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Abstract

The anaerobic co-digestion of the most abundant organic wastes was investigated for enhancing biogas production rate and quality.
The used feedstock was composed of fruit and vegetable waste (FVW), waste-activated sludge (WAS), olive mill wastewater
(OMW) and cattle manure (CM). A considerable methane yield of 340 L/kg volatile solid (VS) inlet was obtained using single-
stage anaerobic sequencing batch reactors (ASBRs). However, VS biodegradation becomes difficult at high organic loading rate
(OLR). Therefore, a continuously stirred tank reactor (CSTR) was integrated to the ASBR for waste pre-digestion. The dark
fermentation leads to the improvement of organic matter solubilisation and bio-hydrogen productivity, reaching 0.73 L/L/day (H,
content of 49.8%) when pH decreased to 5.8. Therefore, methane productivity increased from 0.6 to 1.86 L/L/day in the
methanogenic reactor with a better VS biodegradation (91.1%) at high OLR. Furthermore, the bio-hythane production was
performed through a controlled biogas recirculation from the dark fermentation stage into the methaniser to reach 842.4 L/kg
VS inlet. The produced biogas was composed of 8% H,, 28.5% CO, and 63.5% CH,. Therefore, two-stage anaerobic co-digestion
with coupled CH4 and H, recuperation may be an important contribution for pollution control and high-rate bioenergy recovery
(21.1 kJ/g VS inlet) from organic wastes.

Keywords Dark fermentation - Anaerobic co-digestion - Centralised digester - Organic wastes - Reactor design - Bio-hythane
production

Introduction

During the last decade, Tunisia has experienced a sharp in-
crease in the amount of organic wastes that exceeds 8
million tons per year. The major proportions of these wastes
are produced from agricultural activity, agro-industry by-
products and biological wastewater treatment plants
(WWTPs). Large amounts of waste-activated sludge (WAS)
are produced in the world, of which about 242,000 m* per year
in Tunisia (Bouallagui et al. 2010), which would readily cause
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secondary pollution if it is treated and disposed inappropriate-
ly (Wang et al., 2018a). Olive oil extraction process generates
about 1 million tons per year of olive mill wastewater (OMW)
(Dammak et al. 2016), which has a high chemical oxygen
demand (COD), ranging from 50 to 150 g/L. (McNamara et
al. 2008; Justino et al. 2012). Fruit and vegetable waste
(FVWs) are produced in large amounts in markets. The whole
production of FVW collected from the market of Tunis has
been estimated to be around 20-25 tons per day (Bouallagui et
al. 2009).

These wastes present an interesting source of potentially
biodegradable biomass. Anaerobic digestion is a good solution
for organic waste treatment and valorisation, allowing their
bioconversion into methane (Gioannis et al. 2017; Moukazis
et al. 2018) and hydrogen (Saidi et al. 2018; Wang et al.
2018b), which can be used as renewable energy sources. In
addition, the remaining stabilised waste may be used as a soil
fertiliser (Toumi et al. 2015). However, the major limit of this
technology at large scale is sometimes the lack of waste avail-
ability and their complex composition, which causes a
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disturbance in the fermentation process (Callaghan et al. 2002;
Zhang et al. 2014). To remedy this problem, the co-digestion of
several wastes with different origins and compositions together
in one digester could be a promising alternative to improve the
reliability of this process. Several studies have shown that
multi-component mixtures of agro-wastes, rural wastes and
industrial wastes can be digested successfully, although with
some mixtures, a degree of both synergism and antagonism
occurred (Misi and Forster 2001; Cavinato et al. 2008;
Maranon et al. 2012).

Moreover, the choice of the better reactor configuration is a
decisive factor for improving biogas production (Bouallagui
et al. 2005; Haider et al. 2015). In recent years, a number of
reactor designs have been adapted and developed to reduce
the anaerobic digestion limitations of solid wastes, to increase
the applied organic loading rate and to decrease the time of
fermentation. The application of single-stage system in the
digestion of mixed organic wastes at high organic loading
becomes difficult (Ganesh et al. 2014; Montan¢s Alonso et
al. 2016). Therefore, two-phase systems appear to be more
highly efficient technologies for anaerobic digestion of a mix-
ture of wastes.

This study investigated for the first time the anaerobic co-
digestion of the major available organic wastes such as mu-
nicipal sewage sludge and agro-industrial and agricultural
wastes in the two-stage anaerobic system, coupling continu-
ously stirred tank reactor (CSTR) and anaerobic sequencing
batch reactor (ASBR). The greatest advantage of the CSTR
mode, which was chosen for the dark fermentation perfor-
mance, is its ability for allowing the buffering of the organic
loading and a more constant and homogenised feeding rate for
the second methanogenic stage (Parawira et al. 2008; Hidalgo
etal. 2014). However, the ASBR mode was used in the second
methanogenic stage for decoupling the solid retention time
(SRT) from the hydraulic retention time (HRT) in the methan-
ogenic reactor in order to maintain a high concentration of
low-growing methanogens.

Authors showed that the energy yield of two-stage systems
was lower than that was obtained by a single-stage reactor due
to the loss of the hydrogen from the acidogenic phase (Ganesh
etal. 2014; Montanes Alonso et al. 2016; Hidalgo et al. 2014).
Therefore, the process used in this work was designed with
recirculation of biogas (H, + CO,) from the acidogenic reactor
to the methanogenic reactor by a controlled pump to enhance
the hydrogenotrophic methanogenic activity in the digester
without inhibition by supplementary H, addition and then to
increase the methane productivity (Toumi et al. 2015; Ennouri
et al. 2018).

This approach met to produce bio-hydrogen by dark fer-
mentation and methane by anaerobic digestion with the aim to
use this gas separately or to constitute the bio-hythane.
Therefore, hydrogen and methane are complementary fuels.
Cavinato et al. (2012) reported that bio-hythane is a biological
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gas with an average percentage composition of 10% H,, 30%
CO, and 60% of CH4. Moreover, Porpatham et al. (2007)
found that adding 10% of hydrogen in biogas enhanced its
combustion rate and improved the thermal efficiency and
power output. Benefits of dark fermentation phase without
pH regulation on the process efficiency were evaluated. The
effects of increasing the organic loading rate (OLR) on the
acidification step were examined, and the mass balance and
energy recovery assessments were also performed to set the
basis for a process extrapolation to a real scale.

