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Abstract: Dry anaerobic digestion (DAD) is an attractive method for simultaneous organic waste
disposal and bioenergy recovery. DAD has the problems of low methane yields, low reaction rates,
and easy inhibition due to its limited mass transfer and heat transfer. In this work, two methods of
mechanical stirring and percolate recirculation were compared regarding their capacities of improving
the mass transfer and enhancing the performances of DAD in batch experiments with sorghum stalks
as a substrate. The cumulative biogas yield and system stability were investigated when the stirring
linear velocity was 0 cm/s, 22 cm/s, 44 cm/s, 66 cm/s, and 88 cm/s. When the stirring linear velocity
was 88 cm/s, the cumulative biogas yield and methane content were highest. The computational fluid
dynamics (CFD) simulation indicated that the shearing force near the stirring shaft was largest. When
the linear velocity of the stirring paddle was 88 cm/s, the shearing force at a radial distance close to
center was about −140 N/m2. When the ratio of the material stacking height to the reactor diameter
(H/D) was 3:2, the AD showed the best performance. A higher material stacking height promoted
the contact between the microorganisms and the substrate and enhanced the biogas production. By
combining percolate recirculation and mechanical stirring, the cumulative biogas yield increased by
28% compared with the static DAD process because of the promotion of mass transfer in the DAD.

Keywords: dry anaerobic digestion; CFD simulation; percolate recirculation; mixing; mass transfer

1. Introduction

The development of human society is dependent on fossil energy, which leads to
resource shortages, carbon dioxide (CO2) emission, and environmental pollution. The
demand for renewable energy is booming. Meanwhile, rapid urbanization and population
expansion lead to the increasing generation of municipal solid waste (MSW) to the levels of
significant economic and environmental consequences [1–3]. One of the methods to solve
the problem of energy shortage and organic waste disposal is anaerobic digestion (AD), a
biochemical process decomposing and converting organic matter into biogas (a mixture
of methane (CH4), carbon dioxide (CO2), and other gasses such as hydrogen sulfide (H2S)
and ammonia depending on the types of waste) [4–7]. Based on the content of total solids
(TS), AD can be divided into wet (<15% TS) and dry (≥15% TS) processes. Compared with
wet AD process, dry anaerobic digestion (DAD) shows obvious advantages in the aspects
of smaller reactor volume, simple post-treatment of residue, less water consumption, and
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lower operation cost, which makes it particularly attractive for disposing of the organic
fraction of industrial wastes, municipal solid wastes, and agricultural wastes [8,9]. However,
a huge technical challenge remains regarding the limited mass transfer and heat transfer
inside a DAD reactor due to the high content of solid waste, which limits the industrial
applications of the technology [10].

Homogeneous mixing could make substrates much more accessible to microorganisms,
ensure substrate consistency, and enhance process kinetics and methane yields, which
can be realized mainly by three methods: mechanical agitation, recirculation of liquids,
and gas sparging [11]. Mechanical agitation can mix the substrate materials by using a
stirring paddle or baffle, which is considered as the most energy-efficient way [12,13].
Most studies have focused on the effects of mixing techniques, mixing intensity, and
continuous or periodic mixing on AD and biogas production [14]. It was shown that
compared with a non-stirring process, mixing at the velocity of 100 rpm enhanced the start-
up process, the digester’s capacity, the process stability, and the treatment efficiency [15].
Meanwhile, a clear negative impact of the agitation rate was also observed on the organic
acid consumption as shown by a slower increase in the pH and a lower CH4 content at
the agitation rates of 50 and 90 rpm than at 10 rpm [16]. Intermittent stirring (mixing
for 2 h and halted for 10 h) had a higher biogas production and COD removal rate than
continuous stirring and could reduce the energy consumption of the DAD process [17].
Lindmark et al. [18] also suggested that intermittent mixing could be a better method than
continuous mixing. It is obvious that adequate intensity of mixing is necessary for a stable
and efficient operation of an anaerobic digester, while the optimal mixing intensity varies
depending on different substrates and digesters [19,20]. However, the effects of mixing on
AD have been mostly studied regarding wet digestion [21,22], whose reaction conditions
are much different from those of DAD.

Computational fluid dynamics (CFD) is an efficient and powerful tool to study the
flow field of gas, liquid, and solid particles by predicting fluid flow, calculating power
consumption, displaying the field of shear stress, etc. [23]. Wu [24] used CFD simulation
to evaluate six turbulence models for the mechanical agitation of non-Newtonian fluids
in a lab-scale wet AD tank with a pitched blade turbine (PBT) impeller. Cao et al. [25]
comprehensively compared experimental results with CFD simulation results and identified
the optimal mixing velocity to be 180 rpm based on the principle of energy saving and high
efficiency. However, most of the results were based on wet AD, while the CFD simulating
DAD was relatively less. In this study, a CFD simulation was used to investigate the mixing
state of the materials and the effect of mixing on the DAD.

In addition to mechanical agitation, percolate recirculation was also reported to be
an efficient way to enhance the AD process by increasing the moisture inside the reactor,
making the microbes contact the nutrients and maintaining the homogeneity of the di-
gester [26]. Wang et al. [27] studied the effect of co-digestion and digestate recirculation on
bio-hydrogen and bio-methane production and found that digestate recirculation could
promote the hydrogen production rate (HPR) and methane production rate (MPR). Ibrahimi
et al. investigated the effects of the flow rate of liquid recirculation in a mesophilic digester
and found that gentle mixing (11 L/min) achieved a higher specific methane yield and less
heat loss compared with intense mixing (24 L/min) [28]. Pezzolla et al. [29] reported that
frequent percolate recirculation in DAD decreased the inhibition and increased the methane
yield. Karim et al. [30] compared the impacts of mechanical agitation, sludge circulation,
and biogas recirculation and found that the effect of biogas recirculation under high solid
content was not very satisfactory, and the gas pipeline was easily blocked. Therefore, the
gas recirculation is not recommended for DAD processes. Considering that biogas reflux
requires high compression and release technology, and it has high equipment costs, this
study focused on the impacts of mechanical stirring and percolate recirculation on the
performances of DAD. The reflux ratio, flow rate, and frequency of percolate recirculation
have been studied by many researchers [27–29], while few have studied the influence of the
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material stacking height on DAD. Therefore, this study investigated the effect of material
stacking height and reactor diameter on DAD.

