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Abstract: The process instability of anaerobic digestion (AD) is a common issue and may result in
underperformance or short-term process failure. Extensive research has shown that total solids (TS)
content in AD has a significant impact on system stability and performance. However, no study
has examined the feasibility of stabilizing the AD process by maintaining constant TS content in
the digestate. In this study, an innovative control approach based on constant TS content in the
digestate during AD was developed using a mass balance equation. Two levels of TS content (desired
values of 4% wet basis (w.b.) and 6% w.b.) were compared with conventional control. The process
stability was examined by monitoring digestate components and pH. Substrate-specific methane
yield (m3 CH4/kg VS) was used to assess the effectiveness of the controlled conditions. The results
showed that the digestate TS content during AD can be controlled and that the digestion process
can be stabilized by controlled conditions. In addition, constant TS in the digestate (within 1%
w.b. of the desired level) gave increased levels of biogas production (10.2%), methane (13.5%), and
substrate-specific methane yield (43.3%) at 4% TS, and respective increases of 16.6%, 21.2%, and
20.8% at 6% TS when compared with standard operation.

Keywords: anaerobic digestion; solid content; biogas; mass balance; specific methane yield

1. Introduction

With the development of global industrialization and urbanization, the output of
municipal solid waste (MSW) is increasing at an alarming rate. According to World Bank
statistics, the world generates 2.01 billion tons of MSW in 2016, which is expected to grow
to 3.40 billion tons by the year 2050 [1]. The two major components of MSW are food waste
(FW, 44%) and paper waste (PW, 17%) [2]. Considering the negative environmental impacts
of landfilling and incineration of MSW [3], sustainable management of MSW is becoming
an imminent global issue.

Anaerobic digestion (AD) is the process by which various microorganisms decompose
organic matter in the absence of oxygen to produce biogas, which is primarily composed
of methane and carbon dioxide and may have small amounts of hydrogen sulfide, and
siloxanes [4]. AD has received increased attention in recent years because it is widely used
on a global scale and can simultaneously achieve waste treatment and energy recovery [5].
It is estimated that 40–45% of MSW is organic matter that can be valorized by AD [6].
Unlike the use of coal and natural gas, AD using MSW as a raw material would be a
sustainable process that decreases the environmental burden of waste and allows energy
to be recovered. However, because of the sensitivity of microorganisms to changes in
environmental conditions, such as pH and temperature, underperformance and short-term
failures caused by process instability are common issues in AD.
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Volatile fatty acids (VFAs) include fatty acids having six or fewer carbon atoms, with
representative substances including acetic acid, propionic acid, and butyric acid. During
the AD process, VFAs are important intermediate products of methane production. One
common system instability in the AD of FW is caused by the rapid conversion of easily
degradable components in food waste to VFAs at an early stage of the digestion process,
resulting in a decrease in pH and leading to reactor failure [7,8]. As a result, AD of FW
often must be performed at a low organic loading rate (OLR) of 2–3 to prevent process
failure [9].

Based on such a background, one of the major topics to be investigated in this field is
the stability of the digestion process. Co-digestion, which is the simultaneous digestion of
two or more substrates [10], exhibits better efficiency than mono-digestion because it offers
an enhanced balance of nutrients and benefits from the synergistic effect of microorganisms.
Therefore, co-digestion is widely considered as a good way to optimize the AD process [11].
There are many reports on the successful performance of co-digestion of FW with different
substrates [12,13]. Furthermore, the addition of micronutrients and the use of multi-stage
systems are gaining increased attention as methods to improve the stability and perfor-
mance of AD [14–18]. Other emerging approaches include the application of microbial
electrochemical systems and conductive additives within AD to enhance electric syntropy
between bacteria and methanogens [19]. Microbial electrolysis cells (MECs) can provide
various benefits over conventional AD. Such as enhanced VFA and recalcitrant organics
degradation [20,21] thereby improved the stability and performance of AD. In addition to
the enhanced degradation efficiencies and biogas production, conductive additives also
reduce the accumulation of inhibitors, representing a high potential to improve stability
in AD [20]. However, most of the related research on these approaches is still on the
batch-type operation and regarding techno-economic challenges. Therefore, developing a
more practical approach can have a considerable impact in this field.

