
Citation: Dinh, P.V.; Fujiwara, T.

Biogas Production and Energy

Balance in a Two-Stage Anaerobic

Digestion of Fruit and Vegetable

Waste: Thermophilic versus

Mesophilic. Fermentation 2023, 9, 601.

https://doi.org/10.3390/

fermentation9070601

Academic Editor: Yutuo Wei

Received: 28 May 2023

Revised: 19 June 2023

Accepted: 21 June 2023

Published: 27 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Biogas Production and Energy Balance in a Two-Stage
Anaerobic Digestion of Fruit and Vegetable Waste:
Thermophilic versus Mesophilic
Pham Van Dinh 1,* and Takeshi Fujiwara 2

1 Department of Environmental Technology and Management, Hanoi University of Civil Engineering,
55 Giai Phong Road, Hanoi City 11616, Vietnam

2 Department of Environmental Science and Technology, Graduate School of Environmental and Life Science,
Okayama University, 3-1-1 Tsushima, Kita, Okayama 7008530, Japan

* Correspondence: dinhpv@huce.edu.vn or dinh88.nuce@gmail.com; Tel.: +84-782328999

Abstract: This study aimed to investigate biogas production and energy balance in a two-stage
anaerobic digestion system of fruit/vegetable waste under thermophilic and mesophilic conditions.
Firstly, the feedstock was hydrolyzed and acidified in an acidic reactor at 37 ◦C with a retention
time of 5 d. Then, the liquid hydrolysate was collected and pumped into an up-flow methane
reactor under a mesophilic temperature with a retention time of 5 d and a thermophilic condition
with a retention time of 3 d. The experimental results showed that in the thermophilic methane
reactor, the COD removal, biogas yield, and methane concentration were 96.3%, 492 mL/g-VS, and
70.4%, respectively. These values were 3%, 10%, and 3% higher, respectively, than those obtained
in the mesophilic methane reactor. In terms of energy, the mesophilic and thermophilic methane
reactors consumed the same thermal energy demand for temperature control. They were much
lower than the heat values produced by the power engine. The two-stage anaerobic digestion system
using a thermophilic methane reactor obtained a gross energy of 11.20 kJ/g-VS and a net energy of
9.83 kJ/g-VS. These values were 13.2% and 14.8% higher, respectively, than those obtained by the
system with a mesophilic condition. Moreover, the use of a thermophilic reactor helped reduce the
reactor volume by 40%, leading to significant investment cost savings.

Keywords: energy balance; mesophilic; thermophilic; two-stage anaerobic digestion; vegetable waste

1. Introduction

An enormous amount of fruit and vegetable waste (FVW) is generated every year
around the world, which causes great health and environmental concerns [1,2]. It is often
discarded at landfill sites. Due to its high biodegradability, this kind of waste inevitably
causes natural degradation, impacting the environment and human health by causing odor
pollution, greenhouse gas emissions, groundwater pollution, surface water pollution, and
disease spread [3]. Most studies have shown that anaerobic digestion (AD) is considered the
best solution for handling the biodegradable fraction of solid waste, including FVW [2,4].
This technology has several unique advantages compared to others, including low energy
consumption, a low sludge residue volume, a high organic load, and residual products
that can be utilized as bio-fertilizer. It especially brings benefits to energy recovery and
greenhouse gas emission control [1,2,5]. Anaerobic digestion is not a new technology but is
still being studied further to make it more perfect.