Specifically, the effects of the stirring intensity and the optimal height to diameter
ratio on dry anaerobic digestion were explored. The CFD simulation was used to reveal
the impact and mechanisms of mechanical stirring. The aim was to obtain a suitable mass
transfer enhancement method based on the comprehensive comparison of the experimental
results of mechanical stirring and percolate recirculation.

2. Materials and Methods
2.1. Feedstock and Inoculum

Sorghum stalks, a typical representative of lignocellulose waste, were used as the
experimental substrate. Sorghum stalks were provided by the Sichuan Sorghum Planting
Base of Luzhou Laojiao Group Co., Ltd. (Luzhou, China). Before fermentation, the sorghum
stalks were naturally air-dried and crushed to 2–5 mm. The inoculum was selected from
the Beijing Haidian Sewage Treatment Plant and then domesticated and cultivated. The
physical properties of the substrate are shown in Table 1. The TS were based on a wet basis
(%, w.b.), and the remaining parameters such as volatile solids (VS) were based on a dry
basis (%, d.b.).

Table 1. Physical properties of substrate.

Parameters Sorghum Stalks Inoculum

Total solids (%, w.b.) 94.14 ± 0.06 11.30 ± 0.05
Volatile solids (%, d.b.) 92.06 ± 0.18 56.02 ± 0.07
Total carbon (%, d.b.) 43.37 ± 0.25

Total nitrogen (%, d.b.) 1.03 ± 0.03
C/N ratio 42.27

Hydrogen (%, d.b.) 5.90 ± 0.02
Sulfur (%, d.b.) 0.22 ± 0.43

Hemicellulose (%, d.b.) 40.21 ± 1.10
Cellulose (%, d.b.) 35.45 ± 1.53

Lignin (%, d.b.) 2.32 ± 2.15
Note: w.b. (wet basis), d.b. (dry basis).

2.2. Experimental Setup and Procedures

The influences of mixing intensity and the state of stacking material on the dry diges-
tion process were studied. Accordingly, the experiment was divided into two sections.

(1) The influence of mixing intensity on the DAD process

The experimental setup is shown in Figure 1. The fermentation tank was a double-
layer glass reactor, heated by a water bath. The inner diameter of the reactor was 200 mm.
Its height was 400 mm, and the effective volume was 10 L. The top cover had a feed inlet, a
nitrogen inlet, a biogas outlet, and a temperature detection port. There was a discharge
valve at the bottom of the reaction tank, and the material was discharged by gravity. There
were PTFE double-layer stirring paddles in the reaction tank. The size of the stirring paddle
was 140 mm in length, 40 mm in width, and 5 mm in thickness. The diameter of the stirring
shaft was 15 mm. The biogas outlet was connected with a wet gas flow meter, which can
directly measure the volume of biogas.

The experiment was batch fermentation at medium temperature. At start-up, the
crushed sorghum stalks (300 g) and inoculum (3000 mL) were added to the reactor and
mixed well. The initial TS was about 18.8%. Meanwhile, the reactor was purged using
nitrogen. The pH value of the digester, the concentration of ammonia nitrogen, and the
COD value were measured.
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Figure 1. Setup for the mechanical agitating experiment: (a) schematic diagram and (b) device picture.

The stirring velocities were set to be 0 r/min, 30 r/min, 60 r/min, 90 r/min, and
120 r/min. Because the diameter of the stirring blade was 14 cm, the corresponding
outermost linear velocities were 0 cm/s, 22 cm/s, 44 cm/s, 66 cm/s, and 88 cm/s. This
study adopted intermittent stirring once every 12 h. Due to the high solid content of
the substrate, the mixing time was set to be 10 min to ensure that the materials could be
uniformly mixed.

(2) The effect of height-to-diameter ratio (H/D) on the DAD process.

This experiment mainly investigated the performance of DAD at different material
stacking heights. The experimental device is shown in Figure 2. The reaction device
consisted of a digestion reactor and a leachate tank and was equipped with a water bath
circulating heating system and a percolate circulation system. There were nitrogen pipelines
supplying purging nitrogen into the digester to remove air out of the device.

Fermentation 2023, 9, x FOR PEER REVIEW 5 of 19 
 

 

 

 

Figure 2. Schematic diagram of the setup for the leachate recirculating experiment (1. anaerobic 

digester; 2. leachate container; 3. water bath system; 4. feed inlet; 5. spray; 6. pH meter; 7. temper-

ature detector; 8. nitrogen gas pipe; 9. valve; 10. baffle; 11. pump; 12. biogas outlet; 13. sampling 

outlet). 

 

2.3. Analytical Methods 

The TS and VS contents of the inoculum and sorghum stalks were measured ac-

cording to the standard methods [31,32]. The elemental compositions of sorghum stalks 

were analyzed with an element analyzer (VarioEl III). The contents of lignin, cellulose, 

and hemicellulose of the substrate were determined according to the Van Soest method 

[31]. The pH value was detected by a pH meter (Mettler Toledo, Zurich, Switzerland). 