It is widely reported that total solids (TS) content in AD has a significant impact on
system stability and performance. Most of the theories of TS content in AD systems are,
however, focused on explaining the mechanism. For example, decreased mass transfer at
high TS content is considered to reduce the accessibility of microbes to the substrate [22], the
AD metabolic pathway may change with TS content [23], and diffusion limitation at high
TS content causes sugar accumulation and inhibits the hydrolysis of substrates [24], while
reduced water availability to microbes at high TS content reduces microbial activity [25].

The aim of this study was therefore to develop a new approach to maintain constant
digestate TS during AD using a mass balance equation and examine the feasibility of
stabilizing the AD process by maintaining constant TS content in the digestate. AD
using FW and PW was carried out under thermophilic conditions (53 ± 2 ◦C) in a semi-
continuous-type reactor with a working volume of 235 L. The adjustment of digestate
TS content was applied by adding tap water, and two levels of controlled conditions
(desired values of 4% w.b. and 6% w.b.) were compared with conventional control over an
experimental period of 64 days.

2. Materials and Methods
2.1. Raw Materials

The characteristics of the raw materials used in this study are shown in Table 1. The
initial inoculum was obtained from a biogas plant operated by the Hokkaido University
farm at mesophilic conditions treating livestock manure. Food waste collected from the
Hokkaido University central restaurant was ground using a food processor (Conair Japan
G.K., Tokyo, Japan). Paper waste produced from the laboratory was shredded to give
pieces measuring around 4 × 40 mm.
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Table 1. Characteristics of the raw materials used in the study (FW = food waste, PW = paper waste, TS = total solid content,
VS = volatile solid content, VFA = volatile fatty acid content, TAN = total ammonia nitrogen content, FA= free ammonia,
C = carbon content, N = nitrogen content, w.b. = wet basis, d.b. = dry basis, nd = not determined).

TS (%w.b.) VS (%w.b.) VFA (mg/L) TAN (mg/L) C (%d.b.) N (%d.b.)

Inoculum 3.53 ± 0.03 2.51 ± 0.04 2.22 × 103 ± 64.1 12.1 × 103 ± 60.1 nd nd
FW 19.7 ± 0.17 17.5 ± 0.16 nd nd 30.0 3.00
PW 94.9 ± 0.05 82.0 ± 0.05 nd nd 38.4 0.00

2.2. Experimental Set-up

The AD experiment was carried out in thermophilic conditions (53 ± 2 ◦C) using a
semi-continuous, horizontal cylindrical reactor with a mechanical mixer (235 L working
volume) developed by our university [5] for 64 days. The organic loading rate (see Equation
(1)) and C/N ratio (Equation (2)) are key operating factors in anaerobic digestion. In this
study, the C/N ratio (Equation (2)) was 40 (to minimize ammonia production) [26], and
three levels of OLR were used. The amount of raw material added was calculated using
Equations (1) and (2). The flow chart illustrating the AD process is shown in Figure 1. The
reactor was equipped with a side port for material charging, a top port for gas collection,
and a bottom port for digestate sampling. Pre-treated raw materials were added four
times each week (on Monday, Tuesday, Thursday, and Friday). To obtain a homogeneous
mixture in the system, the mixing time of the mechanical mixer was set to 10 min with a
20 min rest interval. Anaerobic conditions were maintained by supplying nitrogen gas
to the reactor after material was added. Generated biogas was collected in a gas bag for
desulfurization before further utilization, and digestates were collected for component and
stability analyses.

OLR =
Volatile solids in feedstock(kg)

Volume (L digester)× Residence time (d)
(1)

C/N =
Carbon content of feedstock (kg)

Nitrogen content of feedstock (kg)
(2)
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Figure 1. Anaerobic digestion process flow chart.