Materials and methods
Origin and characteristics of used wastes and inocula

The choice of used wastes was based on their availability in
terms of quantity (tons/year) and their nutrient balance comple-
mentarity for biological degradation (Bouallagui et al. 2009;
Lahdheb et al. 2009; Farhat et al. 2018). In fact, the choice
was directed towards cattle manure (CM), FVW, WAS and
OMW, which have both vegetable and animal processing ori-
gins. The four groups of wastes represent 85% of all organic
wastes produced in Tunisia. The WAS was collected from
sludge thickeners of the WWTP of Chotrana I (Tunis) treating
50,000 m® of urban wastewater a day (Bouallagui et al. 2010).
They were concentrated by decantation to increase their total
solid (TS) content in the feedstock. The OMW was collected
from a local (Tunis) three-phase olive oil extraction company
(Asses et al. 2009). They were used in their fresh state without
modification. FVW (tomato, carrot, potato, apple, orange, lem-
on, etc.) was collected from the municipal market of Tunis. The
mixture of FVW was ground into very fine particles to facilitate
the process of digestion by reducing the size of waste and
improving their homogenisation. The CM was collected from
a cattle farm in Sidi Thabet, Tunis (Toumi et al. 2015).

The mixture of feedstock was composed (v/v) of 40% of
FVW, 40% of WAS, 10% of OMW and 10% of CM. The
proportion of FVW was fixed to 40% because vegetable wastes
are present in large quantities in all municipal and wholesale
markets. They are also quickly and easily biodegradable, and
previous works have shown their important methanogenic po-
tentials (Bouallagui et al. 2009). The proportion of WAS was
40% because it is produced in enormous quantity in WWTPs
and its management becomes an obligation to decrease its pol-
luting load. OMW was used in a low percentage of 10% be-
cause of its high COD and phenol contents, which could inhibit
anaerobic microflora activity (Tsioulpas et al. 2002; Farhat et
al. 2018). CM was used with a proportion of 10%. It contains
high concentrations of lignin-cellulosic material and ammonia,
which offer a buffer effect for the mixture balancing the pH
with neutrality. Furthermore, it was used as an inoculum (20%
of total seeding sludge) in the start-up of digesters. The higher
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fraction (50%) of the seed sludge was taken from within these
industrial anaerobic digesters located in the WWTP of
Chotrana, Tunis. This plant includes four independent semi-
continuously digesters. Another fraction of the anaerobic
sludge (30%) was taken from a functional laboratory digester
treating agro-industrial by-products (Handous et al. 2017). In
fact, using different sources of inocula could increase the di-
versity of anaerobic bacteria and methanogens within the reac-
tors at the start-up phase. Moreover, fresh CM is a potential
source of methanogens (Toumi et al. 2015) and the sludge
coming from functional digesters contains good-balanced an-
aerobic bacteria and methanogens (Bouallagui et al. 2010;
Ennouri et al. 2016; Handous et al. 2017). This approach could
be respected at the industrial scale of this project to a better
start-up of the process.

The physical-chemical characteristics of wastes, the mix-
ture of feedstock and the mixture of inocula (anaerobic seed
sludge) are shown in Table 1. The used substrates are rich in
organic solids with volatile solid (VS)/TS contents between
68.5 and 88% for WAS and FVW, respectively. The WAS and
CM are rich in suspended solids (89.6 and 70% of TS, respec-
tively) in the form of microorganism aggregates and fibres,
respectively. However, 96% of the dry matter of OMW is
represented by the soluble matter, which is more easily acces-
sible to the anaerobic bacteria. The fresh OMW was also
characterised by a high total phenol content of 3.92 g/L. The
mixture of wastes contains a significant organic matter pro-
portion, which is about of 82.8% relative to the dry matter.
This mixture constitutes a good source of nutrients for the
growth of the anaerobic microflora with a carbon-to-nitrogen
(C/N) ratio of 28.2, which is considered favourable for the
anaerobic digestion. Several authors reported that the C/N
ratio is an important parameter affecting the bio-methane yield
of'anaerobic digestion, and the optimal C/N ratio for anaerobic
microorganisms was in the range of20:1-30:1 (Rao and Singh
2004; Zhao et al. 2017). Indeed, Yasin and Wasim (2011) and
Al-Juhaimi et al. (2014) showed that a C/N ratio equal to 30
was better for anaerobic digestion of organic wastes.

Single-stage reactor design and operational
conditions

In a first trial of experiments, the anaerobic digestion of the
mixture of the four organic wastes was carried out in two
separated single-stage mesophilic (37 °C) reactors: ASBR;
and ASBR,, which have working capacities of 0.8 and
1.2 L, respectively, and equipped with a magnetic stirring
system. The headspace volumes were 0.4 and 0.6 L, respec-
tively. The reactors are free cells with a working cycle of 24 h
including 2 h of settling. Initially, the ASBR; and ASBR,
were seeded with 0.8 and 1.2 L, respectively, with a mixture
of anaerobic sludge (inocula) at the same initial concentration
of 10.5 g VS/L. In the start-up, the headspace of each reactor
was flushed with nitrogen for 10 min and conducted for
10 days without feeding. After that, reactors were fed during
10 days with a mixture of wastes at a low OLR of 1.5 g VS/L/
day, corresponding to 25 days of HRT, followed by operations
at 1.9 and 2.5 g VS/L/day between days 10 and 30, corre-
sponding to the HRT of 20 and 15 days, respectively. At a
steady-state phase, the OLR was decreased to 1.91 g VS/L/
day and reactors were kept active during two HRTs of 20 days.