The chemical oxygen demands (CODs) of the samples were determined by using a fast 

COD test kit, and the ammonia nitrogen (AN) was analyzed by using an AN test device 

according to the manufacturer’s instructions. The anaerobic microbial morphology was 

observed by using a confocal laser scanning microscope (Thermo Fisher, Waltham, MA, 

USA). The compositions of biogas were determined using Agilent gas chromatography 

(Agilent, Palo Alto, CA, USA), equipped with a thermal conductivity detector. The tem-

peratures of the detector, injector, and oven were set to 150 °C, 100 °C, and 120 °C, re-

spectively. 

Figure 2. Schematic diagram of the setup for the leachate recirculating experiment (1. anaerobic
digester; 2. leachate container; 3. water bath system; 4. feed inlet; 5. spray; 6. pH meter; 7. temperature
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A baffle was laid at the bottom of the digester. Above the baffle, Raschig rings and
nylon filter cloth formed a percolation layer so that the liquid could naturally permeate
into the leachate tank, while the material remained in the digester. The leachate tank
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was equipped with a stirring device to prevent the leachate from sedimentation and
stratification. The leachate was circulated once a day, and the reflux ratio was 100%.

The ratios of the material stacking height to the reactor diameter were set to be 3:2,
1.5:2, and 1:2. At the beginning of the experiment, 450 g, 225 g, and 150 g of sorghum stalks
were added to three reactors, and 4500 mL, 2250 mL, and 1500 mL of inoculated sludge
were added to each reactor. In the first three days, 1500 mL, 750 mL, and 500 mL deionized
water was added to the leachate tank of the reaction system with H/D ratios of 3:2, 1.5:2,
and 1:2, respectively, because there was no obvious leachate in the lower part of the reactor.
In the initial stage, it was the deionized water that was used for circulation. Afterward,
leachate was gradually formed. At this time, the leachate in the digester was used for
circulating spraying.

2.3. Analytical Methods

The TS and VS contents of the inoculum and sorghum stalks were measured according
to the standard methods [31,32]. The elemental compositions of sorghum stalks were
analyzed with an element analyzer (VarioEl III). The contents of lignin, cellulose, and
hemicellulose of the substrate were determined according to the Van Soest method [31].
The pH value was detected by a pH meter (Mettler Toledo, Zurich, Switzerland). The
chemical oxygen demands (CODs) of the samples were determined by using a fast COD
test kit, and the ammonia nitrogen (AN) was analyzed by using an AN test device according
to the manufacturer’s instructions. The anaerobic microbial morphology was observed
by using a confocal laser scanning microscope (Thermo Fisher, Waltham, MA, USA). The
compositions of biogas were determined using Agilent gas chromatography (Agilent, Palo
Alto, CA, USA), equipped with a thermal conductivity detector. The temperatures of the
detector, injector, and oven were set to 150 ◦C, 100 ◦C, and 120 ◦C, respectively.

2.4. CFD Simulation

To investigate the mixing state of the materials in the reactor at different velocities,
the software Fluent 14.0 was used to simulate the velocity field distribution in a 10 L
digester. Although the substrate was mainly solid biomass, the moisture content of DAD
was usually 65–85%. At the same time, due to the degradation of microorganisms, the
substrate was very viscous and possessed the characteristics of a continuous medium. In
order to simplify the model and facilitate calculations, the material inside the anaerobic
digester was assumed to be a constant-density incompressible single-phase liquid. The
density and viscosity were set to 980 kg/m3 and 1500 mPa·s, respectively, based on the
measured values. The numerical model was calculated using the momentum conservation
equation and the standard k-ε equation. The basic governing equations mainly included
the mass conservation equation, the momentum conservation equation, the kinetic energy
k equation, and the dissipation rate ε equation. The simulation did not consider the
temperature changes, so there was no energy conservation equation.

Mass conservation equation

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

Momentum conservation equation

∂ρui
∂t

+
∂

∂xj

(
ρuiuj

)
= − ∂P

∂xi
+

∂

∂xj

[
(µ + µt)

[
∂ui
∂xj

+
∂uj

∂xi

]]
(2)

Kinetic energy k equation

∂(ρk)
∂t

+
∂(ρuik)

∂xi
=

∂

∂xi

[[
µ +

µt

σk

]
∂k
∂xi

]
+ G + ρε (3)
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Dissipation rate ε

∂(ρε)

∂t
+

∂(ρuiε)

∂xi
=

∂

∂xi

[[
u +

ut

σε

]
∂ε

∂xi

]
+ C1ε

ε

k
G − C2ερ

ε2

K
(4)

In the above equations, t is the time (s), p is the corrected pressure (Pa), x is the
coordinate component, u is the velocity vector (m/s), ρ is the density (kg/m3), µ is the
molecular viscosity coefficient, and µt is the turbulence viscosity coefficient.

The diameter of the reactor was 200 mm, and the material filling height was 300 mm.
The blade of the stirring paddle was 140 mm long, 40 mm wide, and 5 mm thick, and the
diameter of the stirring shaft was 15 mm. The geometry was established according to the
actual size of the reactor and imported into Gambit for meshing, as shown in Figure 3. A
hexahedral grid was adopted for the outer area of the stirring blade, and a mixed grid
was adopted for the area of the stirring blade. Five different total grid numbers (115,041,
139,056, 278,600, 420,895, 791,786) were tested, and the average velocity of the reactor was
used as a reference for the mesh sensitivity analysis. The simulation results showed that the
grid-independent condition was achieved when the number of grids was 278,600, where
the smallest grid volume was about 8.214 × 10−11 m3, the largest grid volume was about
1.295 × 10−7 m3, the smallest surface area was 3.007 × 10−7 m2, and the maximum surface
area was 3.35 × 10−5 m2. The minimum and average values of the orthogonal quality of
the grids were 0.2794 and 0.8314.
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MRF was used for the simulations of rotating paddles with the rotation axis direction of
z. The upper boundary of the reactor was set as a velocity inlet, and the agitator and agitator
shaft were set as a moving wall, which rotated at absolute speed relative to the z axis. The
convergence criteria for the continuity, velocity, k, and epsilon equations were 10−6. The
scheme of SIMPLE was set for the pressure–velocity coupling. The spatial discretization
schemes of the gradient were least squares cell based. The spatial discretization of pressure
was set as standard. And the second-order upwind was set for momentum, turbulent
kinetic energy, and turbulent dissipation rate. The simulation scheme was steady state.
And the standard initialization was set for the solution, computing from all zones with
default initial values.