The entire experiment was divided into four phases. Phase 1 (weeks 1–4) was the
period when the steady condition (TS content of 4% w.b.) was adopted, and the OLR was
gradually increased from 1 to 3. The effects of the steady conditions were assessed. Phase 2
(weeks 5, 6) acted as the control condition, corresponding to the period without steady TS
control, and the OLR was fixed to 3. Raw material was added without adding tap water
in week 5, and liquid fraction from the disposed digestate was then added instead of raw
material in week 6. Phase 3 (week 7) was the period without feeding, designed to stabilize
the digestate solids content and VFA concentration under the influence of raw material
charging in the previous week. The constant condition (6% w.b.) was adopted again in
Phase 4 (weeks 8, 9) with a fixed OLR of 3 to further assess the effectiveness of the stable
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conditions. The materials charging plan and operating factors of this study are shown in
Figure 2.
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Figure 2. Materials charging plan and operating factors of this study.

2.3. Constant Condition Derivation of Digestate TS Content

The adjustment of digestate TS content was applied by adding tap water. The mass of
tap water to be added was calculated according to the mass balance of the AD system. The
solids content km of digestate during the AD process is expressed by the following expres-
sion:

km =
m1s

m1
=

m0s + fs + ps − bs − ds

m0 + f + p + w− b− d
(3)

where m1s is the mass of TS in the digestate during the AD process (kg), m1 is the mass of
digestate (kg), m0s is the mass of TS in the inoculum (kg), m0 is the mass of inoculum (kg),
f s is the mass of TS in FW (kg), f is the mass of FW (kg), ps is the mass of TS in PW (kg), p is
the mass of PW (kg), w is the mass of tap water to be added (kg), bs is the generated biogas
derived from TS (kg), b is the generated biogas (kg), ds the mass of TS in disposed digestate
(kg), and d is the mass of disposed digestate (kg).

When the solids content k of each raw material is substituted into Equation (3) and
expanded, the following formula applies:

km(m0 + f + p + w− b− d) = kmm0 + kf f + kp p− kbb− kmd (4)

where kf is the TS content (% w.b.) of FW, kp is the TS content (% w.b.) of PW, and kb is
the ratio of the amount of biogas derived from TS to the amount of generated biogas. The
TS content of digestate mainly depends on the initial TS content of the raw material [27].
The mass of total solids in each raw material added was determined, and the TS in PW
accounted for 70.2% of the TS in added raw materials. Previous research has established
that paper waste mainly consists of cellulose fiber [28,29].To simplify the calculation, it
was assumed that the TS of the input raw material was carbohydrates. This allowed the
reaction in which the input raw material was decomposed to generate methane gas to be
expressed as:

n(C6H10O5) + nH2O→ 3nCH4 + 3nCO2 (5)

It was considered that the reaction between the added raw material and water caused
a reaction in which methane and carbon dioxide were generated. With respective mo-
lar masses of carbohydrate and water of 162 and 18, the mass ratio from this chemical
reaction was:

bs : bw = 162n : 18n = 9 : 1 (6)

kb =
bs

bs + bw
= 0.90 (7)
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Furthermore, by introducing the mass reduction rate α shown in Equation (8) and rear-
ranging the equation, the mass of tap water added (w) can be obtained from Equation (9):

α =
b

f + p
(8)

Here, f and p are the actual masses of FW and PW to be added to the reactor. However,
it is necessary to derive estimated values for the mass reduction rate. The estimated value
of the mass reduction rate was obtained by performing linear regression analysis from the
previous work (data from 10 April to 19 June 2017) carried out under thermophilic condi-
tions to treating FW and PW [5]. The mass reduction rate was calculated by performing
a linear regression analysis with the organic matter load on the horizontal axis and the
weight loss rate on the vertical axis. The result is shown in Figure 3.

w =
1

km

(
(kf − (1− α)km − αkb) f +

(
kp − (1− α)km − αkb

)
p
)

(9)
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previous data.