One of the most popular and simplest techniques is single-stage anaerobic digestion
(SAD), which is designed to perform all digestion steps (hydrolysis/acidogenesis, acetoge-
nesis, and methanogenesis) in one reactor. It is widely applied to deal with biodegradable
municipal solid waste (BMSW). Compared to BMSW, FVW has many distinctive char-
acteristics, including a very high moisture content (>90%) and a high organic content
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(VS = 80–90% TS) with carbohydrates as the main components (74–97% VS) [1,6]. These
substances are rapidly hydrolyzed and acidified to volatile fatty acids (VFAs) during the
anaerobic digestion process, leading to a sharp decrease in the pH of the substrate. Mean-
while, methane-fermenting anaerobes are inhibited under low pH conditions (inhibited at
pH < 6.2) or when exposed to VFAs at high concentrations (inhibited at VFAs > 4 g/L) [1,4,7].
Thus, it is much more difficult to produce methane with FVW in the SAD system. In fact,
single-stage anaerobic digestion of FVW can rarely occur at high organic loading rates
(OLR). Babæe and Shayegan [8] studied the effect of OLR (1.4–2.7 kg-VS/m3/d) on methane
production from SAD of FVW, and they suggested an OLR of 1.4 kg-VS/m3/d as a criteria.
Ji et al. [1] reviewed a series of FVW digestions and showed that applying SAD was often
successfully at an OLR below 3 kg-VS/m3/d. Wang et al. [9] performed SAD of FVW at
both the lab scale and pilot scale. The authors showed that the SAD system only ran well
with maximum OLR of 3.5 kg-VS/m3/d. To solve the problem mentioned above, many
studies suggested the solution of co-digestion, which means mixing FVW and other sub-
strates such as diary manure [10], horse manure [11], food waste [12], household garbage,
agricultural wastes, and sludge [1]. The purpose of co-digestion is to achieve a balance of
nutritional and pH conditions in a methane reactor [1]. However, Hegde and Trabold [13]
reported that conducting co-digestion helped increase the performance of SAD, but the
system could not be stable at an OLR above 4 kg-VS/m3/d. Shen et al. [12] also found that
the efficiency of the SAD system for co-digestion of FVW and food waste was significantly
reduced when the OLR was higher than 3.5 kg-VS/m3/d. Therefore, some studies pro-
posed to use the two-stage anaerobic digestion (TAD) technique for degrading FVW. The
TAD separates acidogenesis and methane fermentation in two different reactors. As a result,
the process will be more stable and more productive. In fact, compared to SAD, TAD can
not only operate at higher loads but also provides many advantages, including the biogas
quality, the biogas quantity, the kinetic rate constant, flexibility, and stability [2,4,5,12,14].
Although TAD systems are often to be operated at mesophilic temperatures, recent studies
have found that performing TAD with a thermophilic methane reactor (T-MR) can provide
many benefits such as a higher methane yield, higher solid destruction, a higher OLR, and
a lower RT [15–17]. However, these studies were performed with feedstock of BMSW or
food waste, so the use of FVW is still limited in the literature.

Therefore, this study aimed to evaluate the use of a TAD system to deal with FVW
under thermophilic conditions. In addition, a comparative assessment analysis between
a T-MR and a mesophilic methane reactor (M-MR) based on the biogas quality, biogas
quantity, and energy balance were also carried out.

2. Materials and Methods
2.1. Chemical Analysis

According to the guideline for standard methods [18], the measurements of total solid
(TS) and volatile solid (VS) of samples were conducted at 105 ◦C and 350 ◦C, respectively.
The pH condition was detected with a pH meter (Total Meter—Taiwan); the carbon (C)
content of the FVW was measured directly by using an SSM-500 module [19]; the nitrogen
(N) content of the FVW was extracted and converted to a soluble solution in accordance
with EPA method 1687 and then was analyzed with a TN module. Both the SSM-500 and
TN modules were attached to a TOC-Vcph analyzer (Shimadzu—Japan); the chemical
oxygen demand (COD) and soluble COD (SCOD) of the liquid samples were measured
with a spectrophotometer (DR890, HACH—USA) in which SCOD was performed after
being filtered (0.45 µm).

The biogas composition was determined with a gas chromatograph (GC-2014,
Shimadzu—Japan) equipped with a conductivity detector and a packed column (Shin-
carbon ST 60/80). Operation: Injection temperature 250 ◦C; carrier gas He, 40 mL/min;
detector temperature 200 ◦C; column temperature program rate 40~200 ◦C (10 ◦C/min).

The VFA components were analyzed with a GC-2014 (Shimadzu, Japan) equipped
with a flame ionization detector and a capillary column. Samples were centrifuged for



Fermentation 2023, 9, 601 3 of 11

15 min at 8000 rpm. The supernatant was collected and then combined in a 1:1 ratio with
TCA 10%. To ensure the protein precipitation reactions, the mixture was placed in the ice
for a full hour. After that, it was centrifuged at 4 ◦C and 8000 rpm for another 10 min to
completely remove all suspended materials. One µL of the supernatant was collected to
determine VFA components by GC-2014.