3. Results
3.1. The Effect of Mechanical Stirring Velocity on DAD

Sorghum stalks were used as the raw material, and the effect of mechanical mixing on
DAD was studied by changing the linear velocities as 0 cm/s, 22 cm/s, 44 cm/s, 66 cm/s,
and 88 cm/s. Figure 4 shows the cumulative biogas production and cumulative methane
production of sorghum stalks at the termination of DAD. It can be seen that the cumulative
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biogas production gradually increased with the increase in the stirring velocity. When
the linear stirring velocity was 88 cm/s, the cumulative biogas production was 391 mL/g
VS, which was 18% higher than the case of linear stirring velocity of 0 cm/s. The highest
methane production (195 mL/g VS) was achieved at a stirring linear velocity of 88 cm/s.
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Some researchers examined the stability and efficiency of thermophilic anaerobic
digesters treating food waste under various mixing velocities (50–160 rpm). High velocities
(120 and 160 rpm) were harmful to the digestion process with an 18–30% reduction in
methane generation compared with mild mixing (50 and 80 rpm). The best efficiency
and stability were achieved under mild mixing (50 and 80 rpm). The 50 rpm stirring
velocity resulted in the highest methane generation (573 mL/g VS) [33]. Additionally, it
was believed that high-intensity agitation would destroy the structure of microbial flocs
and disturb the distribution of mutually beneficial and symbiotic flora in AD. The mixing
intensity at 150 rpm resulted in lower production than 25 rpm throughout the wet AD
of MSW [18]. In the AD of cow manure, a stirring velocity of 80 rpm led to optimum
performance and achieved the highest energy efficiency and net energy gain in comparison
with 40 rpm and 120 rpm [14]. In this research the results showed that the stirring velocity in
the DAD of sorghum stalks was slightly higher than that in the wet process, and the highest
biogas production was achieved when the stirring velocity was 88 cm/s at the rotation rate
of 120 rpm. This may be due to the low moisture content of DAD and difficulty in mass
transfer. When the mixing intensity was weak, the mixing of substrates and inoculum was
not effective. Only by a high-intensity stirring could a good mass transfer be achieved in
the DAD process.

Figure 5 shows the variations of methane content in biogas at different stirring linear
velocities. It can be seen that the methane content increased gradually, reaching about
55% on the 10th day, and then fluctuated around 64%, which reflected the extent of the
methanogenesis stage in the AD process. When the methanogenic reaction was dominant,
the methane content was usually equal to or higher than 50% [34]. It was shown that on
the 10th day, all the experimental groups smoothly transitioned from the acidogenesis
stage to the methanogenesis stage. This may be due to the slow growth and reproduction
of methanogens, which were more sensitive to environmental changes such as the pH
and the content of volatile fatty acids (VFAs) compared with hydrolytic bacteria and acid-
producing bacteria [35]. It has been reported that intense mixing during start-up can have
negative effects as high shear forces break microbial flocs and the syntrophic relationships
between methanogens and bacteria, leading to the acidification of the system due to VFA
accumulation [10]. Therefore, the high stirring intensity during the start-up stage was
unfavorable for biogas production. As the methanogens gradually adapted to the new
environment, the stirring in the DAD process promoted the mass transfer and provided
abundant VFAs for methanogens.
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According to the “reaction front” theory proposed by Martin [36,37], the degradation
of the substrate in the DAD process gradually extends from the surface of the sludge
particles to the internal region of the particles. The surface of the sludge particles contacts
the substrate and hydrolyzes the substrate to produce small molecular matter, and the
small molecular organic matter gradually diffuses into the sludge particles and then passes
through the acidogenesis area and the buffer zone into the methanogenesis area. Notably,
stirring can only promote the hydrolysis reaction occurring on the surface of the sludge
particles, while the acidogenic and methanogenic reactions inside the particles rely on
molecular diffusion and follow Fick’s law. Therefore, stirring affects the AD process by
increasing the reaction rate in the hydrolysis stage. If the rates of hydrolysis reactions are
faster than that of the methanogenic stage, the AD process will suffer from the negative
effect of stirring and show a low methane production. Only when the hydrolytic rate
matches with the methanogenic rate can the DAD be promoted.