Two-stage reactor design and operational conditions

The anaerobic co-digestion of the mixture of four organic
wastes was also investigated in a two-stage process (Fig. 1).
The first phase of dark fermentation was done in a CSTR
mode while the second phase of methanisation took place in
an ASBR. Therefore, in a second time, the inoculum
contained in the single-stage ASBR; (0.8 L) was used for
starting the acidification step in the two-stage system. The
working mode of this reactor was changed from ASBR; to
CSTR and was coupled to the ASBR, (1.2 L), which was used
as the methanogenic stage. The pre-digested effluent in the
hydrolysis-acidification stage was used for feeding the
acetogenic and methanogenic populations contained in the

Table 1 Physical-chemical

characteristics of individually and Parameters MSS oMW FVW CM Mixed Inocula

mixed wastes and anaerobic wastes

seeding sludge used in this work
TS (g/L) 14.3-50.4 52.1+0.6 68.7+0.8 110.7+£0.7  49.47-61.9 14.8+0.3
VS (g/L) 9.8-37.8 40.4 £ 0.5 60.5+£0.8 61.4+0.8 38.345.9 10.54+0.05
TSS (g/L) 1244538 1.86 £ 0.02 453+03 68.7+0.4 30.28-39.6 11.4+0.04
VSS (g/L) 8.6-34.6 1.13£0.01 3846+0.1 43.56+0.6 23.33-29.7 8.18+£0.02
Total COD (g/L) 17.6-70.8 108 £ 2.1 1202+0.8 1145+14 79.2-101.4  ND
Soluble COD (g/L) 0.46+0.01 93.6£1.2 40.3+0.4 32.8+0.5 31.2-38.1 ND
C/N ratio 104+£0.02 52.1+0.7 422+0.6 143+0.2 28.2+0.2 N/D
pH 7.5+0.03 528 £0.05 624+0.03 8.3+0.05 7.13+0.04 7.35+0.03
Phenols (mg/L) ND 3920 + 22 ND ND 468.5+11.2 2.13+£0.01

TS total solid, VS volatile solid, 7SS total suspended solid, VSS volatile suspended solid, ND not determined
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FVW; OMW

Fig. 1 Schematic diagram and
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second stage. The operation of the two-stage system was
based on working at high OLR.

The effect of the gradual increase of the OLR from
4.59 g/L/day up to 8.61 g/L/day and the decrease of the
HRT from 10 to 5.3 days on the acidification efficiency, hy-
drolysis yield and H, production were particularly studied in
the first CSTR stage (Table 3). Therefore, the HRT and the
OLR of the methanogenic ASBR depended on the flow rate
and the acidified VS concentration in the effluent of the
acidogenic reactor. In these operating conditions, the maxi-
mum OLR of the methanogenic reactor was 4.2 g/L./day cor-
responding to the HRT of 8 days. The system was designed
with recirculation of biogas (H, + CO,) from the acidogenic
reactor to the methanogenic reactor by a controlled peristaltic
pump to enhance mixing within the digester and to increase
bio-hythane productivity. Biogas production efficiency, bio-
gas composition and sludge quality were monitored during
94 days to confirm the feasibility of the process.
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Physical and chemical analysis

The physical-chemical analyses were performed on samples
taken from the inlet and outlet of different digesters (Toumi et
al. 2015; Ennouri et al. 2016). TSs, VSs, total suspended
solids (TSSs), volatile suspended solids (VSSs),COD, pH,
alkalinity and total volatile fatty acids (VFAs) were deter-
mined according to the APHA (1998) standard methods.
The content of VFAs was determined by the potentiometric
titration with 0.1 N NaOH solution and expressed as an acetic
acid content. Total nitrogen was determined by the Kjeldahl
method. Total carbon (TC) was measured by catalytic oxida-
tion on a TC 1200 Euro glace analyser. Total polyphenol con-
tent was determined using the Folin-Ciocalteu method. The
total polyphenol concentration was calculated from a calibra-
tion curve, using gallic acid as standard (Tabart et al. 2007).
Biogas productions were measured daily via a displace-
ment method or by a gas meter of make Ritter (Langendreer,
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Bochum). The biogas composition was determined using
UniChrom gas chromatography (GC). The volume of biogas
in normal condition was converted to standard temperature
pressure (STP) conditions using combine gas law.

Hydrolysis yield (HY) and acidification yield (AY) were
calculated as follows:

100 x (Vssinlet_vssomlet)

HY =
(%) VSSinlet

where VSS;iet (g/L) and VSS,e¢ (g/L) are the concentrations
of volatile suspended solids before and after first-stage dark
fermentation treatment, respectively.

100 x (VFA production)
VSSin]et

AY (%) =

where VFA production is production volatile fatty acids (g/L)
during dark fermentation and VS;c (g/L) is the volatile solid
introduced (g/L) in the CSTR.

All experimental analyses were performed in triplicate.
One-way analysis of variance (ANOVA) was performed to
compare the performance of reactors between runs at different
conditions. To assess the significance of results, p < 0.05 was
considered to be statistically significant.

Results and discussion
Performance of single-stage ASBRs

The objective of these experiments is to evaluate the methane
potential of mixed wastes in a single-phase ASBR digesters
with two working volumes of 0.8 L (ASBR;) and 1.2 L
(ASBR;) under different OLRs. Figure 2a, b shows the evolu-
tion of biogas production (L/day) and its methane content (%),
respectively. The reactors started at a low OLR of 1.53 g/L/day
corresponding to an HRT of 25 days (Fig. 2¢). An increased
daily biogas production in two digesters has been shown dur-
ing the start-up period. Therefore, methanogenesis requires a
latency phase between 5 and 10 days to produce methane
especially from complex organic wastes (Erugder et al. 2000;
Bolzonella et al. 2005). After that, OLR was increased gradu-
ally to 2.55 g/L/day with a reducing HRT from 25 to 20 days
and to 15 days. The reactor responded with an increase in VFA
concentration (Fig. 3a) and biogas production (Fig. 2a).
However, statistical analysis showed a significant increase in
the VS concentration in the treated effluent, showing that the
decrease of HRT to 15 days affected significantly (p <0.05)
organic matter degradation, which accumulated in digesters
(Fig. 2¢).
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At high OLR, the increase of the VS concentration in the
treated effluents was accompanied by the increase of TSS
concentration in the supernatant, which could be due to the
increase of non-degraded total VS within the reactor and then
the bad settling efficiency of the anaerobic sludge. In fact,
when biomass settling was incomplete, there was a gradient
in the concentration of solids along the reactor height and the
average TSS concentration in the effluents increased signifi-
cantly, showing poor sludge settling (Shao et al. 2008;
Lahdheb et al. 2009). These results took into account that high
OLR (2-3 g/L/day) and low HRTs could be considered as
limit factors for single-phase operation of anaerobic digestion
of multiple organic wastes as already mentioned in the litera-
ture (Parawira et al. 2008; Ganesh et al. 2014; Stoyanova et al.
2016). Therefore, the OLR was fixed to 1.91 g/L/day by main-
taining the HRT to 20 days and it did not increase further until
a steady state. The average yield of organic matter removal
achieved 74 and 73.6% for ASBR; and ASBR,;, respectively
(Table 2).