2.2. Fruit and Vegetable Waste

The FVW was collected in a traditional market near the campus. After that, it was
cut into even pieces of less than 5 mm and blended into a slurry mixture with a blender.
The mixture was stored in the conditions of 0–4 ◦C to prevent degradation. Characteristics
of the FVW were determined (see Section 2.1) and are presented in Table 1. Among these
parameters, the C/N ratio is a relative measure of the nutritional balance in the feedstock [7].
When the C/N ratio of the substrate is too high, the substrate will be deficient in nitrogen,
which is needed for the growth of the microorganism. If the C/N ratio is too low, the
degradation of the feedstock releases a high concentration of free ammonia formation, and
this is toxic to the anaerobes [7,20]. In general, the optimal C/N ratio is recommended to
be between 15 and 30 [1,4,21,22]. To obtain the optimal C/N ratio, a co-digestion method
has been proposed [1,7,10]. However, the C/N of the FVW in this study was in the optimal
range, so it was not necessary to mix the FVW with another substrate.

Table 1. Characteristics of the Feedstock (n = 3).

Characteristics Average

TS (%) 8.33 ± 0.58
VS (%TS) 91.87 ± 1.12
C (%TS) 44.81 ± 0.53
N (%TS) 2.54 ± 0.01

C/N 17.64 ± 0.19

2.3. Experimental Model and Operation

The two-stage anaerobic digestion system shown in Figure 1 included one acidogenic
reactor (AR) and one methanogenic reactor (MR). A review of TAD systems by Dinh
et al. [4] showed that the acidogenesis of biodegradable solid waste under mesophilic
conditions was successfully performed with a retention time (RT) in the range of 2–5 days.
For safety priority, this study also operated the AR at 35–37 ◦C with a five-day RT. The
AR was a continuous stirred tank. The MR was an up-flow reactor with an anaerobic
organism layer at the bottom. The MR could be maintained at a mesophilic temperature
(35 ◦C) or a thermophilic condition (55 ◦C) with a hot water jacket equipped with a
temperature controller. The MR was operated with a food-to-microorganism ratio (F/M) of
0.8 g-COD/g-VS.d−1, which was referenced from a study by Shin et al. [23].

After being acidified in the AR at pH 6.5, the substrate was diluted with water to a
1:1 ratio and then passed through a 1 mm filter to remove particles. Afterward, the liquid
was pumped into the MR for the methane-forming process, in which the retention time for
the mesophilic and thermophilic conditions was 5 d and 3 d, respectively.
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Figure 1. Diagram of the experimental system.

2.4. Energy Balance Modeling

Energy calculations of the TAD fed with FVW were conducted to compare the benefits
between the mesophilic and thermophilic conditions and also evaluate their scalability. In
order to make such assessments, the capacity of TADs should be scaled up to a real plant.
According to previous studies [17,24], a scale-up system was considered for a mass flow
rate of 100 m3/d. To apply for an AR with an RT of 5 d, the parameters for the scale-up
were a volume of 500 m3, a diameter of 8 m, and a height of 5.5 m. The volume of 500 m3 of
the M-MR (RT of 5 d) was divided into two reactors with a 5 m diameter and a 26 m height;
the height-to-diameter ratio of the up-flow reactor followed López and Borzacconi [25].
For the T-MR (RT of 3 d), the volume, diameter, and height were 300 m3, 6 m, and 22 m,
respectively. It was assumed that the biogas yield, biogas quality, and VS removal of the
scaled-up reactors were the same as those obtained in the test. The energy calculation
included the input, output, and energy recovery, in which the input energy was divided
into the electricity and heat demands (as shown in Figure 2).
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The feedstock is first ground using a shredding machine, and it was then fermented
for five days with agitation in a warm fermentative reactor. The hydrolysate is then put
through a screw press to remove the solids. The collected liquid hydrolysate is pumped
with a retention time to the methane tank. The combined heat and power equipment uses
the biogas produced by the methane tank to generate both heat and electricity. Other system
components are kept functioning in part by the electricity and heat collected. The output
energy of the system was calculated from the biogas yield and methane concentration
according to Equation (1):

Eo = PBiogas. ξ.ηm. (1)

where Eo: output energy (kJ/g-VS); PBiogas: biogas yield (m3-biogas/g-VS); ξ: the lower
heating value of the biogas (kJ/m3-Biogas) (this value varies with methane concentration
in biogas [26]); and ηm: energy conversion factor of methane (0.9).