In the DAD process, the pH, COD, and ammonia nitrogen (AN) concentration are
important indicators and control parameters for the stability of the reaction system. The pH
value not only affects the enzyme activity of microorganisms but also changes the ionization
state of weak acids and weak bases, therefore affecting the metabolism of microorganisms.
The suitable pH value for methanogens was reported to be 6.6–7.8. When the pH value
exceeds 8.3, it will have a strong inhibition on methanogens [38]. It can be seen from
Table 2 that at different stirring velocities, the pH remained stable between 7.6 and 8.0.
The COD value reflects the level of intermediate products in the AD process. Once the
methane production process is inhibited or the hydrolysis process is too fast, the COD value
will increase significantly. Table 2 shows that the COD values in each group were similar,
between 8000 and 11,000 mg/L at different stirring velocities, indicating that there was no
accumulation of intermediate products. In the AD process, the concentration of ammonia
nitrogen has a great influence on methanogens. When the AN concentration is 3000 mg/L,
the process will be inhibited [38]. For the stirring linear velocity of 88 cm/s, 66 cm/s,
44 cm/s, 22 cm/s, and 0 cm/s, the AN concentrations were 771 mg/L, 682 mg/L, 759 mg/L,
654 mg/L, and 855 mg/L, respectively. The AN concentration in each digester was kept at a
low level. Therefore, the DAD system operated stably without AN inhibition. In summary,
the DAD system was stable, and no toxicity inhibition occurred, as mechanical stirring at
liner velocities of 88 cm/s, 66 cm/s, 44 cm/s, and 22 cm/s promoted the mass transfer.
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Table 2. Parameters reflecting system stability of DADunder different mixing intensity.

Velocity
(cm/s)

Cumulative Biogas Yield
(mL/g VS)

COD
(mg/L)

Ammonia Nitrogen
(mg/L) pH

88 391 ± 14 9358 ± 106 771 ± 38 7.67 ± 0.20
66 380 ± 13 8920 ± 61 682 ± 26 7.61 ± 0.13
44 353 ± 16 9299 ± 87 759 ± 8 7.69 ± 0.08
22 341 ± 5 10,907 ± 92 654 ± 21 7.96 ± 0.16
0 331 ± 11 8033 ± 32 855 ± 7 7.89 ± 0.00

3.2. CFD Simulation

The flow field in the digester at different stirring velocities was studied using CFD
methods. The velocity cloud diagram of the reactor in the x radial direction (x = 0) at
different stirring velocities in the uniform stirring process was obtained through numerical
simulation (Figure 6). When the linear rotation velocity was 22 cm/s, the overall velocity
of biomass materials was low, and the velocity was high only around the stirring blade.
When the linear velocity of stirring increased gradually from 22 cm/s to 88 cm/s, in turn,
the velocity of the material around the stirring paddle increased from 0.06 m/s to 0.30 m/s,
and the velocity near the reactor wall rose from 0.01 m/s to 0.05 m/s. The mixing intensity
of materials in the reactor was gradually strengthened. A high velocity increases the
overall flow velocity in the reactor and promotes mass transfer, which was consistent with
the results of Wang et al. [39]. In addition, the comparison of the stirring velocities of
22 cm/s and 88 cm/s showed that the difference in the velocity radial distribution was
reduced at higher velocity, and the velocity of the substrate tended to be more consistent.
The results showed that the high stirring velocity was conducive to uniform mixing of
materials. When the peripheral stirring linear velocity was 88 cm/s, the materials were in
full contact with the microorganisms, and the organic acid produced in the acidogenesis
stage can be effectively used by methanogens in time, avoiding the inhibition caused by
the accumulation of local VFAs; therefore, the DAD process achieved a higher biogas yield.

Figure 6 shows that the maximum velocity in the digestion reactor occurred near the
stirring blade, while the velocity in the middle of the two layers of blades varied slightly.
The two graphs of the velocity profile regarding the diameter of the reactor (Figure 7) were
obtained by calculating the velocity on the cross sections of the center of the low blade
(Z = 70 mm) and the middle position of the reactor (Z = 150 mm). Figure 7 displays the
inverted U-shaped and U-shaped velocity curves due to the different directions on both
sides of the stirring blade. It can be seen that at different stirring velocities, the velocities
reached the maximum at a distance of ±0.05 m from the stirring shaft at both the bottom
(Z = 70 mm) and middle (Z = 150 mm) of the reactor. When the linear velocity of stirring
was 88 cm/s, the maximum velocity of the material movement at the bottom of the reactor
was 0.30 m/s, and the maximum velocity of the material movement in the middle of the
reactor was approximately 0.16 m/s. The mixing intensity in the middle of the reactor was
weaker compared with the mixing intensity near the low stirring blade.

The shearing force is an important mixing parameter and could influence the homo-
geneity of the DAD process. Figure 8 shows the shearing force vector varying with the
diameter of the reactor during uniform stirring at the low blade of the reactor (Z = 70 mm)
and the middle position of the reactor (Z = 150 mm). It can be seen that near the low blade
in the radial distance from −0.1 m to 0.02 m, the absolute value of shearing force gradually
decreased from 15 N/m2 to 0 N/m2 and then increased to 20 N/m2. When the position
was close to the center, the shearing force varied sharply and dropped quickly to about
−140 N/m2. It showed that the shearing force varied and fluctuated greatly near the low
stirring blade, and the absolute value of the shearing force near the stirring shaft was the
largest. In Figure 7, the rate of velocity change was relatively slow when the radial distance
of the reactor was at a distance of ±0.05 m from the stirring shaft. Since the shearing force
was positively correlated with the rate of velocity change, the shearing force approached
0.0 N/m2 at a distance of ±0.05 m from the stirring shaft as shown in Figure 8. When it was
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near the stirring shaft, the rate of velocity change was the highest, so the shearing force at
the radial distance close to the center was the largest. In addition, when the linear velocity
of the stirring paddle was 88 cm/s, the shearing force at a radial distance of ±0.1 m was
about +15 N/m2, and the shearing force at a radial distance close to the center was about
−140 N/m2, while the shearing force with a linear stirring velocity of 22 cm/s was between
±5 N/m2. The shearing force of the linear stirring velocity of 88 cm/s was much higher
than that of the linear stirring velocity of 22 cm/s, which indicated that the higher linear
stirring velocity led to the higher shearing force. It can be concluded that the shearing force
in the middle of the reactor varied less than that in the position of the low stirring blade.
When it was near the stirring shaft, the shearing force was only 20 N/m2.
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The level of the shearing force is also linked to the growth and reproduction of
microorganisms [40]. Shearing has a noticeable effect on the microbial population, by
improving the diversity and evenness at intermediate shearing. However, it was also
reported that a high level of shearing decreased the microbial diversity in the digester [16].
The high activity of sludge particles is a necessary condition to ensure the progress of
AD. The sludge particles deformed into a flat oval shape under strong stirring, and this
deformation was caused by abrasion instead of extrusion [41]. Therefore, the final effect
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of stirring on the AD performance is determined by two opposite factors: mass transfer
and microbial community. Considering that increasing stirring can promote the hydrolysis
process and increase the VFA concentration in the system, the stirring intensity needs to
be reduced, such as 22 cm/s or even no stirring in the DAD process, especially during the
start-up stage. Thus, the methanogens can digest the intermediate products and avoid the
accumulation of VFAs, which may cause system instability [42]. After DAD starts normally,
the stirring intensity can be appropriately increased, such as 88 cm/s, and the intermittent
stirring must be slowly increased and decelerated to minimize the impact of the shearing
force on microorganisms.

