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Abstract: High-solids anaerobic digestion of organic fraction of municipal solid waste often shows
inefficient biomethane recovery due to mass transfer limitations. Consequently, this study presents
a two-stage anaerobic digestion process combining high-solids anaerobic digestion followed by
ultrasonication of digestate and wet-type anaerobic digestion for effective biomethane recovery from
the organic fraction of municipal solid waste. The high-solids anaerobic digestion yielded methane
production of 210 L CH4/kg volatile solids (VS). The digestate from the high-solids anaerobic digestion
process was ultrasonicated at three different specific energy inputs (1000, 2500, and 5000 kJ/kg total
solids (TS)). The increases in the soluble chemical oxygen demand (SCOD) concentrations (8%–32%)
and volatile solids (VS) removal efficiencies (3.5%–10%) at different specific energy inputs were linearly
correlated (R2 = 0.9356). Thus, ultrasonication led to the solubilization of particulate organics and
released soluble organic matters. All ultrasonicated digestate samples showed significantly higher
biomethane yields than that observed for the untreated digestate samples. The highest methane yield of
132 L CH4/kg VS was observed for a specific energy input of 5000 kJ/kg TS, which was 1.94 times higher
than the control (68 L CH4/kg VS). Although specific energy inputs of 1000 kJ/kg TS and 2500 kJ/kg TS
showed comparable methane yields (113–114 L CH4/kg VS), they were ~1.67 times higher than the
control. Overall, our results suggest that an integrated system of high-solids and wet-type anaerobic
digestion with pre-ultrasonication of digestate has the potential to provide a technically viable solution
to enhance biomethane recovery from the organic fraction of municipal solid waste.

Keywords: high-solids anaerobic digestion (HSAD); organic fraction of municipal solid waste
(OFMSW); wet-type anaerobic digestion; ultrasonication; digestate

1. Introduction

The rapid urbanization and increased population levels have considerably accelerated the global
municipal solid waste (MSW) generation. According to a report published by the Organisation for
Economic Co-operation and Development (OECD), the global MSW generation is expected to be
increased from 1.3 million tons to 2.2 billion tons over the period 2015–2025 [1]. Currently, only a
small fraction of MSW is recycled or converted to value-added resources, with the rest being burned or
landfilled due to a lack of suitable technologies and economic constraints [2]. The landfilling of MSW
nowadays is under a challenge of requisite space due to the decreasing land availability [3]. Moreover,
the landfilling of organic fraction of municipal solid waste (OFMSW), which was estimated to be ~46%
of the global MSW [4], is criticized because of its high environmental impacts.
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The OFMSW is a heterogeneous mixture of food scraps, paper, yard waste, wood, and other
organic wastes. Due to a high proportion of biodegradable materials, many cities in developed and
developing countries are now in the process of implementing biological treatment processes, such as
anaerobic digestion and composting for the management of OFMSW [5,6]. Particularly, anaerobic
digestion (AD) of OFMSW for renewable biomethane recovery is being increasingly adopted by
waste management facilities throughout the world [7,8]. AD represents a biological decomposition of
organic compounds to biomethane by the action of groups of hydrolytic/fermentative bacteria and
methanogenic archaea. However, based on the solids content, the process can be classified into two
major categories, wet-type or low-solids anaerobic digestion (LSAD) and dry-type or high-solids
anaerobic digestion (HSAD) [9]. However, LSAD (<15% total solids, TS) is not suitable for many
waste streams with a high solids content, such as lignocellulosic and yard wastes [7,10]. In contrast,
HSAD (>15% TS) systems are more flexible in handing organic wastes with high solids content [8,10].
Therefore, OFMSW, which is composed of diverse wastes with high solids content, is primarily treated
with the HSAD process [9,11,12].

Compared to the wet-type digesters, high-solids digesters can provide several benefits, including
smaller digester footprint, lower heating cost, and higher volumetric methane productivities [9].
Despite these benefits, various operational challenges still limit HSAD systems from being widely
applied. The performance of HSAD systems depends on the operating TS content and biodegradability
of feedstocks [9]. Notably, the presence of lignocellulosic materials (e.g., yard waste and paper) in
OFMSW may lead to slow process kinetics due to the low biodegradability of these substrates [9].
Additionally, mass transfer limitations associated with the operation without any mixing poses
challenges in achieving effective solids removal and biomethane recovery from the HSAD process [13].