Analyses showed high levels of total VFAs, around the
limits of anaerobic digestion of 2000-2200 mg/L (Bouallagui
et al. 2009), in digesters during the first 30 days, which proved
that the equilibrium between VFA production and consumption
was still not reached (Fig. 3a). In fact, adaptation of hydrolytic
and fermentative bacteria was faster than that of acetogenic
bacteria and methanogens during the start-up period (Zuo et
al. 2014). Therefore, this phase was characterised by a high
production of CO, in the biogas. From the 30th to 70th day,
the VFA concentration decreased and stabilised at 520 and
560 mg/L in ASBR; and ASBR,, respectively. This decrease
of VFA was favourable for the correct activity of methanogens
to produce methane in a well-balanced anaerobic digestion
process. Therefore, values of pH within reactors were around
7-7.5 (Fig. 3b), showing good process stability (Chen et al.
2007; Menardo and Balsari 2012; Montanés Alonso et al.
2016).

Under these conditions, the methane content (%) increased
progressively until reaching values of 60.6 and 60.2% for

ASBR; and ASBR,, respectively, after 1 month of digester
operation. Indeed, the specific methane production reached
0.336 L CH4/g VS inlet and 0.34 L CHy4/g VS inlet for
ASBR; and ASBR,, respectively. These values are close or
higher than those mentioned in the literature for anaerobic
digestion of each of these organic wastes alone. In fact, meth-
ane productions were 0.25, 0.33 and 0.2 L CH,4/g VS inlet for
FVW (Lin et al. 2011), manure and lignin-rich organic wastes
(Azeem et al. 2011), respectively. According to Bolzonella et
al. (2005), the specific methane production from anaerobic
digestion of WAS alone is generally very low (0.12 L CHy/g
MVS degraded). Furthermore, mesophilic anaerobic digestion
of sludge is both slow and incomplete due to low cell mem-
brane hydrolysis yield, which are non-biodegradable
(Borowski and Szopa 2007). However, other studies have
shown that anaerobic co-digestion of several types of organic
waste improves the production and the quality of biogas.
Heo et al. (2003) suggested that optimal biodegradation is
achieved during co-digestion of sludge and food waste at
10 days of HRT and with 50/50% mixture of co-substrates.
The maximum specific production of methane was 0.37 L
CHy/g VS inlet. Indeed, Gomez et al. (2006) showed that
the methane production obtained during the co-digestion of
primary sludge with FVW was significantly greater than that
obtained during the anaerobic digestion of primary sludge
alone. In addition, Budych-Gorzna et al. (2016) obtained a
specific methane yield of 0.39 L CH,4/g VS inlet during an-
aerobic co-digestion of WAS and slaughterhouse wastes.

Performance of two-phase system
Dark fermentation monitoring

The pre-digestion of the mixture of wastes was operated at
three HRTs (10, 7 and 5.3 days, respectively) to increase the
OLR gradually in order to improve the production of bio-
hydrogen and VFA concentration in the fermented effluent,
which will feed the second methanogenic reactor. Evolutions

Table 2 Operating conditions

and performance of mesophilic Parameters

Single-stage ASBR; Single-stage ASBR,

ASBR single-stage digesters at

the steady-state period (40 days) Working volume (L)

HRT (days)

VS inlet (g/L)

OLR (g VS/L/day)

VS outlet (g/L)

VS removal (%)

Biogas rate (L/day)

Biogas productivity (L/L/day)
Methane content (%)
Methane yield (L/g VS inlet)

0.8 12

20 20
383+1.2 383+1.2
1.91+0.6 1.91+0.6
9.8+0.14 10.1+0.13
74+1.2 73.6+1.1
0.85+0.01 1.29+0.02
0.96+£0.01 1.0+£0.02
60.6+1.4 60.2+1.1
0.336+0.02 0.34+0.02
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of pH value and VFA concentration within the acidogenic
digester are shown in Fig. 4a. At the first time (Run;), the
OLR was about 4.59 g VS/L/day corresponding to 10 days
of HRT. During this phase, a gradual increase in the VFA
concentration up to 2.4 g/L was observed and pH value re-
mains close to neutrality, showing that methanogens are again
active and are producing methane. During Run, and Rung, the
OLR was increased to 6.95 and 8.61 g VS/L/day, correspond-
ing to HRTs of 6.6 and 5.3 days, respectively. A significant
improvement in the hydrolysis of the complex organic mate-
rial (p <0.05) and a gradual decrease in pH were observed.

The maximum hydrolysis yield of 46% was obtained at
high OLR. This leads to an increase in the production of
VFAs (up to 11.8 g/L) in the culture medium and a decrease
of pH value to 5.9 and 5.2, respectively. Indeed, this pH level
was favourable to maintain the correct activity of acidogenic
bacteria for producing simple monomers, which represent
available precursors for methane production in the second
reactor. Zuo et al. (2014) as well as Ganesh et al. (2014)
suggested that the acidification of organic waste can be
inhibited by lowering the pH below to 5, especially in the case
of FVW. They performed pH regulation by recirculating the
methanisation effluent to the acidification reactor. In this
work, the problem of pH does not arise because of the com-
plementarity in the used mixed waste composition and the
buffer effect of CM and the WAS (Wang et al. 2003).