The input electricity demand (including shredding (ESh), mixing (Em), screw pressing
(ESP), and pumping (EP)) was estimated using Equations (2)–(6) [17,27,28]:

ESh =
17.91 × U × Xo

−0.9 × 3600
VS

(2)

Em =
V.ωm

Q.VS
=

RT.ωm

VS

(
kJ
g
− VS

)
(3)

ESP =
3600.ωSP

VS

(
KJ
g

− VS
)

(4)

EP =
θ

VS

(
KJ
g

− VS
)

(5)

where Xo: size of the solid waste (cm); U = 0.5: soft coefficient of FVW; and VS: volatile
solids content (g/ton of waste). In the SAD, the maximum Xo could be set at a large
particle; for example, 3 cm for the Valorga system, 5 cm for the Kompogas system, and
4 cm for the Dranco system [4]. However, for wet TAD systems, the raw material should
be shredded to less than 1.5 cm to accelerate the hydrolysis process [4]; therefore, we set
Xo = 1.5 cm; V (m3): the volume of the hydrolytic reactor; Q (ton/d): the flow of waste; RT
(day): the retention time in the reactor; ωSP: the electricity consumption for drying with
the screw press (1.1 kW·h/ton of waste) [28]; ωm: the electricity consumption for mixing
(300 kJ/m3

reactor.d); and θ: the electricity consumption for pumping (1800 kJ/m3) [17].
The input heat demand included heat energy to increase the influent temperature to

the digestion temperature for the hydrolytic reactor Eh,a (kJ/g-VS) and methane reactor Eh,m
(kJ/g-VS) as well as the input heat for compensating for the heat losses for the hydrolytic
reactor Ehl,a (kJ/g-VS) and methane reactor Ehl,m (kJ/g-VS):

Eh,a =
ρ.Q.γ(Ta − Ti)

Q.VS
(KJ/g − VS) (6)

Eh,m =
ρ.Q.γ(Tm − Ta)

Q.VS

(
KJ
g

− VS
)

(7)

Ehl,a =

(
Awa(Ta − Tair)kw + A f a(Ta − Te)k f + Asa(Ta − Tair)ks

)
Q.VS

(8)

Ehl,m =

(
Awm(Tm − Tair)kw + A f m(Tm − Te)k f + Asm(Tm − Tair)ks

)
Q.VS

(9)

where Awa is the wall area of the AR, Afa stands for the floor area, and Asa stands for
the surface area of the same reactor; Awm is understood as the wall area, Afm as the floor
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area, and Asm as the surface area of the MR; kw (0.8 w/m2.◦C), kf (1.7 w/m2.◦C), and ks

(1.0 w/m2.◦C) represent the heat transfer coefficient for the wall, floor, and cover of the
reactors, respectively [17]; and Ta, Tm, Tair, Te, and Ti are the temperature of the acid reactor,
methane reactor, air ambient, earth, and the influent (◦C), respectively. It was assumed that
Te and Ti were equal to Tair with an average observed value of 28.7 ◦C [29].

The heat recovery (ER—kJ/g-VS) was estimated as Equation (10) based the heat of
the effluent and percentage of heat recovered (θ = 60%) without considering the heat of
biogas [17]:

ER =
ρ.Q.γ(Tm − Ti).θ

Q.VS
(10)

The net energy (∆E-kJ/g-VS) (including net electricity (∆EE) and net heat energy
(∆EH)) were calculated based on Equation (11):

∆E = ∆EE + ∆EH = (0.35.Eo − ESh − Em − ESP − EP)
+(0.65.Eo − Eh,a − Eh,m − Ehl,a − Ehl,m + ER)

(11)

3. Results and Discussions
3.1. Acidogenesis

The solid part of the hydrolysate measured 33 g/L; its characteristics are shown in
Table 2. This meant a significant amount (24.93%) of the initial total solid could not be
converted in the anaerobic digestion. This result could be compared to those reported by
Dinh et al. [3], Wu et al. [30], and Ganesh et al. [31], who showed that non-hydrolyzable
material accounted for 25%, 30%, and 24% of the initial total solids, respectively. This
could be explained by the FVW containing a large amount of lignocellulose (24–25% initial
TS) [1,31], which could not be hydrolyzed in several days [32,33]. Therefore, removing
non-hydrolysate would save a significant volume of the methane reactor designed to store
this material. It will provide a series of benefits such as reducing the reactor construction
costs, pumping costs, and heating costs.

