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Abstract
Many of the existing low-tech biogas reactors in the remote rural areas of
developing countries have been abandoned due to the lack of substrates. This study

RI
PT

investigated if unutilized biomasses are able to support an efficient biomethanation
process with low carbon footprint, in these rural areas where low-tech reactors have
been abandoned. Thus, the aims of this study were: a) to identify and evaluate

SC

alternative biomasses as anaerobic digestion substrates at a remote rural area site in
India; b) to propose an efficient continuous biomethanation scenario for low-tech

M
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U

reactors; c) to assess the influence of the operational parameters on the stability of the
anaerobic digestion process. The highest methane yield (137-159 NmL CH4 L-1) and codigestion synergy (>20% more CH4 than expected), were achieved by co-digestion of
wastewater, cow manure, banana and rice by-products at 79.3/4.2/16.3/0.2 ww-1 VS

TE
D

ratio, respectively. Three fixed-dome reactors, R30, R45 and R60, fed with all substrates,
operated with hydraulic retention times of 30, 45, and 60 days and organic loading rates
of 2.18, 1.46, and 1.09 g VS L-1 d-1, respectively (different co-digestion scenarios). R60

EP

was the best continuous co-digestion scenario with 45% and 13% higher energy
recovery from biomasses’ utilization and 69% and 25% less greenhouse gas (GHG)

AC
C

emissions, compared to R30 and R45, respectively. These results indicate that is possible
to operate efficiently low-tech biogas reactors with utilized biomasses as anaerobic
digestion substrates.

Keywords: Anaerobic digestion; Banana plant; BMP; Low-tech reactor; Rice husk;
Rice straw.
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1 Introduction
Emerging economies (e.g. China and India) are becoming major players in energy
consumption, with increasing imports of oil and coal (IEA, 2013). Nevertheless,

RI
PT

approximately 24% of the population in developing countries does not have access to
electricity, and 49% still relies on traditional uses of biomass to cover their basic energy
needs such as heating and cooking (IEA, 2011). Most of these people are located in

SC

rural areas (Cozzi, 2011). It is estimated that 80% of the total energy consumed in rural
areas of India comes from sources such as livestock dung, firewood and crop by-

M
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U

products (Rao et al., 2010). This low energy availability in the rural areas of developing
countries is triggering the quest for indigenous, accessible and renewable energy
sources. Biomass-related technologies have attracted interest due to the relatively low
production cost and low environmental impacts associated with them as well as due to

TE
D

the abundance and availability of substrates needed to produce them (Purohit, 2009). In
addition, these technologies could be combined with sanitation development and
reduction of greenhouse gas (GHG) emissions, which are additional worrisome issues in

EP

these areas (Dedinec et al., 2015).

Anaerobic digestion (AD) process could be a good candidate to fulfill the basic

AC
C

domestic energy needs of the inhabitants in these remote areas without the negative
implications of the conventional biomass-related technologies (e.g. GHG and other
emissions). AD is a microbially catalyzed process that allows the valorization of organic
waste by the production of a high-energy content gas (biogas) and a liquid by-product
(digestate) with high fertilizing value (Alburquerque et al., 2012; Roubík et al., 2016).
Biogas based, clean cooking systems are becoming more popular in Asian rural
areas (Banerjee et al., 2016). Experience from previous projects in rural areas has shown
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that when biogas was produced in low-tech reactors (e.g. fixed-dome, floating cover and
balloon or tube digester), could successfully be collected and used for cooking and
lighting; eliminating the need for other energy sources (e.g. firewood, dried manure,

RI
PT

etc.) (Bond and Templeton, 2011). The low-tech biogas reactors used in developing
countries, have different configurations but are often compact, underground structures,
typically with an inlet mixing chamber, an expansion chamber or outlet tank, and a gas

SC

collection exit on the top. Furthermore, they often don’t incorporate mixing or heating
systems and have limited handling requirements (Tilley et al., 2014). Fixed-dome

M
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reactors are the most cost-effective type among all the small capacity reactors (1-6 m3
working volume), based on the installation cost, the operational cost and the payback
period (Singh and Sooch, 2004).