Table 3 summarises the operating conditions and the per-
formance of the dark fermentation. Results show that the acid-
ification yield increased significantly (p < 0.05) according to
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Fig. 4 Change in a VFA concentrations (mg/L) (empty circle) and pH
(filled square) and b biogas rate (filled triangle), methane content (empty
square) and H, content (empty diamond) during the acidification (first
stage) of the four mixed organic wastes

the increase of the OLR and the reduction of the HRT to reach
its maximum level of 23.8% at high OLR. In fact, the increase
of OLR promotes acidogenesis efficiency. Under these condi-
tions, the rate of VFA production was greater than that of their
assimilation by methanogens. As a result, the pH value de-
creased to stabilise at 5.2. Several authors reported that high
OLR application resulted in an accumulation of VFAs during
the process of anaerobic digestion (Parawira et al. 2008).

The comparison between the results of this work and other
studies shows that the production of VFAs, ranging from 2.4
to 11.8 g/, was important. According to Zuo et al. (2014), the
VFA concentration and the VFA/alkalinity ratio ranged from
4.7 to 5.7 g/L and from 11.5 to 2.9, respectively, in the
acidogenic stage during the anaerobic digestion of vegetable
waste in the two-stage system with a recirculation of the ef-
fluent from the methanogenic reactor to the acidogenic reac-
tor. However, in this work, the buffering effect of WAS and
CM addition in the feedstock allowed to maintain the pH
value between 5 and 6 without regulation. The alkalinity
was 5 g/L at the end of the anaerobic process, showing that
even by increasing the OLR up to 8.61 g/L/day, the VFA/
alkalinity ratio did not exceed the recommended value of 2.3
corresponding to good acidification efficiency (Zuo et al.
2014).

The evolution of daily biogas production and its content of
CH,4 and H, are shown in Fig. 4b. The variation of the OLR
has an effect on the daily biogas production, which gradually
increased at low OLR with a composition rich in methane and
poor in H,. However, increasing the OLR affects the biogas
production, which decreased and stabilised at around 1.2 L/
day at the end of the experiment. Results show a progressive
decrease in the percentage of methane up to a value of 2.7%
and a proportional increase in the percentage of bio-hydrogen
(Hy) up to 49.6%. Therefore, the increase in the OLR during
the dark fermentation process favoured the production of bio-
hydrogen (Zhang et al. 2007) due the high rate hydrolysis of
organic matter. Furthermore, Wang et al. (2018a) showed that
the presence of ammonium (NH4"-N) largely enhanced dark
fermentation hydrogen production.

The highest H, productivity of 0.73 L/L/day was obtained
with 5.3 days of HRT in the presence of VFA concentration of
11.8 g/L. It is higher than that was obtained by Hidalgo et al.
(2014). They demonstrated that the best daily production of
biogas was 0.83 L/L/day with a non-quantified bio-hydrogen
(H») production during the anaerobic co-digestion of vegeta-
ble oil wastewater mixed with pig manure at an HRT of 2—
3 days, while Dareioti et al. (2010) reported higher hydrogen
production of 1.72 L/L/day by co-digestion of vegetable
wastewater, whey and slurry with proportions of 55:40:5, re-
spectively, in a two-stage mesophilic CSTR digester. Daily
biogas and methane production of 0.27 and 0.04 L/L/day,
obtained by Zuo et al. (2014) during the anaerobic digestion
of'plant wastes in the acidogenic reactor with an OLR of 1.7 g/
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Table 3 Operating conditions

and performance of the first Parameters Run,; (20 days) Run, (20 days) Run; (54 days) Fvalue  pvalue

acidification CSTR digester

(V=0.8 L) in the two-stage an- Feeding rate (L/day) 0.08 0.12 0.15 - -

aerobic digestion of mixed HRT (days) 10 6.6 533 - —

wastes VS inlet (g/L) 459412 459412 459412 - -
OLR (g VS/L/day) 4.59+0.6 6.95+0.6 8.61+0.6 - -
pH 6.9+0.2 5.9+0.13 52+0.13 ND ND
VFA (g/L) 24+0.03 5.6+0.1 11.8+£0.15 ND ND
Hydrolysis yield (%) 264+0.5 332+04 46+0.6 23.602 0.008
Acidification yield (%) 48+0.2 113+0.3 23.8+0.5 9.850 0.034
Biogas rate (L/day) 1.6+0.01 1.5+0.01 1.2£0.02 ND ND
H, content (%) 5.2+0.05 30.1+£0.2 49.6+0.4 ND ND
H, rate (L/day) 0.083+0.01 0.45+0.02 0.59+0.02 ND ND
H, yield (mL/g VS inlet) ~ 20.95+0.1 75.7+0.4 79.4+0.3 8.300 0.044

F'values and p values were calculated based on the effect of OLR on the acidification phase performance

ND not determined

L/day, is also lower than that obtained in this work. According
to Ganesh et al. (2014), the daily production of biogas obtain-
ed by anaerobic digestion at the level of the acid-generating
reactor is equal to 2.6 L/L/day of which only 6% CH, and 8%
H, were obtained.

Performance of the second methanogenic ASBR

The methanogenic reactor (ASBR) represents the second
stage where anaerobic digestion was completed. The effluent
obtained from the dark fermentation was used to feed the
acetogenic and methanogenic populations. In fact, the OLR
of the methanogenic step depends on the quality of pre-
digested wastes and the applied HRT, which was decreased
from 15 to 8 days corresponding to OLRs of 1.5 and 4.2 g/L/
day, respectively. Figure 5a shows that biogas production
shifts were proportional to the OLR variation. The best daily
biogas production of 5.8 L/day was obtained with the highest
OLR of 4.2 g/L/day corresponding to 8 days of HRT. The
quality of the biogas (% CH,) was improved as the experiment
progressed. A gradual increase in the percentage of methane
was also observed. It achieved a maximum value of 63.5%,
showing the importance of the pre-digestion stage, which pro-
vides the methaniser with easily degradable substances that
can be assimilated by methanogenic bacteria. It contains an
acetate concentration in the order of 3.25 g/L. In fact, the
fermented wastes obtained from the first stage were
characterised with high energy potential (0.73 L/g VS inlet)
and can be converted quickly to methane.