For the solids content of FW and PW, the value of the TS content was actually measured.
The TS content of the digestate was initially calculated assuming a level of 5% w.b., and after
the experiment was started, the value was then changed according to the measured value
of the digestate sample. Therefore, the following values were obtained by summarizing
the concentrations of each solids content.

kf = 0.20
kp = 0.95
kb = 0.90
km = 0.05

(10)

2.4. Analytical Methods

The biogas production rate was determined using a wet gas meter (Shinagawa Corp.,
Tokyo, Japan) and recorded using a HIOKI LR5000 data logger (HIOKI E.E. Corp., Nagano,
Japan). The biogas composition was determined using a Geotech BIOGAS 5000 gas monitor
(QED Environmental Systems, Dexter, MI, USA) focusing on the methane and carbon
dioxide concentrations. The amount of biogas generated was determined every 12 h, and
the methane ratio in the biogas was determined twice each day (10:00 and 14:00) to calculate
the amount of methane generated.

The digestion process was assessed by measuring the digestate components twice (on
Monday and Thursday) each week using a BUCHI Distillation Unit Type B-323 (BUCHI
Corp., Tokyo, Japan) with a titration method, focusing on the VFA, total ammonia ni-
trogen (TAN), and free ammonia (FA) contents. FA concentration was calculated using
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Equation (11), where [NH3] is the free ammonia concentration, and Kb the dissociation
constant (34.4 × 10−10 at 52 ◦C).

[NH3] =
[TAN]

1 + [H+]
Kb

(11)

Total solid (TS) and volatile solids (VS) were determined by drying wet samples at
105 ◦C for 24 h, followed by incineration at 600 ◦C for 3 h. The pH of each sample was
determined with a pH meter. Each measurement was made in triplicate, and the mean
result was calculated. The substrate-specific methane yield (SMY) indicated the amount of
methane generated per unit of volatile solids added using Equation (12) and was used to
assess the effectiveness.

SMY =
Methane gas yield

(
m3)

Volatile solids of added feedstock (kg)
(12)

3. Results and Discussion
3.1. Cumulative Biogas Production and Methane Concentration

The weekly cumulative biogas production and methane concentration of each phase
are shown in Figure 4. Generated biogas was not completely measured in the first 2 weeks
because of equipment failure. The cumulative biogas production of week 3 (Phase 1) was
2.62 n-m3, which was almost the same as the amount generated in weeks 5 and 6 in Phase
2. In weeks 4, 8, and 9, the amount of gas generated ranged from 2.91 to 3.24 n-m3. The
amount of biogas generated in week 7 when no raw material was added was about 1.5 n-m3,
which was much less than the other phases in which measurement was possible. Except
for the period when the raw materials were not added in week 7, when comparing the
phase that adopted constant conditions (Phases 1 and 4) and the phase that was performed
under conventional conditions (Phase 2), the biogas production and methane concentration
were increased by 10.2% and 13.5%, respectively, in Phase 1, and by 16.6% and 21.2%,
respectively, in Phase 4. These results suggest that maintaining constant TS content in the
digestate during the AD process can improve the digestion efficiency and the amount of
biogas produced. It seems possible that these results are due to the addition of tap water,
which aids in the diffusion of substrates to bacterial sites and microbial metabolism and
allowed greater participation of microorganisms in methane production, thus increasing
the volume of biogas [24,30].

Processes 2021, 9, x FOR PEER REVIEW 7 of 11 
 

 

 

Figure 4. Weekly cumulative biogas production and methane concentration. 

3.2. Anaerobic Digestion of Liquid Fraction 

3.2.1. TS Content of Digestate during AD 

The results of TS content of digestate during the AD process are shown in Figure 5. 