According to Cheng et al. (2014), the technical weaknesses and consecutively the

TE
D

inefficient operation for small capacity reactors, derives from: the structural
components, the biogas utilization equipment, the biogas distribution systems, the
digestate disposal, the operators’ training and the biogas production. These six problems

EP

have been assessed by many researchers (e.g. (Chang et al., 2011; Jha et al., 2012;
Sovacool et al., 2015; Suzuki, 2015; Thien Thu et al., 2012)) and practical solutions

AC
C

have been proposed. However, even though these technical issues can be solved, there
are still many cases where the users abandoned their reactors due to the absence of
available biomasses (Mwirigi et al., 2014; Pérez et al., 2014). Specifically, it has been
reported that the basic operational problem of low-tech reactors is the availability and/or
seasonality of the substrates (Ullah et al., 2015). Furthermore, in these close, remote
societies, almost every available biomass resource is being exploited to the maximum
extent, which makes it difficult to find substrates that will be provided willingly by the
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inhabitants. Thus, because conventional co-substrates are scarce, and since usage of
energy crops is not an option, alternative co-substrates for manure-based biogas
production, need to be identified.

RI
PT

Organic agricultural by-products of these rural areas could provide the solution to
this problem. A good example of an unused by-product is the rice husk (a by-product of
the rice milling process), which is mainly disposed in the developing countries through

SC

dumping in open fields followed by burning (Pode, 2016). This process contributes
significantly to GHG emissions, reduces the productivity of the nearby lands, and

M
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causes air pollution from smoke and particulate matter emissions. The results of this
disposal method are posing a direct health risk to people living near the dumpsites with
potential skin, nose and eye irritation, decreased lung function and lung disease as
asbestos-like silica fibers are released in the process (Bohra et al., 2013). The potential

TE
D

use of these types of by-products as substrates in low-tech biogas reactors could limit
the problems that conventional disposal methods cause. Another important aspect
especially relevant for the low-tech reactors, is the uncontrolled methane emissions

EP

from the outlet storage of the digestate (residual methane potential), that could generate
high GHG emissions (Seppälä et al., 2013).

AC
C

Today, there are more than 3.7 million biogas plants in India (Rao et al., 2010) and
many of these are located in remote rural areas and have been abandoned due to the
absence of the necessary amounts of substrate. Therefore, the objective of the current
study was to investigate if in the remote rural areas, where low-tech reactors have been
shut down, there are the available organic by-products able to support an efficient AD
process with low carbon footprint. Therefore, Jyot Sujan, a small village with 1800
inhabitants composing 250 households, located in West Bengal jungle (India) with no
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access to domestic electricity, was chosen as a representative case study site of these
remote areas. The village has eight fixed-dome reactors constructed in 2003 by the local
government. All the reactors have been abundant for more than five years because their

RI
PT

users claim lack of available substrates (Fig. S1, supplementary material). Notably, all
cooking energy requirements at the study site are met today by burning dried cow dung.
Based on the above, three aims were addressed in the current research. First, to

SC

identify available substrates in this remote rural area site and determine their mono- and
co- digestion biological methane potentials (BMP). Second, to assess the continuous

M
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U

utilization of the available substrates in lab-scale, fixed-dome reactors. Third, to
evaluate the influence of the operational parameters on methane production and residual
methane potential of the digestate.

TE
D

2 Materials and methods

The BMP of the mono and co-digested substrates were assessed through two
experimental series, denoted “BMP assay-I” for mono-substrates, and “BMP assay-II”

EP

for co-digested substrates. Subsequently, the most promising co-digestion mixture was
used in mesophilic (37±1ºC) fixed-dome continuous reactor experimental series testing

AC
C

three co-digestion scenarios. Finally, the maximum residual methane potential was
determined for each one of the three fixed-dome reactors.

2.1 Inocula

Two different thermophilic (53±1ºC) methanogenic inocula derived from Snertinge
centralized biogas plant (Denmark) were used in BMP assays-I and -II. The inocula
were placed in an incubator for seven days to degas prior to use. The three fixed-dome
reactors were inoculated with mesophilic (37±1ºC) inoculum derived from Hashøj
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biogas plant, Denmark. The basic characteristics of the inocula used in the BMP and
fixed dome reactor assays are presented in Table 1.

reactor experiments (n=3, SD)
Parameters

Inocula

RI
PT

Table 1. Characteristics of the inocula used in the BMP and the fixed-dome continuous

BMP assay-II

Temperature (ºC)

53±1

53±1

pH

8.79

8.32

TS a (g L-1)

11.22±0.39

20.37±1.04

42.33±0.58

VS b (g L-1)

5.61±0.33

12.19±0.13

28.82±0.23

TKN c (g N L-1)

1.21±0.02

1.75±0.05

4.04±0.22

Ammonia (g NH4+-N·L-1)

0.90±0.06

1.27±0.03

3.18±0.16

0.18±0.02

1.20±0.15

0.24±0.05

37±1

7.88

Total solids, b Volatile solids, c Total Kjeldahl nitrogen, d Volatile fatty acids

EP

a

M
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D

VFA d (g L-1)

Fixed dome reactors

SC

BMP assay-I

AC
C

2.2 Substrates

Four different available AD substrates were identified in the study site.