Fermentation 2023, 9, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 6. Velocity contour graphs at different agitating velocities (a) 22 cm/s, (b) 44 cm/s, (c) 66 
cm/s, and (d) 88 cm/s. 

Figure 6 shows that the maximum velocity in the digestion reactor occurred near 
the stirring blade, while the velocity in the middle of the two layers of blades varied 
slightly. The two graphs of the velocity profile regarding the diameter of the reactor 
(Figure 7) were obtained by calculating the velocity on the cross sections of the center of 
the low blade (Z = 70 mm) and the middle position of the reactor (Z = 150 mm). Figure 7 
displays the inverted U-shaped and U-shaped velocity curves due to the different direc-
tions on both sides of the stirring blade. It can be seen that at different stirring velocities, 
the velocities reached the maximum at a distance of ±0.05 m from the stirring shaft at 
both the bottom (Z = 70 mm) and middle (Z = 150 mm) of the reactor. When the linear 
velocity of stirring was 88 cm/s, the maximum velocity of the material movement at the 
bottom of the reactor was 0.30 m/s, and the maximum velocity of the material movement 
in the middle of the reactor was approximately 0.16 m/s. The mixing intensity in the 
middle of the reactor was weaker compared with the mixing intensity near the low stir-
ring blade. 

 
Figure 7. Radial velocity at different heights of reactor: (a) Z = 70 mm and (b) Z = 150 mm. 

The shearing force is an important mixing parameter and could influence the ho-
mogeneity of the DAD process. Figure 8 shows the shearing force vector varying with 
the diameter of the reactor during uniform stirring at the low blade of the reactor (Z = 70 
mm) and the middle position of the reactor (Z = 150 mm). It can be seen that near the 
low blade in the radial distance from −0.1 m to 0.02 m, the absolute value of shearing 
force gradually decreased from 15 N/m2 to 0 N/m2 and then increased to 20 N/m2. When 
the position was close to the center, the shearing force varied sharply and dropped 
quickly to about −140 N/m2. It showed that the shearing force varied and fluctuated 

Figure 7. Radial velocity at different heights of reactor: (a) Z = 70 mm and (b) Z = 150 mm.

Fermentation 2023, 9, x FOR PEER REVIEW 11 of 18 
 

 

greatly near the low stirring blade, and the absolute value of the shearing force near the 
stirring shaft was the largest. In Figure 7, the rate of velocity change was relatively slow 
when the radial distance of the reactor was at a distance of ±0.05 m from the stirring 
shaft. Since the shearing force was positively correlated with the rate of velocity change, 
the shearing force approached 0.0 N/m2 at a distance of ±0.05 m from the stirring shaft as 
shown in Figure 8. When it was near the stirring shaft, the rate of velocity change was 
the highest, so the shearing force at the radial distance close to the center was the largest. 
In addition, when the linear velocity of the stirring paddle was 88 cm/s, the shearing 
force at a radial distance of ±0.1 m was about +15 N/m2, and the shearing force at a radial 
distance close to the center was about −140 N/m2, while the shearing force with a linear 
stirring velocity of 22 cm/s was between ±5 N/m2. The shearing force of the linear stirring 
velocity of 88 cm/s was much higher than that of the linear stirring velocity of 22 cm/s, 
which indicated that the higher linear stirring velocity led to the higher shearing force. It 
can be concluded that the shearing force in the middle of the reactor varied less than that 
in the position of the low stirring blade. When it was near the stirring shaft, the shearing 
force was only 20 N/m2. 

 

Figure 8. Radial shear stress at the low blade position ((a) Z = 70 mm) and in the middle of the di-
gester ((b) Z = 150 mm). 

The level of the shearing force is also linked to the growth and reproduction of mi-
croorganisms [40]. Shearing has a noticeable effect on the microbial population, by im-
proving the diversity and evenness at intermediate shearing. However, it was also re-
ported that a high level of shearing decreased the microbial diversity in the digester [16]. 
The high activity of sludge particles is a necessary condition to ensure the progress of 
AD. The sludge particles deformed into a flat oval shape under strong stirring, and this 
deformation was caused by abrasion instead of extrusion [41]. Therefore, the final effect 
of stirring on the AD performance is determined by two opposite factors: mass transfer 
and microbial community. Considering that increasing stirring can promote the hydrol-
ysis process and increase the VFA concentration in the system, the stirring intensity 
needs to be reduced, such as 22 cm/s or even no stirring in the DAD process, especially 
during the start-up stage. Thus, the methanogens can digest the intermediate products 
and avoid the accumulation of VFAs, which may cause system instability [42]. After 
DAD starts normally, the stirring intensity can be appropriately increased, such as 88 
cm/s, and the intermittent stirring must be slowly increased and decelerated to minimize 
the impact of the shearing force on microorganisms. 