For the phases adopting constant conditions (Phases 1 and 4), the TS content tended to be 

in the range of 3.0–4.0% w.b. and 6.0–7.0% w.b., respectively. In Phase 2 (conventional 

method), TS content was increased and ranged from 3.7 to 6.2% w.b. The TS content de-

creased in Phase 3 without feeding. These results suggest that when adopting the con-

trolled constant condition, TS content during AD was able to be maintained within 1.0% 

w.b. of the desired level, indicating TS content during AD can be controlled by adopting 

the control condition newly introduced in this study. 

 

Figure 5. Total solids (TS) content of digestate during anaerobic digestion process. 

3.2.2. VFA, TAN Concentration, and pH 

The results of VFA, pH, TAN, and FA contents of the digestate during the AD process 

are shown in Figure 6. The VFA concentration during the AD process remained below 

3000 mg/L in Phase 1, and it increased sharply up to 5600 mg/L from the latter half of 

Phase 2 when liquid fraction of disposed digestate was added. VFA then started to de-

crease in Phase 3 without feeding. The VFA concentration increased again from week 8 

(Phase 4) when feeding resumed, and the upward trend continued until the end of the 

experimental period. 

1 2 3 4 5 6 7 8 9

0

1

2

3

4

Week NO.

C
u

m
u

la
ti

v
e 

b
io

g
as

p
ro

d
u

ct
io

n
 (

n
-m

3
)

CH4(n-m
3
)

CO2(n-m
3
)

Others (n-m
3
)

Phase 1 Phase 2

Phase 3

Phase 4

1 8 15 22 29 36 43 50 57 64

2

3

4

5

6

7

8

Residence time (d)

T
o

ta
l 

so
li

d
s 

(%
w

.b
.)

Phase 1 Phase 4Phase 2

Phase 3

Figure 4. Weekly cumulative biogas production and methane concentration.



Processes 2021, 9, 197 7 of 11

3.2. Anaerobic Digestion of Liquid Fraction
3.2.1. TS Content of Digestate during AD

The results of TS content of digestate during the AD process are shown in Figure 5. For
the phases adopting constant conditions (Phases 1 and 4), the TS content tended to be in the
range of 3.0–4.0% w.b. and 6.0–7.0% w.b., respectively. In Phase 2 (conventional method),
TS content was increased and ranged from 3.7 to 6.2% w.b. The TS content decreased in
Phase 3 without feeding. These results suggest that when adopting the controlled constant
condition, TS content during AD was able to be maintained within 1.0% w.b. of the desired
level, indicating TS content during AD can be controlled by adopting the control condition
newly introduced in this study.
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Figure 5. Total solids (TS) content of digestate during anaerobic digestion process.

3.2.2. VFA, TAN Concentration, and pH

The results of VFA, pH, TAN, and FA contents of the digestate during the AD process
are shown in Figure 6. The VFA concentration during the AD process remained below
3000 mg/L in Phase 1, and it increased sharply up to 5600 mg/L from the latter half
of Phase 2 when liquid fraction of disposed digestate was added. VFA then started to
decrease in Phase 3 without feeding. The VFA concentration increased again from week
8 (Phase 4) when feeding resumed, and the upward trend continued until the end of the
experimental period.
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It is well known that VFAs are intermediate products of methane production during
the AD process. Assessment of VFAs along with biogas production and methane concen-
tration showed that VFA accumulation occurred in Phase 2, and larger amounts of volatile



Processes 2021, 9, 197 8 of 11

fatty acids were produced in the initial hydrolysis phase during anaerobic digestion when
conventional conditions were performed. This was shown by a strong increase in the
volatile fatty acid concentration in Phase 2, which caused an imbalance in the process.
Similar conclusions were drawn in previous studies [31–34]. In Phase 4, although a huge
increase in VFA concentration was observed, the yields of biogas and methane remained
high. Therefore, we considered that water addition caused greater distribution of VFAs,
and assisted in the diffusion of VFAs (particularly acetic acid) to the microbial cells [6].