Specifically, wastewater (WW) with average production of 2735 m³ y-1 ; cow manure
(CM) with an estimated total production of 233 tons DM y-1; banana and rice
plantations with 6 and 175 tons DM y-1 of biomass, respectively. For experimentation
purposes, banana and rice residual biomasses were divided in three (banana lower (BSLo), middle (BS-Mid) and upper (BS-Up) parts) and two (rice husk (RHu) and straw
(RSt)) distinct fractions, respectively. The total solids (TS) or dry matter (DM) and
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volatile solids (VS) content of the organic agricultural by-products used in this work are
presented in Table 2. Samples of each substrate were collected from the site, taken to
the laboratory in Denmark, where the large plant parts were cut down with a pair of

RI
PT

scissors to small pieces (5-10 mm) and stored to -18°C until used.

Table 2. Substrate characteristics in terms of TS or DM and VS content

VS

SC

TS or DM
116.10±1.12

51.22±3.81

Cow manure (CM, g L-1)

191.03±4.36

150.24±1.46

-1
Rice straw (RSt, g kg )

M
AN
U

Wastewater (WW, g L-1)

844.23±0.14

678.33±0.13

900.82±0.33

748.44±0.04

36.64±0.69

26.92±0.47

Banana stem-Middle part (BS-Mid, g kg-1) 45.48±5.12

35.35±5.11

Rice husk (RHu, g kg-1)

TE
D

Banana stem-Lower part (BS-Lo, g kg-1)

Banana stem-Upper part (BS-Up, g kg-1)

44.21±3.35

34.40±3.9

EP

2.3 Experimental setup of BMP assays-I and -II

AC
C

Both biomethanation potential experiments for mono-substrates (BMP assay-I) and
co-substrates (BMP assay-II) were performed according to the method described by
Angelidaki et al. (2009). BMP assay-I performed in glass shield vessels with 100 and
320 mL of working and total volume, respectively. Three concentrations of the monosubstrates were tested (2, 4 and 8 g VS L-1) to avoid potential overload or inhibition of
the used inoculum with the exception of WW where only 10.2 g VS L-1 was tested.
After the introduction of the substrates, 80 mL of inoculum and deionized water (when
needed) were added to obtain the 220 mL headspace in the batch reactors. BMP assay-II
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performed in glass shield vessels with 118 and 40 mL of working and total volume,
respectively. The working volume of its batch reactor was consisted of 32 mL of
inoculum and 8 mL of co-substrates and water (if needed). Two different co-digestion

RI
PT

combinations (6M and 12M substrate utilization scenarios, respectively) were tested in
Batch assay-II, to determine the best combination of substrates. Specifically, the

concentrations of each substrate in these combinations were based on the reported

generation of biomasses in the study site, distributed in 12 (12M) and 6 (6M) months of

SC

substrate utilization and co-digested with WW+CM mixture (19/1 ww-1). Additionally,

M
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the 6M and 12M combinations were tested for co-digestion of all available substrates.
The organic loading of the different tested co-digestion scenarios in the BMP assay-II
are depicted in Table S1 (supplementary material).

Blanks were prepared with inoculum added water instead of substrate, in order to

TE
D

estimate the background methane production from the inoculum, in both BMP assays.
Furthermore, batch reactors with cellulose as substrate (Avicel® PH-101, Sigma
Aldrich) were used (2 g L-1) as control substrate to validate the two BMP assays. The

EP

BMP value of Avicel in BMP assays-I and -II was between 92 and 97% of the
theoretical value (415 NmL CH4 g-1 VS), which supports the validity of the BMP

AC
C

assays. All the batch bottles were flushed with N2/CO2 (80/20% vv-1), closed with thick
butyl rubber stoppers and an aluminum cap and inoculated under thermophilic
conditions (55°C). All experiments performed in triplicates (n=3) to test the
homogeneity of the substrates and reproducibility of the results.