The good stability of the methanogenic activity was eval-
uated by measuring the pH and the VFA concentration within
the methanogenic reactor, which are represented in Fig. 5b.
The pH values varied between 7.1 and 7.23. They were kept
close to neutrality throughout the experimental period without
any regulation, which confirms the good progress of the
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anaerobic digestion process. In fact, the good buffering capac-
ity of the digester indicates the stability of the anaerobic bac-
teria and the appropriate activity of methanogens (Bjérnsson
et al. 2000; Fernandez et al. 2015). The VFA concentration
gradually decreased during this experimental phase until
reaching low values in the order of 260 mg/L, while the

701 a ‘ r5
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Fig. 5 Change in a biogas rate (empty square), methane content (empty
triangle), CO, (filled circle) and H, (empty circle) and b pH (empty
triangle), alkalinity (empty circle) and VFA concentrations (filled
diamond) during the methanogenesis (second stage) of the fermented
mixed organic wastes at different OLRs
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alkalinity gradually increased until reaching 1870 mg/L.
Therefore, the VFA/alkalinity ratio was around 0.14 at the
end of the experiment, indicating good stability of the methan-
ogenic process (Hartmann and Ahring 2005; Wan et al. 2013;
Zuo et al. 2014).

Table 4 summarises the performances of the methaniser
with different OLRs during the whole experimental phase.
The VS removal yield increased to rich a maximum of
87.9% at high OLR. Furthermore, the maximum daily produc-
tion of biogas (5.8 L/day) and the maximum specific methane
yield (0.73 L/g VS inlet) were also obtained at high OLR and
particularly during the application of H,/CO, recirculation
from the acidification reactor to the methaniser. In fact, this
contribution showed that CO, and H, addition at a controlled
rate should not inhibit the methanogenic activity. In contrast, it
improved the hydrogenotrophic methanogens using CO, re-
duction pathways to produce methane (Toumi et al. 2015;
Ennouri et al. 2018).

Performance comparison between single-stage
and two-stage systems

Experimental results such as VS removal efficiencies (71—
71.8%) and specific methane productions (0.336-0.34 L/g
VS inlet and 0.42-0.45 L/g VS removed) obtained by using
the single-stage ASBR system showed a good performance of
this process for the treatment of organic waste. However, this
conventional configuration does not support high OLR.
Indeed, beyond 1.9 g/L/day with 15 days of HRT, there was
an accumulation of non-degraded organic matter at the outlet
of the digester. Several authors have suggested the failure of
the single-stage digester performance by applying an OLR of

2-3 g/L/day (Verrier et al. 1987, Mata-Alvarez et al. 1992,
Ganesh et al. 2014). They showed that anaerobic microorgan-
isms are not well suited to the degradation of high substrate
concentration under these conditions.

With the same OLR of 1.9 g VS/L/day, the specific methane
yield (0.34 L/g VS inlet) obtained with the single-stage reactor
was higher than that obtained by the two-stage process (0.13 L/
g VS inlet). However, both the specific methane yield (0.13,
0.26 and 0.32 L/g VS inlet) and the VS removal yield (86, 90.5
and 91.15%) for the two-stage system have increased signifi-
cantly (p <0.05) by increasing the OLR (1.5, 2.98 and 4.05 g
VS/L/day, respectively). Authors mentioned also that VS re-
moval yields (88-97.5%) obtained with two-stage reactors are
higher than those obtained with the single-stage system at an
OLR from 4 to 7.67 g VS/L/day (Rajeshwari et al. 2001;
Verrier et al. 1987; Raynal et al. 1998; Ganesh et al. 2014).
Results of this work confirmed that the integration of the dark
fermentation has minimised the inhibitory effect of the high
OLR on the methanogenic activity (Hidalgo et al. 2014) and
to prevent the slowdown of these microorganisms through the
accumulation of VFAs produced by acidogenic bacteria
(Lissens et al. 2001). In particular, the two-stage system main-
tains the stability of the process by controlling the acidification
phase to prevent overloading and accumulation of toxic mate-
rials (Solera et al. 2002).

The energy yields obtained in this work were considered
high compared to those mentioned in the literature. According
to Li et al. (2018), the anaerobic co-digestion of food and
horticultural wastes in a two-stage reactor has shown an aver-
age methane yield of 0.113 L CH,/g VS with an OLR of 4 g
VS/L/day. However, Bouallagui et al. (2004) reported a spe-
cific biogas production of 0.22 L/g VS inlet and a COD

Table 4 Operating conditions

and performance of the second Parameters Run, Run, Run; (20 + 34 days)
methanisation ASBR digester (20 days) (20 days) _ _
(V=1.2 L) in the second-stage Without Hy/CO, With H,/CO,
anaerobic digestion of mixed recirculation recirculation
wastes at steady states
Feeding rate (L/day) 0.08 0.12 0.15 0.15
HRT (days) 15 10 8 8
VS inlet (g/L) 225+1.2 29.8+1.1 324+1.8 33.6+1.2
OLR (g VS/L/day) 1.5+0.06 2.98+0.08 4.05+0.2 42+0.2
VS outlet 6.4+0.15 432+0.13 4.18+0.13 4.06+0.09
VS removal (%) 71.5+£0.9 85.5+1.8 87.1£1.3 87.9+1.2
Biogas rate (L/day) 0.8+0.02 24+0.03 3.6+0.03 5.8+0.04
Second-stage biogas productivity 0.66+0.02 2+0.01 3+0.01 4.66+0.02
(L/L/day)
Total process biogas productivity 0.440.02 1.2+£0.02 1.8+0.02 29+0.03
(L/L/day)
CH, content (%) 60.1+£0.5 61+0.5 62.5+£09 63.5+0.8
CH,4 rate (L/day) 0.48+0.01 1.464+0.02  2.25+0.02 3.68+0.02
Second-stage CH, yield (L/g VS inlet) 0.26+0.01 0.41+0.02 0.463+0.03 0.73+0.03
Total process CHy yield (L/g VS inlet) 0.13+0.01 0.26+0.01 0.32+0.02 0.53+0.03
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removal yield of 95% during the anaerobic digestion of FVW
in a two-stage reactor. Moreover, Dareioti et al. (2010) showed
that the VS removal yield and the specific methane production
during the anaerobic co-digestion of vegetable water and live-
stock manure (80/20%, v/v) in a two-stage CSTR reactors at an
OLR of 3.63 g COD/L/day were equal to 34.2% and 0.25 L
CH,/g COD, respectively. Hidalgo et al. (2014) reported also
that specific methane production reached 0.27-0.3 L CHy,/g
VS removed during the anaerobic co-digestion of used vege-
table oils and pig manure at an OLR of 1.5-2.5 g/L/day.