Table 2. Characteristics of the solid hydrolysate (n = 3).

Characteristics Average

TS (%) 31.36
VS (%TS) 78.42 ± 0.22
C (%TS) 41.03 ± 0.49
N (%TS) 1.76 ± 0.01

C/N 23.27 ± 0.27

The liquid part of the hydrolysate contained 370 mg-VFA/g-VS, in which acetic acid
and butyric acid were dominant components, as shown in Figure 3. The same phenomenon
also was observed by Dinh et al. [5], Li et al. [34], Ravi et al. [14], and Schievano et al. [16]
when acidifying FVW. This could be explained by the fact that FVW is mainly composed
of carbohydrates (such as cellulose and starch) [1,6], which are readily fermented into
hexoses and then converted to acetic acid and butyrate with a central branching point of
pyruvate [7,35].

The yields of VFA were significantly different in the reports mentioned above. This was
attributed mainly to the effects of the digestion time and pH condition of the AR. It tended
to have a positive correlation with the pH and retention time. Ravi et al. [14] obtained
215.3 mg-VFAs/g-VS and 347.8 mg-VFAs/g-VS under conditions of 4 d of digestion (at
pH 5.5) and 6 d of digestion (at pH 6.0), respectively. Schievano et al. [16] only acquired
total VFAs of 136.5 mg/g-VS at pH 5.5 with 3 d of RT. Dinh et al. [5] carried out the
acidogenesis of FVW in the same pH conditions as the current study but with a longer
RT (9 d), and they obtained a much higher VFA yield (484.4 mg-VFA/g-VS). Li et al. [34]
also showed that the VFA concentration increased with the digestion time; however, the
acidification rate increased insignificantly after five days of decomposition.
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3.2. Methanogenesis

During methanogenesis, the organic concentration of the influent was maintained
stable at 33,085 ± 278 mg-TCOD/L with 68% of the substance in soluble form throughout
the experiments. The results of the COD removal at both mesophilic and thermophilic
conditions are shown in Figure 4. The mesophilic methane reactor (M-MR) rapidly reached
steady status, with the effluent having a TCOD of 1459 mg/L, a removal of 93.2%, and a
pH of 7.41. Meanwhile, the thermophilic methane reactor (T-MR) needed 8 d to reach a
stable state; it seemed slightly more sensitive than the M-MR. However, operation at the
thermophilic temperature helped improve the reactor’s effectiveness significantly (COD
removal of 96.3%) with the effluent having a TCOD of 1234 mg/L and a pH of 7.65.
The higher pH in the effluent of the T-MR indicated that a lower acid concentration was
obtained. Overall, the performance of the T-MR in removing organic matter was much
better than that of the M-MR.
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Figure 4. Variation in COD concentration in methane reactors.

The results for the quality and quantity of biogas production by the T-MR and M-MR
are shown in Figure 5. For both cases, the biogas production gradually increased because
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the microorganisms needed time to acclimate. In contrast, the methane concentrations
gradually decreased to steady states. Dinh et al. [5] explained that in a shock status, the
hydrogenotrophic methanogens (convert CO2 to CH4) are more robust in acclimating to en-
vironmental change than acetotrophic methanogens (which convert acetate to CH4 + CO2)
in the methane-conversion chain.

Fermentation 2023, 9, x FOR PEER REVIEW  8  of  12 
 

 

 
Figure 4. Variation in COD concentration in methane reactors. 

The results for the quality and quantity of biogas production by the T‐MR and M‐MR 

are shown in Figure 5. For both cases, the biogas production gradually increased because 

the microorganisms needed  time  to acclimate.  In  contrast,  the methane concentrations 

gradually decreased to steady states. Dinh et al. [5] explained that in a shock status, the 

hydrogenotrophic methanogens (convert CO2 to CH4) are more robust in acclimating to 

environmental change  than acetotrophic methanogens  (which convert acetate  to CH4 + 

CO2) in the methane‐conversion chain. 