2.4 Experimental setup of the fixed-dome reactors
In order to assess the most realistic co-digestion scenario identified in BMP assayII, three identical lab-scale, fixed dome continuous reactors were designed and

9
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constructed based on the typical Chinese fixed-dome model (Pérez et al., 2014). The
three reactors, R30, R45 and R60, were operated with HRTs of 30, 45, and 60 days and
OLRs of 2.18, 1.46, and 1.09 g VS L-1 d-1, respectively (different co-digestion

RI
PT

scenarios). The total and the working volume of each reactor was 2.3 and 2 L,
respectively, with liquid and gas sampling ports as seen in Fig. S2 (supplementary

material). Each reactor’s setup was consisted of a funnel as the inlet tank, connected to

SC

the reactor through a metal tube. Additionally, the outlet tank consisted of an open glass
bottle, with an exit for the digestate. A gasbag connected to the reactor dome with a tube

M
AN
U

was used to collect the produced biogas. The volume of the biogas was measured with a
water-displacement gas meter. The reactors placed in a mesophilic (37±1°C) incubator
and feed once per day with the co-digestion feedstock (Table 3).

TE
D

Table 3. The feedstock composition used in the fixed-dome reactors. Yearly produced
quantities derived from the remote rural area, proportionally introduced in the feedstock
Biomasses

EP

Wastewater + Cow manure (WW+CM)

Feedstock content (g VS L-1)
54.72±0.03
5.21±0.07

Rice husk (RHu)

5.49±0.06

AC
C

Rice straw (RSt)

Banana stem-Low part (BS-Lo)

0.03±0.00

Banana stem-Middle part (BS-Mid)

0.04±0.00

Banana stem-Upper part (BS-Up)

0.04±0.00

Total

65.53±0.03
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2.5 Determination of the residual methane potential of the digestates
Residual potential of the reactors’ effluents was assessed to determine losses
(which might cause emissions to atmosphere) of CH4 from the incomplete digestion of

RI
PT

the influents in the fixed-dome reactors. Samples of 20 mL of effluent were taken from
each of the three reactors under steady-state, three times per week, over a three-week

period, amounting to nine samples per reactor. The samples were introduced in 118 ml

SC

batch bottles, flashed with N2/CO2 (80/20% vv-1), closed with butyl rubber stoppers,
sealed with aluminum caps and inoculated under mesophilic conditions (37°C).

M
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U

2.6 Analyses

TS, DM, VS, TKN and total NH3, were determined based on standard methods
(APHA, 2005). The methane production in the both BMP assays and the residual
methane potentials was measured by gas chromatography (Shimatzu gas

TE
D

chromatograph) with flame ionization detector (Symsaris et al., 2015). Biogas
composition in the headspace of the fixed-dome reactors was measured with an 82-12
Microlab Århus A/S gas chromatographer (Flores et al., 2015). Volatile fatty acids

EP

(VFA) were measured with a Shimadzu GC-2010 gas chromatographer with a

AC
C

Shimadzu AOI-20i auto injector. The pH was determined with a digital pH meter
(FEP20 Mettler, Toledo).

2.7 Statistical analysis and calculations
GraphPad Prism program (GraphPad Software, Inc., San Diego, California) was

used for all statistical analysis. One-way ANOVA and the Student’s t test for
statistically significant difference (p<0.05) were used to compare the methane
production rates of the fixed-dome reactors and BMP values of the substrates,
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respectively. The co-digestion effect in the Batch assay-II was calculated based on BMP
values of mono-substrate tested in BMP assay-I. The expected methane production of
the fixed-dome reactor experiments was calculated based on the BMP of the mono-

RI
PT

substrates (BMP assay-I) and compared with the obtained methane production. Methane
production yield and rate of each steady-state of the fixed-dome reactors was calculated
as the average methane yield and production in the steady-state period. Steady-state was

SC

defined as a ten successive operation days period, with less than 10% variation in

methane yield, methane rate and pH (Søndergaard et al., 2015). The CO2 equivalent was

M
AN
U

calculated as 25 kg CO2 equivalent kg-1 CH4 (Stocker et al., 2013). The upper calorific
value of methane was used (11.04 kWh m-3 CH4) to evaluate the energy recovery from
the three fixed-dome reactor scenarios (Schley et al., 2010).