Additionally, HSAD systems often show process instability because of localized inhibition of
microbial communities by high ammonia levels and the accumulation of various volatile fatty acids
(VFAs) [13,14]. For instance, Brown et al. [15] reported that the LSAD could provide higher methane
yield (312.4 L CH4/kg volatile solids (VS)) from waste paper than that could be achieved with the HSAD
process (15 L CH4/kg VS). Thus, a significant portion of biodegradable organics would be remaining in
the digestate from HSAD systems. Currently, digestate from HSAD systems are most often composted
or directly used for land application [6,16], while efforts have been limited in developing downstream
processes to promote further biotransformation of residual organics to bioenergy.

In general, the biodegradability of the digestate from anaerobic digesters is very low [17]. However,
a few studies suggested that digestate from one digester can be hydrolyzed and subsequently used as a
feedstock for a second digester or can be recycled as an additional feedstock to an existing digester [17–20].
For instance, Cesaro et al. [20] investigated the ultrasonication of lignocellulosic and protein-rich digestate.
Their results demonstrated that ultrasonication of digestate with lignocellulosic-based materials could
enhance biogas production by up to 71%. In contrast, ultrasonication of protein-rich digestate showed a
relatively lower increase (3%–23%) in methane production. Somers et al. [19] studied three different
hydrolysis methods (ultrasonication, hydrogen peroxidation, and ozone treatment) on manure, potato
waste, and mixed organic waste digestate. Their results suggested that ultrasonication (15,000 kJ/kg TS) of
potato waste digestate could increase biogas yield up to 22.5% in a second-stage digester. Boni et al. [18]
investigated that ultrasonication (6000 kJ/kg TS) of food waste digestate could increase biomethane
production by up to 30%. Previous studies [7–21] suggested that ultrasonication could enhance anaerobic
biodegradability due to the physical disintegration of particulate organics via acoustic cavitation
phenomena along with the enhancement of enzymatic activity. Although ultrasonication seems to be
a highly promising approach for hydrolysis of digestate to enhance additional biomethane recovery,
it is expected that the characteristics of feedstocks would significantly influence the optimum operating
conditions for ultrasound applications [21]. To date, very limited information is available on the ability
of ultrasonication to promote further methane recovery from the digestate from HSAD systems operated
with OFMSW.



Processes 2020, 8, 555 3 of 12

The primary goal of this study was to investigate an integrated process of HSAD followed by
ultrasonication of digestate and wet-type anaerobic digestion for enhanced biomethane recovery
from OFMSW. First, we operated a lab-scale HSAD system with OFMSW collected from a full-scale
waste management facility. Second, ultrasonication was applied at different specific energy inputs for
the hydrolysis of the digestate from the HSAD system. Third, methane potentials of ultrasonicated
digestate samples were evaluated with biochemical methane potential (BMP) tests. The results of this
study would be useful in engineering strategies to enhance methane yield from OFMSW.

2. Materials and Method

2.1. High-Solids Anaerobic Digestion of OFMSW

We used a lab-scale HSAD system that consisted of a digester tank (working volume of 15 L)
connected to a leachate/percolate storage tank (working volume of 2 L) (Figure 1). A stainless-steel
mesh was placed at the bottom of the digester tank to allow the leachate to pass through. The leachate
storage tank was equipped with an agitator for mixing of leachate. The gas outlets from both tanks were
connected to an individual absorption trap for capturing acidic gases (e.g., CO2, H2S, etc.) from biogas
with 3 M NaOH solution having thymolphthalein pH-indicator, which allowed direct measurement of
methane volume with wet-tip gas meters [22].
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Figure 1. Schematic diagram of experimental setup. Notes: (1) digester tank; (2) percolate/leachate
tank; (3) pump; (4) ultrasound generator; (5) ultrasonic probe; (6) batch anaerobic bioreactor system.