 
Figure 5. Biogas yield and methane content observed in methane reactors. Yield (M‐MR) and Yield 

(T‐MR) were  the  biogas  yield  (mL/g‐VS)  collected  in  the mesophilic  and  thermophilic methane 

reactors, respectively; %CH4 (M‐MR) and %CH4 (T‐MR) were the methane content in the mesophilic 

and thermophilic methane reactors, respectively. 

In a mesophilic condition, operation with an RT of 5 d led to an organic loading rate 

(OLR) of the M‐MR of 8.3 kg‐TS/m3/d (7.6 kg‐VS/m3/d). The biogas production reached a 

stable yield of 446 mL/g‐VS (68.6% CH4) after four days. This result could be compared to 

that reported by Ganesh et al. [31], who operated a semi‐continuous M‐MR at an OLR of 

7 kg‐VS/m3/d and obtained a methane yield of 300 mL‐CH4/g‐VS. At a higher OLR (10 kg‐

0

200

400

600

800

1000

1200

1400

1600

1800

2000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

0 2 4 6 8 10 12 14 16 18 20 22

C
O

D
ou

t
(m

g/
L

)

C
O

D
in

(m
g/

L
)

Time (days)

TCODin SCODin TCODout(M-MR) TCODout(T-MR)

50

55

60

65

70

75

80

300

350

400

450

500

550

600

650

0 2 4 6 8 10 12 14 16 18 20 22

M
et

ha
ne

 c
on

te
nt

 (
%

)

B
io

ga
s 

yi
el

d 
(m

L
/g

-V
S

)

Digestion time (day)

Yield (M-MR) Yield (T-MR) %CH4 (M-MR) % CH4 (T-MR)

Figure 5. Biogas yield and methane content observed in methane reactors. Yield (M-MR) and Yield
(T-MR) were the biogas yield (mL/g-VS) collected in the mesophilic and thermophilic methane
reactors, respectively; %CH4 (M-MR) and %CH4 (T-MR) were the methane content in the mesophilic
and thermophilic methane reactors, respectively.

In a mesophilic condition, operation with an RT of 5 d led to an organic loading
rate (OLR) of the M-MR of 8.3 kg-TS/m3/d (7.6 kg-VS/m3/d). The biogas production
reached a stable yield of 446 mL/g-VS (68.6% CH4) after four days. This result could be
compared to that reported by Ganesh et al. [31], who operated a semi-continuous M-MR
at an OLR of 7 kg-VS/m3/d and obtained a methane yield of 300 mL-CH4/g-VS. At a
higher OLR (10 kg-VS/m3/d), they found that an accumulation of VFA in the reactor was
causing a significant reduction in the biogas production. At In another study, Monserrat
et al. [2] only obtained a yield of 231 mL-CH4/g-VS when running at a much higher OLR
(13 kg-VS/m3/d) compared to those studies. Obviously, increasing the OLR solved the
processing volume problem but significantly reduced the processing efficiency. Therefore,
M-MRs have been often recommended to be operated with an OLR below 10 kg-VS/m3/d.
On the other hand, a low OLR could result in a high biogas yield; however, using a very
low OLR led to a high investment cost (large reactor), which was not economical.

In another operation mode and configuration, Smith and Almquist [11] employed a
batch two-stage system and observed a result of up to 510–560 mL-CH4/g-VS at a very
low OLR (0.9 kg-VS/m3/d) and a very long retention time (33 d). Raynal et al. [36] used
two-stage sequencing batch reactors and obtained a yield of 350 mL-CH4/g-COD at an
OLR of 2.6 kg-COD/m3/d. Obviously, the effectiveness of a TAD for FVW also depends
quite a lot on the type of reactor and the operating mode.

