].

Composting, an aerobic process facilitated by bacteria and fungi, is another
biological treatment for SS-AD. Yan et al. [18] reported that composting rice
straw resulted in a decrease of 63.6% TS, while the total carbon did not reduce
significantly, proving that composting can effectively improve the biodegradability
of rice straw. In order to improve the composting efficiency, pre-aeration is often
used to generate enough self-heating to increase the temperature of OMSW for the
start-up of thermophilic AD without external heating [92]. Composting with
pre-aeration can also reduce the excessive organic compounds in feedstocks and
thus reduce the risk of VFA overproduction and acidification in the following
SS-AD [92]. However, excessive pre-aeration may cause toxic effect on
methanogens by introducing oxygen. For example, Zhou et al. [35] reported that
rice straw aerated for 2 days achieved the highest CH4 yield, while the CH4 yield
gradually decreased when the aeration times increased from 4 days to 8 days.
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6.2 Co-digestion

Co-digestion of different feedstocks is commonly used to adjust carbon-to-nitrogen
(C/N) ratio of the substrates in SS-AD. Other advantages of co-digestion include
improved nutrient profiles, a more balanced microbial community, obtaining a
desired moisture content, and economic advantages by sharing equipment. However,
there are several drawbacks of co-digestion such as the extra logistical cost of the
different feedstock, premixing requirement, varied policy to control different waste
materials, and increased effluent COD [93].

The optimal C/N ratio for an AD process is in the range of 20:1–30:1. Most
lignocellulose has a higher C/N ratio than 30; therefore, blending lignocellulosic
feedstock with animal manures (with a C/N ratio less than 20) is a good approach to
balance C/N ratio of SS-AD system. Li et al. [61] reported co-digestion of poplar leaf
(C/N ¼ 35.4), and chicken manure (C/N ¼ 8.09) brought C/N ratio to the optimal
range (Table 4) and produced 15.28% more CH4 than digestion of poplar leaf only.

In addition to adjusting C/N ratio, co-digestion of different feedstocks also
provides other benefits such as better nutrients, diverse microorganism consortium,

Table 4 Co-digestion of different feedstock in SS-AD

Feedstock

Co-
digestion
feedstock Mix ratio

C/N
ratio

TS
(%)

CH4 yield
(L/kg VS)

CH4

increment
(%) Reference

Straw Pig slurry 1:3
(weight)

41.3 20.7 240.8 N/A [94]

Food waste Horse
manure

1:1
(weight)

20 20 370 N/A [20]

Poplar leaf Chicken
manure

2:1 (VS) 21.9 22 115.7 15.28 [61]

Household
organic waste

Cow
manure

1:1
(weight)

11.1 15 247 10.7 [95]

Tomato
residues/corn
stover

Dairy
manure

13:33:54
(weight)

25.1 20 415.4 50–1,020 [44]

Straw Swine
manure

1:0.23
(weight)

20 27 300 N/A [96]

Food waste Yard waste 1:9 (VS) 16.9 19.3 120 118 [97]

Food waste Distiller’s
grains

1:8 (TS) 22.3 20 159.74 75.73 [98]

Spent mush-
room
substrate

Yard
trimmings

1:1 (VS) 74.6 20 194 1,500 [99]

Wheat straw 1:1 (VS) 71.9 20 269 2,200

Expired dog
food

Corn stover 1:1 (VS) 32.3 22 304.4 229 [100]

Biological
sludge

OFMSW 1:4
(weight)

39.8 38.8 220.6 34 [101]
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and stable pH and higher buffering capacity [61]. Khairuddin et al. [95] reported that
the co-digestion of household organic waste and cow manure, even with a low C/N
ratio of 11.1, still increased CH4 yield by 10.7% compared to digestion of household
organic waste only. Similarly, co-digestion of spent mushroom substrate and yard
trimmings (with a C/N ratio of 74.6) produced 16-fold higher CH4 yield than
digestion of spent mushroom only [99].

The ratio of the co-digested substrates is important for a successful SS-AD.
Li et al. [44] conducted a SS-AD of tomato residues, corn stover, and dairy manure
with eight mixing ratios. The authors reported that a mixing ratio of tomato residues,
corn stover, and dairy manure at 13:33:54 (TS based) achieved the highest CH4

yield, while digestion of tomato residues failed due to ammonia inhibition. Simi-
larly, co-digestion of food waste with distiller’s grains under four ratios (1:4, 1:6,
1:8, 1:10) showed that food waste vs. distiller’s grains ratio at 1:8 resulted in the
highest CH4 yield [98].

6.3 Additives

Various additives have been used to supplement AD systems to improve digestion
performance [102]. Biochar, a charcoal-like product of incomplete combustion
(pyrolysis) of organic materials, has been used as an additive in AD with multiple
functions. In a study of chicken manure AD, Liang et al. [103] found that adding
biochar reduced the lag phase by 41% and increased CH4 production rate by 18%
with reduced H2S. In another study of AD of sludge amended with biochar, average
CH4 content in biogas was up to 92.3%, corresponding to a CO2 sequestration by
66.2% [104]. A biochar addition also enhanced process stability through increasing
the alkalinity and alleviated free ammonia inhibition [104]. Qin et al. [105] used
magnetic biochar (a composite of biochar and magnetic medium) as an additive in
sludge AD and recorded 11.69% increase in CH4 production. The authors attributed
the enhancement to the selective enrichment of functional bacteria and methanogens
absorbed on magnetic biochar.

Materials promoting direct interspecies electron transfer (DIET) are also used as
additives to accelerate the conversion of organic substrate to CH4 [106]. For instance,
carbon cloth and granular activated carbon were used to stimulate CH4 production in
AD of dog food, tolerate high OLR, and recover from soured digester faster
[106]. Conductive materials were also effective in stimulating the syntrophic
conversion of ethanol to CH4 in upflow anaerobic sludge blanket reactor
[107]. The CH4 production rates increased by 30–45% with the addition of conduc-
tive materials at each OLR [107].

It should be noted that although various additives have been shown to be
beneficial to AD systems, few studies have been done to apply those additives to
SS-AD. Further studies are needed to evaluate the technical and economic feasibility
of using additive in SS-AD systems.
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7 Conclusion and Perspectives

SS-AD has become a popular approach to digest organic wastes with high solid
content due to its inherent advantages such as high OLR, reduced reactor size, and
minimal amount of digestate generated. A variety of materials, from municipal solid
wastes to agricultural residues, can be used as feedstock for SS-AD. To ensure
a successful SS-AD, operation conditions such as nutrient levels, feedstock-to-
inoculum ratio, pH, temperature, and mixing need to be carefully controlled.
Moreover, reactor systems configured with different operation modes (batch vs.
continuous; one stage vs. multiple stage) have been applied based on diverse
characteristics of the feedstocks. To enhance SS-AD performance, pretreatment is
needed to make lignocellulosic feedstock more amenable for microorganism to
degrade. Co-digestion of different feedstocks and supplement external additives
such as biochar are also effective to improve biogas production.

Further studies on SS-AD should focus on several issues in order to develop an
effective commercial-scale process. First, feedstock pretreatment should be carefully
selected to address the operational costs, treatment effectiveness, and inhibitors.
Second, mass transfer limitation needs to be effectively overcome. Finally,
understanding the microbial consortium and metabolic pathways involved in
SS-AD processes is crucial to provide potential guidance to improve the digestion
performance. Solving these hurdles will facilitate the application of SS-AD as a
promising alternative to the traditional waste disposal process.
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