The two-stage system showed better organic matter bio-
degradation and digester stability even with a high OLR, but
their energy yield was still 33% lower than that was obtained
by a single-stage reactor (Ganesh et al. 2014) due to the loss of
the hydrogen from the acidogenic phase. In fact, the main
difference between these two types of processes is the co-
production of H, and CH, in the two-stage reactor while, at
the conventional single-stage reactor, only the production of
methane has occurred (Zhu et al. 2008). According to Hidalgo
et al. (2014) and Nasr et al. (2012), the two-stage process
produces more energy of about 1.7-19.8% compared to the
single stage when taking into account the amount of bio-
hydrogen produced in the acidogenic reactor. Therefore, the
H, and CH4 co-production with recirculation of biogas (H,

and CO,) from the acidogenic reactor to the methanogenic
reactor improved the specific methane production (0.44 L/g
VS inlet) by almost 40% compared to that obtained by the
single-stage reactor (0.34 L/g VS inlet). This work confirms
the feasibility of the anaerobic co-digestion of organic waste at
high OLR by using the two-stage process. Aslanzadeh et al.
(2014) showed also that anaerobic digestion of industrial food
waste and household waste was more stable in two-stage di-
gesters than in single-stage conventional reactors. Therefore,
the two-stage anaerobic process is considered as a reliable
way to produce bio-hythane (hydrogen and methane) by
coupled dark fermentation and anaerobic treatment of a wide
range of organic substrates (Schievano et al. 2014).

Mass balance, energy recovery and economic
assessments

The mass balance for the one-stage and two-stage systems was
calculated. Results are shown in Table 5. Substrate (VS inlet)
was converted into methane, carbon dioxide and hydrogen in
the biogas, biomass, VFAs and ammonia. The residual matter
and the washout biomass were present in the outlet VS of the
effluent daily. Results showed that mass recovery from sub-
strates (VS) ranged between 88.5 and 96%. The better mass

Table5 Mass balance, energy recovery and economic assessments for one-stage and two-stage anaerobic digestion of the different mixtures of wastes

Parameters Single-stage ASBR  Total two-stage CSTR-ASBR system performance
Steady state (40 days) Run; (20 days) Run, (20 days) Runj (20 + 34 days)
Without H,/CO, recirculation  With H,/CO, recirculation
OLR (g VS/L/day) 1.91 1.84 2.75 3.44 3.44
VS inlet (g/day) 23 3.67 5.5 6.88 6.88
VS outlet (g/day) 0.61 0.51 0.52 0.63 0.61
VS removal (%) 73.6 86 90.6 90.9 91.15
Biogas rate (L/day) 1.29 1.6 (FS) 1.5 (FS) 1.2 (FS) 5.8 (SS)
0.8 (SS) 2.4 (SS) 3.6 (SS)
CH, (g/day) 0.55 0.64 (FS) 0.38 (FS) 0.023 (FS) 2.63 (SS)
0.343 (SS) 1.05 (SS) 1.6 (SS)
CO, (g/day) 0.99 1.2 (FS) 0.99 (FS) 1.12 (FS) 3.24 (SS)
0.62 (SS) 1.84 (SS) 2.61 (SS)
H, (g/day) ND 0.007 (FS) 0.04 (FS) 0.053 (FS) 0.041 (SS)
ND (SS) ND (SS) ND (SS)
Ammonia (g/day) 0.021 0.03 0.05 0.08 0.081
VS balance (%) 94.9 91.5 88.5 89 96
MP (m*/ton VS) 340 130 260 320 530
MP (m>/ton waste) 13.02 5.96 11.93 14.68 24.32
Total energy (kWh/ton waste) ~ 129.43 60.1 122 150 245.5
Electric energy (kWh/ton waste) 42.71 16.54 33.59 49.5 67.6
Electric energy (kWh/year) 854,200 330,800 671,800 990,000 1,352,000
Electric benefits (€/year) 76,878 29,772 60,462 89,100 121,680
Installed power (kW) 97.51 37.76 76.9 113.01 154.76

F'S first stage, SS second stage, MP methane potential, ND not detected
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balance (96%) was obtained with the two-stage process with
biogas (CO, and H,) recirculation from the first stage of dark
fermentation to the methaniser (Fig. 6b). It is very likely that
the high conversion efficiency of the organic matter into bio-
gas under these conditions was due to improved energy recov-
ery and substance availability after their pre-digestion, which
facilitates their assimilation by methanogens. Therefore, the
two-stage anaerobic digestion of organic wastes with CHy,
CO, and H, recuperation may be considered as an efficient
technology for organic load reduction and bio-hythane pro-
duction. This approach could be an important contribution for
a global and integrated schema of pollution control and envi-
ronmental protection.

In order to study the ability of the industrial scale-up of
two-stage anaerobic co-digestion of organic wastes, the ener-
gy recoveries and economic benefits of processes were also
calculated. It was considered that CH4 produced through
single-stage or two-stage anaerobic digestion of organic
wastes could be transformed into combined electric power
and heat (CPH). Calorific value of biogas depends on its

CH, content, and it is assumed that 1 m’ CH, is equal to
10 kWh (Gebrezgabher et al. 2010) while electrical efficiency
is assumed to be 33% and thermal efficiency to be 55% (Cano
etal. 2014). Thermal energy could be used within the plant for
heating digester and could be utilised for drying digestate,
which could be used as a soil amendment in agriculture.

Results showed that when considering the energy recovery
only from the CHy, the single-stage digester was characterised
by higher electric and thermic energy productions due to the
loss of the hydrogen from the acidogenic phase of the two-
stage system. However, the gain of energy production associ-
ated to the two-stage technology increased gradually by in-
creasing the OLR and the application of biogas recirculation.
Therefore, the better electrical and thermal energy productions
of 1765.2 and 2942.1 kWh/ton VS, respectively, were obtain-
ed at the OLR of 3.44 kg VS/m*/day when the two-stage
system was stable after four HRTs of working period.