The TAN concentration showed a gradual upward trend; however, no significant
fluctuation was observed until the end of the experiment. Because TAN is produced by the
biological decomposition of proteins and amino acids in the input material, it is affected by
the nitrogen concentration in the input material [26]. In this study, the C/N ratio in the
input raw material was set to 40, which is the optimum value for methane fermentation,
and this is considered to be the reason that the large fluctuation of TAN concentration
was suppressed.

FA concentration fluctuated more than TAN concentration. This was because the
concentration of FA was obtained by substituting the TAN concentration and pH into the
chemical equilibrium equation for ammonia, which is affected by fluctuations in pH. A
literature study [26] suggested that when the FA concentration exceeds 500 mg/L, the
amount of generated gas decreases. In this study, the FA concentration did not exceed
500 mg/L, and it is considered that the inhibition by ammonia was suppressed.

The pH ranged between 7.4 and 8.2 throughout the process, which is within the range
required for a well-operated AD system. This suggests that the microorganisms of the AD
system were not disturbed by changes in pH in this study. Values were obtained from
day 8 to 25 (phase 1) and day 45 to 46 (phase 3), varying between 8.0 to 8.2 and 7.9 to 8.2,
respectively. A possible explanation for this might be that, in order to maintain the TS
within the desired level (4% w.b.), relatively few raw materials were fed in phase 1, which
resulted in fewer nutrients being converted into VFA, and a higher pH was then obtained.
Similarly, phase 3 was the period without feeding, the increased pH was observed with
decreased VFA production.

These results suggest that a stable AD process was achieved by adopting steady con-
ditions. Considering the imbalance of the digestion process that occurred under standard
operation (phase 2), we considered that maintaining constant TS content in the digestate by
adding tap water may not only aid in the bacterial movement and diffusion of substrates
to bacterial sites but also aid the balance between VFA production and the conversion of
acids to methane gas [30,35].

3.3. Mass Reduction Rate and SMY

Weekly SMY and mass reduction rate in AD process are shown in Figure 7. The
biogas generated in the first 2 weeks of Phase 1 was not completely measured because
of equipment failure. Therefore, the results from weeks 3 and 4 in Phase 1 were further
analyzed. Similar to the response of generated biogas, in the phases (Phases 1 and 4)
adopting stable conditions, the mass reduction rate and SMY were greater than those
for the phase performed under conventional conditions (Phase 2). Phase 1 showed an
increase in mass reduction rate of 30.5% and a 43.3% increase in SMY when compared with
Phase 2, while Phase 4 showed respective increases of 10.9% and 20.8%. It can thus be
suggested that maintaining constant digestate TS during AD by adding tap water using
a mass balance equation caused the greater distribution of VFAs and aided the balance
between VFA production and the conversion of acids to methane gas, thereby, improving
the digestion activity and waste treatment capacity of the AD system compared to the
standard operation.
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4. Conclusions

AD using FW and PW was carried out under thermophilic conditions in a semi-
continuous-type reactor to examine the feasibility of stabilizing the AD process by main-
taining constant TS content in the digestate. Two levels of controlled conditions (desired
values of 4% w.b. and 6% w.b.) were compared with conventional control over an experi-
mental period of 64 days. The results identified that by applying stable digestate conditions
newly developed using a mass balance equation during the AD process, the TS content
of the digestate was maintained within 1% w.b. of the desired level. Considering the
increase of digestate TS and the system imbalance caused by VFA accumulation during the
conventional control phase, it was apparent that the digestate TS content during AD can be
controlled and the digestion process can be stabilized by adopting steady conditions. In
addition, the biogas production and methane concentration were increased over the levels
for conventional control by 10.2% and 13.5%, respectively, with steady control in Phase 1,
and by 16.6% and 21.2%, respectively, when using steady control in Phase 4. Therefore, we
consider that AD performance can be improved by controlling the digestate TS to a steady
level during AD. This study, for the first time, examined the feasibility of stabilizing the AD
process by maintaining constant TS content in the digestate, which has provided a breath
of fresh air into this field. In future work, considerably more work will need to be done to
determine the behavior of microbial communities when adopting steady conditions.
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