3.3. The Influence of Different Height to Diameter Ratios on Dry Digestion 
In addition to mechanical stirring, percolate recirculation is another way to enhance 

AD. To increase the capacity of reactor with a fixed diameter, a high reactor is favorable 
for treating a larger amount of MSW. In this study, the impacts of different stacking 

Figure 8. Radial shear stress at the low blade position ((a) Z = 70 mm) and in the middle of the
digester ((b) Z = 150 mm).

3.3. The Influence of Different Height to Diameter Ratios on Dry Digestion

In addition to mechanical stirring, percolate recirculation is another way to enhance
AD. To increase the capacity of reactor with a fixed diameter, a high reactor is favorable for
treating a larger amount of MSW. In this study, the impacts of different stacking heights
of substrate on DAD were investigated when the leachate was refluxed. The ratios of
the material stacking height to the reactor diameter were chosen as 3:2, 1.5:2, and 1:2.
The cumulative biogas production, cumulative methane production, and pH values were
compared when AD was conducted at different height-to-diameter ratios (H/D).

Figure 9 shows the cumulative biogas and methane production at different height-to-
diameter ratios. It can be seen that the biogas yield varied greatly with different H/D ratios.
When the H/D was 3:2, the cumulative biogas yield and methane yield were 407 mL/g VS
and 247 mL/g VS, 25% and 44% higher than the case of H/D of 1:2. Li et al. [43] studied the
performance of AD with different H/D ratios and found that the increase in the H/D was
beneficial to the formation of aerobic granular sludge and increased the size of granular
sludge. It indicated that the high degree of material stacking was beneficial to increase
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the processing capacity of the reactor and enhance the biogas production with hydraulic
stirring or mechanical stirring to promote mass transfer.
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Figure 9. Cumulative biogas and methane yield at different height to diameter ratios.

Figure 10 shows the variation of the methane content with the digestion time at
different H/D ratios. The methane content gradually increased to 65% on the 10th day and
then fluctuated around 70%. The methane content in the biogas of each experimental group
exhibited a similar growth pattern at different H/D ratios. The differences in the methane
content could be neglected with H/D ratios of 3:2, 1.5:2, and 1:2, indicating the material
stacking height had a minor effect on the methane content in the process of leachate reflux
to promote mass transfer.
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Table 3 shows the pH value, COD, and ammonia nitrogen concentration. When H/D
was 3:2, the COD value was 12,824 mg/L, which was much higher than those in the DAD
system with H/D ratios of 1.5:2 and 1:2. The ammonia nitrogen concentration and pH
values were the highest among the three experimental groups because microorganisms
continued to contact the low layer materials as the leachate percolated in the reactor with
an H/D of 3:2 and promoted the hydrolysis of the substrate and the acidogenic stage.
Hence, the intermediate product accumulated in the reaction system and led to the increase
in COD. With the deep hydrolysis of substrate, more ammonia nitrogen was released;
therefore, the AN in the system with an H/D of 3:2 was higher than that in other groups.
When the material stacking degree was high, the substrate was continuously hydrolyzed
to provide raw materials for the methanogenic process, and finally, a higher cumulative
biogas output was obtained, which indicated that a certain height of material stacking was
necessary for the DAD process, for example, at an H/D of 3:2.
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Table 3. Parameters reflecting system stability of DAD at different H/D.

H/D Cumulative Biogas Yield
(mL/g VS)

COD
(mg/L)

Ammonia Nitrogen
(mg/L) pH

3:2 407 ± 9 12,824 ± 107 733 ± 28 8.09 ± 0.08
1.5:2 371 ± 6 7615 ± 82 487 ± 5 7.92 ± 0.18
1:2 326 ± 18 8957 ± 64 592 ± 23 7.96 ± 0.11

The DAD process with H/D = 3:2 achieved higher biogas and methane production,
as well as higher COD and AN concentrations, than that with H/D ratios of 1.5:2 and 1:2,
probably due to the sedimentation path of the leachate in the material layers at different
heights as shown in Figure 11.
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When the H/D was 1:2 (Figure 11a), due to the low stacking height of the biomass
materials, a gas passage was formed in the biomass layer upon the escape of the generated
biogas, which provided a short passage for the leachate. After the leachate was sprayed on
the upper surface of the substrate, it gradually gathered, sank, and finally went down to the
bottom of the reactor directly along the gas path. The short passage in the material layer,
which caused the leachate to directly flow away through the gap between the particles,
resulted in an inhomogeneous mixing of microbials with intermediate products and solid
materials. Therefore, the hydrolysis, acidogenesis, and methanogenesis processes were
all affected. As a result, the incomplete hydrolysis of the substrate produced very little
intermediate products. As VFAs in the leachate were low, the concentration of AN was
correspondingly reduced, reducing the methane output. When the H/D was 3:2, the
relatively high material stacking height extended the sinking path of the leachate, which
increased the contact time between the leachate and biomass material. On the other hand,
Figure 11b shows the accumulation of biogas at the bottom of the digester and densely
packed due to the influence of gravity, and the newly generated biogas was trapped in the
packed material due to the insufficient pressure. When the gas in the gray area increased
to produce a certain pressure, it broke through the resistance of the material and escaped
upward. At the same time, the material was vibrated. Due to the gravity of the material,
even if a new gas passage was generated upon the escape of biogas, it would be compressed,
squeezed, and even completely blocked by the sinking material. This avoided the leachate
forming a short passage in the material layer. A long residence time was required for the
leachate to settle to the bottom of the reactor, which promoted the contact between the
microorganisms and the substrate and improved the hydrolysis and methane production
in DAD.