In the thermophilic condition, the methane reactor was operated with a RT of 3 d,
equivalent to an OLR of 13.8 kg-TS/m3/d (12.7 kg-VS/m3/d). At the acclimation stage,
the T-MR had a lower biogas yield and required a longer time (6–8 days) to become
stable compared to the M-MR. Firstly, this could be explained by its operation at a much
higher OLR. Secondly, the thermophilic bacteria were more sensitive than the mesophilic
ones, as shown in various previous reports such as Gerardi [7] and Dinh et al. [4]. In the
stable period, the biogas generation in the thermophilic methane reactor was 492 mL/g-VS
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(70.4% CH4), which was much higher than that of the mesophilic one. Similarly, Trisakti
et al. [37] performed two-stage AD of palm milk and obtained a biogas yield of 37 mL/g-VS
in a thermophilic condition compared to 31.7 mL/g-VS in a mesophilic condition. These
results indicated that the thermophilic methanogen boosted productivity much more than
the mesophilic one. The results of the current study for the T-MR could be compared to the
report of Verrier et al. [38], who operated a two-stage AD system with CSTR reactors to treat
vegetable waste in thermophilic conditions and obtained a biogas yield of 420 mL/g-VS
(75% CH4) at an OLR of 5.65 g-VS.m−3.d−1.

3.3. Energy Analysis

Under thermophilic conditions, the yield of biogas obtained was 446 mL/g-VS with
68% CH4, equivalent to a gross energy of 9.89 kJ/g-VS (in which the electrical energy
accounted for 35% and the heat energy remained 65%). This value was significantly lower
than the one obtained in the TAD system with a T-MR (11.20 kJ/g-VS). While the total
electric consumption in both cases was the same (0.357 kJ/g-VS), the total heat energy
consumption was 0.97 kJ/g-VS and 1.01 kJ/g-VS for the M-MR and T-MR, respectively.
Therefore, the net energy difference mainly came from biogas production. Actually, using
the T-MR helped increase the gross energy by 13.2%, the net energy by 14.8%, and the net
electricity by 14.7%. Details of the calculations are shown in Table 3.

Table 3. Result of Energy Analysis.

No. Item AR M-MR T-MR

1 ESH (kJ/g-VS) 0.270
2 Em (kJ/g-VS) 0.018
3 ESP (kJ/g-VS) 0.048
4 EP (kJ/g-VS) 0.022

5
Eh (kJ/g-VS)
Ehl (kJ/g-VS)
ER (kJ/g-VS)

−0.418
−0.149

−0.000
−0.655
+0.251

−0.907
−0.332
+0.795

6 Eo (kJ/g-VS) 0.000 9.446 11.196
7 ∆Eelectricity (kJ/g-VS) 3.104 3.561
8 ∆Eheat (kJ/g-VS) 5.456 6.266

In the operation of the M-MR, the current study obtained a net energy of 8.56 kJ/g-VS
and consumed 13.4% of the energy for heating and mechanical equipment. This result
could be compared to those obtained by Bohn et al. [39] and Parawira et al. [40]. Bohn
et al. [39] performed two-stage AD of crop residues using two continuous stirred tank
reactors operated at a temperature of 30 ◦C and an OLR in the range of 0.5–4.1 kg-VS/m3/d.
As calculated, they gained an energy yield in the range of 8.3–10 kJ/g-VS; however, only
mixing and heating were counted among the items that required energy consumption.
Parawira et al. [40] carried out hydrolysis in a stirred tank reactor and methanogenesis
in a biofilm reactor (in mesophilic conditions) to treat a mixture of beet and potato. They
obtained a gross energy in the range of 2.1–3.4 kW·h/g-VS (equivalent to 8.3–12.2 kJ/g-VS).

Compared to the M-MR tank, the T-MR required a considerable amount of energy
for heating the temperature from 37 to 55; however, the T-MR tank had a short retention
time that made the volume much smaller, leading to the results of much less heat loss due
to heat transfer through the walls, roof, and bottom. In addition, heat recovery from the
T-MR tank was also higher than that from the M-MR tank. Therefore, the heating demands
for the M-MR and T-MR were similar. In general, the amount of heat consumed in the
two processes, although different, was still much lower than the heat generated from the
combined heat power engine. Therefore, heat consumption might not be a concern in the
TAD system.
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4. Conclusions

In the fermentation of FVW, the non-hydrolyzed material accounted for a large amount
of the initial total solids. For the soluble part of the hydrolysate, acetic acid and butyric
acid were the predominant products.

In the methanogenesis, the M-MR was slightly more stable than the T-MR was; how-
ever, the use of the T-MR provided many advantages, including a much lower retention
time, a higher methane yield, and a higher gross energy recovery.
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