The total energy recovery was also calculated based on the
energy values of bio-hydrogen and methane at standard tem-
perature and pressure. The energy values of hydrogen and

Biogas volume: 1.2L/d Biogas volume: 3.6 L/d
Composition: CHy =2.7%: CO, = Composition: CH, =62.5%: CO, =
47.5%: H, = 49.6% 37%
Energy production: 1.1 kJ/gVSinlet Energy production: 12.34 kJ/gVSinlet
/x ‘l‘
Methanogenesis
Hydrolysis- Output:
Input: acidification 5 Q: 150 mL/d
OLR: 4.05 gVS/L.d
Q: 150 mL/d OLR: 8.61 gVS/L.d g > VS:0.63 g/d
VS: 6.89 g/d VS removal: 26.8% Ammonia:
Ammonia: 0.063 g/d S| Vs removal: 87.1% 0.08 g/d
Q: 150 mL/d
VS=4.86g/d
Biogas volume: 5.8 L/d
Composition: CH; = 63.5%:; CO, =
28.5%:; H, =8%
Energy production: 21.06 kJ/gVSinlet
A
Methanogenesis
I Output:
Input: :?i::t('::}astlii_n O IsomLid
. :4.2 gVS/L. VS: 0.
Q: 150 mL/d OLR: 8.61 gVS/L.d OLR:42 gValL.4 :m(l)nihii{ a
VS: 6.89 g/d VS removal: 26.8% . ;
& X yal: 87.9% g
Ammicnls: 0:063 @/d | VS removal: 87.9% 0.081 g/d
Q: 150 mL/d
VS=5.04g/d

Fig. 6 Mass balance of two-phase anaerobic digestion of mixed organic wastes at an OLR of 3.44 g/L/day without (a) and with (b) biogas (H,/CO,)

recirculation from the acidogenic to the methanogenic reactors
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methane were reported to be 12.71 and 37.78 kJ/L, respective-
ly (Fu et al. 2017; Fernandez et al. 2015). Results showed that
the cumulative energy recovery of two-stage fermentation
(13.44 kJ/g VS inlet) was 5% higher than that of one-stage
fermentation (12.7 kJ/g VS inlet). Furthermore, the recircula-
tion of CO, and H, from the acidogenic stage to the
methaniser increased the energy recovery by 56 and 65%
compared to the two-stage system without biogas recircula-
tion and to the one-stage digester, respectively. Higher energy
recovery from two-stage fermentation was also reported by
other works. According to Fu et al. (2017), the energy recov-
ery from two-stage fermentation of vinasse was 12.9% higher
than that of one-stage fermentation. Similarly, Nathao et al.
(2013) showed 18% higher energy recovery from two-stage
fermentation than that of single-stage fermentation, when they
studied anaerobic digestion of food waste.

In the scale-up phase and the economic evaluation of pro-
cesses, it has been considered a mixture waste flow of
20,000 tons/year based on the case of the municipal landfill
of Tunis, Tunisia. The mixture of waste was considered to
contain 20% of FVW, 20% of WAS, 10% of CM and 10%
of OMW. Therefore, the electrical energy productions were
estimated to be equal to 854,200 and 1,352,000 kWh/year for
one-stage and two-stage processes, respectively (Table 5). The
price of electrical energy is set at 0.09 €kWh (Farhat et al.
2018), which corresponds to a net benefit at almost 3.84 and
6.08 €/ton or 76,878 and 121,680 € per year for one-stage and
two-stage processes, respectively.

The industrial-scale plants were sized on the basis of the
quantity of waste available in the Tunis region and on the
operating conditions used in the experimental phase. In this
case, the industrial digester, with a capacity of about
20,000 m® of organic waste per year, can be either a single
stage with a useful volume of 1096 m® or two stages with a
total useful volume of 730.48 m> (292.08 m? for the first stage
and 438.4 m’ for the second stage). Therefore, the extrapola-
tion on an industrial scale will be carried out on a two-stage
system because the volume of the digester is less important.
The cost of an installation is very variable depending on its
size and configuration. Indeed, the maximum investment of an
installation whose electrical power is 168.5 kW amounts to
842,500 €, knowing that the investment in the general case is
between 3000 and 5000 € per installed power kW (Carlini et
al. 2017). Moreover, the operating cost, the transportation cost
and the maintenance cost represent about 20% of the initial
investment and are subjected to an average annual increase of
2% (Gebrezgabher et al. 2010).

Total benefits include electricity cost (121,680 €/year);
waste treatment cost (4 € per ton corresponding to a total cost
of 80,000 €/year), which should respect the stringent environ-
mental control regulations; and the cost of digestate (50,000
€/year), which would be used in agriculture practice. The total
benefits were estimated to be equal to 251,680 € per year,
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corresponding to a payback time on investment of about
4 years, which is considered interesting (Morin et al. 2010).

Conclusion

Results showed that anaerobic co-digestion of FVW, WAS,
OMW and CM in a centralised digester is an interesting option
for improving energy recovery from different kinds of organic
wastes. It gives the possibility of treating wastes, which cannot
be easily treated separately at low cost. However, the high
OLR remains the major problem of anaerobic co-digestion
of organic waste in a single-phase process. In this study, it
was favourable to increase the OLR by the integration of a
dark fermentation as a pre-digestion stage for improving the
organic matter hydrolysis and VFA production. Therefore, the
maximum hydrolysis yield of 46% was obtained at a high
OLR of 8.61 g/L/day, corresponding to an HRT of 5.3 days,
which leads to the highest H, productivity of 0.73 L/L/day and
an increase in the production of VFAs up to 11.8 g/L. The
fermented wastes obtained from the first stage were used to
feed the methanogenic digester. They have shown high energy
potential of 0.73 L/g VS inlet. Furthermore, the recirculation
of CO, and H, from the acidogenic stage to the methaniser
increased the energy recovery by 56 and 65% compared to the
two-stage system without biogas recirculation and to the one-
sate digester, respectively.
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