Methanogens can be affected by various environmental factors such as VFAs, pH
values, ammonia nitrogen, etc., and the activity of methanogens directly affects the biogas
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production and methane content. Therefore, to reveal the relationship between the micro-
bial community and system functions, it is of great significance to investigate the activity of
methanogenic bacteria under different operation conditions. It is obvious from Figure 12a,c
that the number of methanogenic bacteria colonies in the leachate was higher than that in
the biomass material layer. The fluorescence intensity of methanogens in the leachate was
high, bright, and clear. The image of the methanogens in the material layer was relatively
dim. Since the fluorescence observation utilized the coenzyme F420 in methanogens that
can emit fluorescence under a laser with a wavelength of 420 nm, this indicated that the
activity of methanogens in the leachate was higher than that in the biomass material layer.
Through the recirculation of leachate, the microorganisms and the substrate were effec-
tively mixed. The residence time of the leachate in the reactor with an H/D of 3:2 was long.
Compared with the reactor with a low material stacking height, the higher stacked material
enriched the methanogenic bacteria community in the biomass layer and improved the
activity of methanogens. Therefore, the reactor with an H/D ratio of 3:2 obtained a high
cumulative biogas production. Further amplifying to observe the methanogenic bacteria
in the leachate and the material layer, it can be seen from Figure 12b,d that there were a
large number of rod-shaped bacteria in the biomass layer, and the leachate was mainly
globular bacteria. Methanobacterium were usually hydrogen-trophic, and hydrogen was
often produced during the process of substrate hydrolysis and acid production. Therefore,
the material layer was more conducive to the growth of Methanobacterium. Zhu et al. [44]
detected Triceratops methanogens in an AD reactor and observed similar cocci in the FISH
(Fluorescence in situ Hybridization) graph as shown in Figure 12d. Mixing two different
types of methanogens through the recirculation of leachate can increase the abundance
and diversity of the bacterial flora in the substrate. The two types of bacteria consumed
the hydrolysate together, which was beneficial to the rapid and stable operation of the
methanogenesis stage.
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3.4. Comparison and Combination of Mechanical Mixing and Percolate Recirculation

According to the results shown above, when the mechanical stirring linear velocity
was 88 cm/s, the cumulative biogas production was 391 mL/g VS. With an H/D of 3:2,
the cumulative biogas production was 407 mL/g VS with percolate recirculation. The
biogas gas yield with percolate recirculation to enhancing mass transfer in DAD was higher
than that of mechanically agitated AD. Comparing Figures 5 and 10, it can be seen that
the methane content in the biogas was about 65% during mechanical stirring, while in
the percolate recirculation experiment, the methane content in the biogas was about 70%.
This revealed that the recirculation of leachate was beneficial to the production of methane.
The low methane content in mechanically agitated AD was probably because the shearing
force formed by mechanical stirring inevitably had a negative impact on the microbial
community [10]. By destructing the micro-environment surrounding the methanogens,
the methanogenesis performance was reduced in the mechanically stirred reactor. The
reflux of leachate could promote the contact of microorganisms with the substrate, and the
mild operation helped to maintain the activity of methanogens. Therefore, the methane
content in the reactor with the reflux of leachate was relatively high. However, the mass
transfer method of percolate recirculation presents several technical issues in engineering
applications. For example, the pipelines were extremely easy to block, and the amount of
leachate was small in DAD. The leachate dripping onto the surface of solid materials cannot
form a uniform spray. These all needed to be considered toward practical applications.

A DAD process was conducted combining the percolate recirculation and mechanical
stirring. The leachate was circulated once every 24 h. And the reactor was stirred once
between the circulation (i.e., at the 12th hour in the middle); each stirring lasting for 10 min,
with the liner velocity at 88 cm/s. The enhanced mixing strategy was compared with the
static reactor to investigate its effect on the performances of DAD. The cumulative biogas
yield and methane content are shown in Figure 13. The combination of mechanical stirring
and percolate recirculation significantly increased the cumulative biogas yield to 425 mL/g
VS, 28% higher than the static DAD process. This suggested that the combination of the
two mixing methods played a significant role in mass transfer. However, the methane
content in the static reactor was relatively higher than the other during the initial 20 days of
digestion. This may be because the mechanical stirring reduced the activity of methanogens,
resulting in a slight decrease in the performance of the reactor, which had recirculated the
leachate and stirred the material in the initial stage. From the 20th day to the 50th day,
the methane content in the static reactor had little difference compared with the reactor
(mixing and percolate recirculation), indicating that when the DAD entered the stable stage
of gas production, the side effects of stirring on methanogens were offset by the reflux of
leachate, so the methane content remained at a relatively high level.
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4. Conclusions

The impacts of mechanical stirring and percolate recirculation on the performances
of the DAD were investigated on the performances of the DAD with sorghum stalks as
the substrate in the batch process. When the stirring linear velocity was 88 cm/s, the
cumulative biogas yield and methane yield were the highest. During the start-up stage of
DAD, excessive stirring intensity affected the activity of methanogens, and the methane
content in the biogas decreased. While in the stable stage, a high intensity of stirring
promoted the biomass hydrolysis and increased the biogas production. The results of
percolate recirculation exhibited that higher cumulative biogas yield and methane yield
were obtained when the H/D ratio was 3:2, compared with H/D ratios of 1.5:2 and 1:2. By
combining the percolate recirculation with mechanical stirring, the cumulative biogas yield
was 28% higher than the static process. The combination of percolate recirculation and
mechanical stirring can not only solve the mass transfer problem but can also lead to high
biogas production, high reactor utilization, low wastewater output, and low post-treatment
costs, suggesting the great potential of DAD for biomass waste treatment.
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