The OFMSW, solid, and liquid inoculums were obtained from the Edmonton Waste Management
Centre (EWMC) located in Edmonton, AB, Canada. The OFMSW sample contained mainly grass
clippings, yard waste, paper, food waste, and some plastics. The total solids (TS) and volatile solids
(VS) content in the sample were 54 ± 5% and 26 ± 3.4%, respectively. The dewatered biosolids
(TS: 24.63 ± 0.10%, VS: 14.45 ± 0.002%) were used as the solid inoculum. The characteristics of liquid
inoculum are as follows: chemical oxygen demand (COD): 16.04 ± 0.05 g/L, total ammonia nitrogen
(TAN): 3.60 ± 0.15 g/L, alkalinity: 18.43 ± 0.36 g/L, pH: 8.40 ± 0.00. During start-up, the digester tank
was loaded with 1.9 kg of OFMSW and 2.1 kg of solid inoculum. They were premixed before loading
in the digester tank. The leachate tank was loaded with 2 L of liquid inoculum. The leachate was
circulated between the digester tank and leachate storage tank using a peristaltic pump (Longer Pump
BT100-2J, Langer Instruments Corp, Tucson, AZ, USA). For the first four days, the flow rate was set at
2 mL/s for 10 min per day and then increased to 4 h per day until the end of the experiment. However,
a considerable decrease in the leachate volume was observed over time due to the evaporation and
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accumulation of liquid in the digester tank. The temperature of both tanks was maintained at 37 ± 2 ◦C
with electrical heating tapes. The liquid in the leachate storage tank was continuously stirred with a
mechanical agitator connected with electric motor (ISES-Canada, Vaughan, ON, Canada) for continuous
mixing at 300 rpm during the experiment. The volumes of methane gas produced from both tanks
were monitored on a regular basis.

2.2. Ultrasound Treatment and BMP Test of HSAD Digestate

The ultrasound treatment of HSAD digestate was performed with a bench-scale ultrasound
generator (Model Q500, QSonica LLC, Newtown, CT, USA) equipped with an ultrasonic probe (see
Figure 1). The amplitude of the device was set at 120 µm, and sonication pulses were set to 5 s on
and 5 s off to avoid excessive heat generation. The digestate sample was pretreated at three different
specific energy inputs (1000, 2500, and 5000 kJ/kg TS), which corresponded to sonication times of 12,
32, and 65 min, respectively. The digestate sample was diluted by ~40% with deionized water for the
proper dispersion of sonication waves. Then, 250 mL of sample was taken in a beaker, and the probe of
the device was immersed into the sample; immersion depth was fixed at 2.5 cm. It should be noted
that we applied ultrasonication at the specific energy input of up to 5000 kJ/kg TS, because a previous
study suggested that specific energy input ≥5000 kJ/kg TS may not be economically feasible [23].

The sonicated samples were then used for the BMP test with a batch anaerobic bioreactor system
(ISES-Canada, Vaughan, ON, Canada) (Figure 1). The system consisted of glass anaerobic bioreactors
with a working volume of 600 mL. These reactors were equipped with agitators for mixing liquids.
Each reactor was connected with an individual absorption trap for capturing acidic gases from biogas,
as described above. The tests were conducted for three different conditions: control (untreated digestate
+ inoculum), ultrasonication (sonicated digestate + inoculum), and blank (deionized water + inoculum).
We operated triplicate bioreactors for each test condition. The inoculum (anaerobic digester sludge)
was collected from the Gold Bar wastewater treatment plant located in Edmonton, Alberta, Canada.
The average characteristics of inoculum are as follows: TCOD: 28,080 ± 47 mg/L; TS: 25,085 ± 232 mg/L;
VS: 15,179 ± 58 mg/L; pH: 6.8. Prior to the BMP test, the inoculum was acclimatized at 37 ◦C for 5 days.
The volumes of substrate and inoculum were estimated based on food to microorganism ratio (F/M) of
2 (g of VS of sample/g of VS of inoculum). The initial pH of the mixture (sample + inoculum) was
measured in the range of 7.5–8.0. However, sodium bicarbonate (6 g/L) was added as an additional
buffer to avoid any pH drop during batch operation. All bioreactors were purged with ultrapure
nitrogen gas for 2 min to create an anaerobic environment. Then, the bioreactors were placed in a water
bath, and the temperature was maintained at 37 ± 2 ◦C. Additionally, the mixing was set at 300 rpm.
Methane produced from each reactor was collected with a gas bag connected to the absorption trap for
acidic gases, and volume was measured on a regular basis with a frictionless glass syringe.

2.3. Analytical Method

The COD and TAN concentrations were measured with HACH reagent kits (HACH, Loveland, CO,
USA). For the determination of soluble chemical oxygen demand (SCOD), the samples were filtered
through a 0.45 µm membrane. The pH values were measured using a bench-top pH meter (AR15 pH
meter, Fisher Scientific, Pittsburgh, PA, USA). The concentrations of various volatile fatty acids (acetate,
propionate, and butyrate) were measured using ion chromatography (Dionex ICS-2100, Dionex, Sunnyvale,
CA, USA), which was equipped with an electrochemical detector (ECD) and a microbore AS19 column.
The TS and VS concentrations were measured according to the standard method (APHA, 1999).

2.4. Kinetic and Statistical Analyses

The modified Gompertz model was used to predict kinetic parameters as described in Equation (1) [24]:

H (t) = Hmax × exp
{
− exp

[Rmax × e
Hmax

(λ− t) + 1
]}

(1)
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where H(t) is the cumulative methane production (L CH4/kg VS) at time t; Hmax is the methane
potential (L CH4/kg VS); Rmax is the maximum methane production rate (L CH4/kg VS-d); λ is the time
of lag phase (d). The cumulative methane from data from BMP tests were fitted with Equation (1) for
estimation of kinetic parameters, including methane production rate (L CH4/kg VS-d) and lag phase
(d). Statistical significance was tested using analysis of variance (ANOVA) and student’s t-test in R
project (v.3.5.1) with a threshold p-value of 0.05.

3. Results and Discussion

3.1. Performance of HSAD

Figure 2A shows the cumulative methane yield and daily methane production from the HSAD
operation. The system was operated for 40 days until the methane production was negligible. Although
no lag phase was observed, daily methane production sharply decreased after day 1 and remained
low until day 14. The maximum daily methane production during this period was 5.1 L on day
3. The exponential phase of methane production commenced on day 15 and showed a maximum
daily methane production of 9.7 L on day 19. Such methane generation pattern is quite typical for
batch high-solids anaerobic digestion due to an early hydrolysis/fermentation phase followed by
the methanogenic phase [8,10]. From day 20, methane gas production started to decline with some
fluctuations. A minimum methane production of 0.83 L was observed on day 38. After 40 days of
operation, the total methane production was 176.8 L, resulting in a specific methane yield of 210 L
CH4/kg VS. This methane yield was within the range of values (109–211 L CH4/kg VS) previously
reported for high-solids anaerobic digestion of OFMSW [8,10,25].Processes 2018, 6, x FOR PEER REVIEW    6 of 13 
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Figure 2B shows TS and VS contents for an initial mixture of OFMSW plus biosolids and final
digestate. Initial TS and VS contents were 39.70 ± 8.60% and 20.91 ± 5.31%, respectively. In the final
digestate, solids content decreased to 26.04 ± 1.90% (TS) and 11.77 ± 0.74% (VS), which led to the removal
efficiency of 34% (TS) and 44% (VS), respectively. The VS removal efficiency was slightly higher than 38%
VS removal efficiency recently reported for an OFMSW fed HSAD system with percolate recirculation [10].

3.2. Effects of Ultrasonication of Digestate

The changes in SCOD, VS, and VFA concentrations were considered as an indicator of the
effectiveness of ultrasonication in terms of particulate organics solubilization [26], which can potentially
benefit biomethane recovery. These parameters were measured before and after ultrasound treatment.
Figure 3A shows the changes in SCOD concentrations in digestate samples due to ultrasonication.
Ultrasound treatment at different specific energy inputs significantly increased SCOD concentrations,
which could be attributed to the solubilization of particulate organics in the digestate [21]. Notably,
ultrasound treatment at 5000 kJ/kg TS had a significant impact on organics solubilization as reflected by
the maximum increase (32%) in SCOD concentration from 13,789± 1094 mg/L (untreated control sample)
to 18,171 ± 1100 mg/L (ultrasonicated sample). In contrast, SCOD increased only by 8% for a specific
energy input of 1000 kJ/kg TS. Nonetheless, under the investigated conditions, SCOD concentrations
increased linearly with an increase in ultrasound specific energy inputs. Previous studies also reported
that ultrasound treatment <10,000 kJ/kg TS could linearly increase COD solubilization for different
feedstocks, including sewage sludge, lignocellulosic waste, manure, etc. [20,27–29]. Additionally,
SCOD solubilization efficiencies achieved in this study (0.9–1.2 mg SCOD/(kJ/kg TS)) were within
the range of values (0.12–1.35 mg SCOD/(kJ/kg TS)) previously reported in the literature [21,30].
Interestingly, the specific energy input of 1000 kJ/kg TS provided highest SCOD solubilization efficiency
of 1.2 mg SCOD/(kJ/kg TS) in this study, which may have been caused by the fact that higher ultrasound
specific energy input can lead to substantial energy loss in the form of heat [31].

A similar trend was observed in terms of VS removal efficiencies (see Figure 3B); VS removal
efficiency increased with the increase in specific energy inputs. VS removal efficiencies were ranged
from 3.5% (1000 kJ/kg TS) to 10% (5000 kJ/kg TS). The VS removal efficiencies for treated samples were
linearly correlated with an increase in SCOD concentrations (R2 = 0.9356) (see Figure 3C). Thus, these
results suggested that an increase in SCOD might have resulted from the solubilization of particulate
organic matters during ultrasound treatment. Several studies previously reported a similar trend of
linearity between SCOD and VS concentrations for ultrasound treatment at different specific energy
inputs [7,32,33]. Conversely, some studies reported a non-linear relationship between the degree of
COD solubilization and VS removal efficiencies [20,34].

As shown in Figure 4, concentrations of various VFAs increased considerably after ultrasonication.
TVFA concentration increased by 8.75 times after ultrasonication at 5000 kJ/kg TS, as compared to
the control. At specific energy inputs of 1000 kJ/kg TS and 2500 kJ/kg TS, TVFA concentrations
increased by 2.68 and 3.48 times, respectively. Although SCOD and VFAs concentrations increased in
all ultrasonicated samples, TVFA/SCOD ratios remained very low (0.48–0.15) in those samples. Thus,
ultrasonication was effective in the hydrolysis of other particulate organic matters, while it needs a
further metabolic step to convert soluble organics into VFAs. Previous studies also suggested that
various pre-treatments methods used for organic feedstocks could increase VFAs concentration slightly
due to the disintegration of particulate organics [18,35,36].
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3.3. Biomethane Recovery from Digestate

Figure 5 shows the cumulative methane yields from three ultrasonicated and one untreated HSAD
digestate samples. None of the samples showed any lag phases. For the untreated control sample,
the ultimate methane yield reached a plateau after 15 days. In contrast, for samples sonicated at 1000
and 5000 kJ/kg TS, ultimate methane yields reached a plateau after 18 days, whereas it took nearly
28 days for the sample sonicated at 5000 kJ/kg TS. As apparent in Figure 5, the ultimate methane yields
of the ultrasonicated samples were much higher than the untreated control sample (113–132 vs. 68 L
CH4/kg VS). Thus, the solubilization of particulate organics and the release of soluble organics (i.e.,
increase in SCOD) positively affected methane productivity. Of the three ultrasonicated samples, the
sample pretreated at 5000 kJ/kg TS showed the highest methane yield of 132 L CH4/kg VS, which was
90% higher than the untreated control. However, ultimate methane yields from samples sonicated at
1000 and 2500 kJ/kg TS were comparable (p > 0.05). Previous studies also reported that the increase
in methane production did not correlate linearly with various specific energy inputs in ultrasound
treatment of different feedstock [21,23]. For instance, Elbeshbishy et al. [21] observed an increase in
methane production for a specific energy input of 500 kJ/kg TS, while methane production decreased
for specific energy inputs of 500–10,000 kJ/kg TS before increasing again. Nonetheless, our results
suggest that the operation of HSAD for 40 days could partially convert organics to biomethane. Thus,
a considerable portion of particulate biodegradable organics would remain in the HSAD digestate.
The application of ultrasound followed by wet-type anaerobic digestion as a post-treatment could
provide an excellent opportunity to further effective methane recovery from residual organics in HSAD
digestate. Additionally, 5000 kJ/kg TS was the most effective in enhancing methane yield.

Table 1 summarizes the kinetic parameters estimated by fitting cumulative methane yield data.
The values of methane potentials, maximum methane production rates, and lag phases for samples
treated at 1000 and 2500 kJ/kg TS were comparable (p > 0.05). The sample treated at 5000 kJ/kg TS
showed a maximum methane production rate of 6 ± 1 L CH4/kg VS/d, which was slightly higher than
the other ultrasonicated samples. The lowest methane production rate of 1.5 ± 0.4 L CH4/kg VS/d
was estimated for the untreated control sample. Thus, ultrasonication could increase the methane
production rate during the second-stage digestion of the HSAD digestate.
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Table 1. Kinetic parameters estimated with biochemical methane potential (BMP) test data fitting.
TS: total solids.

Condition
Modified Gompertz Model

CH4 Potential
(L CH4/kg VS)

Maximum CH4 Production Rate
(L CH4/kg VS/d) Lag Phase (d) R2

Control 74 ± 7 1.5 ± 0.4 2 ± 1 0.9734
1000 kJ/kg TS 127 ± 11 4.7 ± 1 1 ± 1 0.9822
2500 kJ/kg TS 132 ± 8 4.8 ± 0.8 1 ± 1 0.9945
5000 kJ/kg TS 158 ± 15 6 ± 1 0 0.9832

At the end of the BMP test, TAN and VFAs concentrations were measured in the final digestate,
since they may provide valuable information on methanogenesis efficiencies and the possibility of
inhibition (Table 2). Before starting the BMP test, TAN concentrations in all bottles were ranged
from 1598–1756 mg N/L (data not shown). After the completion of the BMP test, TAN concentrations
increased in the final digestate samples (see Table 2), which could be contributed to the hydrolysis of
proteins [8]. The final TAN concentrations in samples sonicated at 2500 and 5000 kJ/kg TS were slightly
higher than the sample sonicated at 1000 kJ/kg TS. The final TAN concentration in the digestate from
the control (1787 ± 33 mg N/L) was slightly lower than all ultrasonicated samples (1977–2181 mg N/L).
The unionized form of FAN has been suggested to be inhibitory to methanogenesis [37–39]. Therefore,
FAN concentrations were estimated for all samples. The estimated FAN concentrations varied between
179 to 210 mg N/L (see Table 2). Based on the previous studies, a threshold of FAN concentrations for
introducing inhibition may vary widely from 100 to 1100 mg N/L [40]. Thus, we cannot completely rule
out the possibility of FAN inhibition during the BMP test. However, it was evident that the hydrolysis
of digestate with ultrasound did not impose any additional risk of ammonia inhibition. Some previous
studies reported that high FAN levels might lead to VFAs accumulation in the digester [41]. As shown
in Table 2, the control showed the least TVFA concentration followed by sample sonicated at 1000 kJ/kg



Processes 2020, 8, 555 10 of 12

TS, 2500 kJ/kg TS, and 5000 kJ/kg TS. However, the total VFAs accumulation in all reactors remained
below ~300 mg COD/L. Thus, there was no sign of inhibition.

Table 2. Nitrogen and volatile fatty acids concentrations in the final digestate from BMP test.
COD: chemical oxygen demand.

Control 1000 kJ/kg TS 2500 kJ/kg TS 5000 kJ/kg TS

Total ammonia nitrogen (mg N/L) 1787 ± 33 1977 ± 32 2056 ± 54 2181 ± 28
Free ammonia nitrogen (mg N/L) 179 ± 3 210 ± 3 200 ± 3 183 ± 2

Total volatile fatty acids (mg COD/L) 73 ± 6 148 ± 23 158 ± 13 239 ± 13
Acetate (mg COD/L) 39 ± 4 79 ± 26 88 ± 2 124 ± 6

Propionate (mg COD/L) 34 ± 2 28 ± 8 34 ± 7 46 ± 4
Butyrate (mg COD/L) - 41 ± 9 36 ± 4 69 ± 3

4. Conclusions

This study presents high-solids anaerobic digestion followed by wet type anaerobic digestion
of ultrasonicated digestate for enhancing the methane yield from OFMSW. Methane yield obtained
from HSAD was 210 L CH4/ kg VS, while methane yield from the digestate in subsequent wet-type
anaerobic digestion was only 68 L CH4/ kg VS. The ultrasonication of digestate linearly increased
SCOD solubilization with an increase in specific energy inputs. Additionally, a linear correlation was
observed between SCOD solubilization and VS removal efficiencies. The highest methane yield of
132 L CH4/kg VS was observed for a specific energy input of 5000 kJ/kg TS, which was 1.94 times
higher than that observed for untreated digestate. Thus, these results suggest that ultrasonication
of OFMSW digestate from high-solids anaerobic digestion may provide additional energy recovery
options with wet-type anaerobic digestion. However, future studies need to involve comprehensive
economic feasibility analyses to investigate the potential for practical application. Moreover, the quality
of the final digestate should be assessed for potential environmental risks, such as pathogen content,
antibiotic resistance genes, etc.
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