TE
D

3 Results and Discussion

3.1 BMP assay-I, Mono-substrates

Rice straw (RSt) had statistically (p<0.05) the higher BMP values (up to 364 NmL

EP

CH4 g-1 VS) compared to all substrates and organic loads tested (Fig. 1) and, at the same
time, similar to previous studies where RSt was also tested (e.g. (Mussoline et al.,

AC
C

2013)). Although, RSt is mainly composed of lignin, cellulose and hemicellulose, thus it
is difficult to be catabolized, when the right inoculum (acclimatized to fibrous
substrates) is used, it can give high BMP values (Quintero et al., 2012). By contrast, all
the tested organic loads of banana by-products, BS-Lo, BS-Mid and wastewater (WW)
had BMP values below 150 NmL CH4 g-1 VS. Especially, WW had a BMP value lower
than 50 NmL CH4 g-1 VS, which was much lower than the typical methane potentials
(>300 NmL CH4 g-1 VS) of municipal WWs in European countries (Koch et al., 2016).
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This BMP value could be attributed to the lack of proper collection infrastructure in the
remote rural area sites that allows inorganic (VS/TS ratio 44.1%) and indigestible
organic (e.g. lignocellulosic material) into the WW. Nevertheless, WW is necessary in

RI
PT

order to maintain the TS of the feedstock inside the favorable limits of 80-100 g L-1
(Weiland, 2006). Furthermore, despite the low BMP value, it is crucial for good

hygienic conditions of these areas, WW to be treated in the AD reactors in order to

SC

reduce the potential contagious diseases such as diarrhea, cholera and tuberculosis

(Lohani et al., 2013). Interestingly, BS-Up had a maximum BMP value of 186 NmL

M
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CH4 g-1 VS that was significantly higher than the BMPs of BS-Lo and BS-Mid. This
BMP value was comparable to previous studies were was found to be 206-245 NmL

AC
C

EP

TE
D

CH4 g-1 VS (Kalia et al., 2000).

Fig. 1. Methane yield of mono-substrates under different organic loads. Wastewater
(WW), cow manure (CM), banana lower, middle and upper part (BS-Lo, BS-Mid
and BS Up, respectively) and rice straw and husk (RSt and RHu, respectively)
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It has been reported that rice husk is an unsuitable AD substrate due to low
biodegradability (Li et al., 2013). Nonetheless, in the present study, RHu had
statistically the second higher BMP value (250 NmL CH4 g-1 VS) compared to all

RI
PT

mono-substrates tested. This could be partially explained by the improvement of the
very high C/N ratio (>100) of the RHu (Li et al., 2013), due to the extra nitrogen

derived from the manure-based inoculum, as well as, the pre-existing ability of the used
inoculum to treat lignocellulosic feedstocks (Shi et al., 2013). Finally, CM had a BMP

M
AN
U

limits presented in the literature (Qiao et al., 2011).

SC

value above 200 NmL CH4 g-1 VS, which was inside the expected methane potential

3.2 BMP assay-II, Co-substrates

The two “all substrates” mixing combinations, had statistically the highest (p<0.05)
BMP values compared to all the co-digestion scenarios tested in BMP assay-II (Fig. 2a).

TE
D

Notably, between the two “all substrates” combinations tested, 6M had the highest BMP
value but the 12M had threefold higher co-digestion effect (Fig. 2b). This means that
“all substrates 12M” was the most efficient co-digestion scenario, which ensured both

EP

high methane yield, and optimum biomasses degradation.

AC
C

Both co-digestion scenarios with “WW+CM+RHu” and “WW+CM+RSt” had
similar (p>0.05) BMP values but, at the same time, they had a strong negative codigestion effect with up to -45% lower methane potential compared to the expected
(Fig. 2). These results are contradicting with a previous research paper, were rice husk
and straw shown a positive effect when co-digested with dairy manure (Hills and
Roberts, 1981). Furthermore, the “WW+CM” co-digestion had more than 20% better
BMP values compared to the expected, based on the mono-digestion results. Thus, CM
and WW were not the reason for the low methane potential of the rice by-products co-
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digestions. Most probably, the high lignocellulosic content of the rice by-products
alongside with the high organic load (high C/N ratio) had caused the sub-optimal
utilization of the expected methane potential.

RI
PT

All banana stems co-digestion combinations had similar methane yields, which
were higher compared to the expected ones as calculated by the methane yields of the
single substrates, indicating synergistic co-digestion effect. Oliveira et al. (2007) has

SC

reported that banana stems contain calcium and magnesium, which are beneficial

nutrients for the anaerobic microbial communities (Schattauer et al., 2011). It seems that

M
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U

this characteristic of the banana stems was also contributed to the high methane yields
of “all substrates” combination. Nevertheless, the fibrous nature of banana stems and
the high water content hinders them to be the only co-digestion substrate in a manure
based reactor (Kalia et al., 2000), which is in accordance with the results of this study.

TE
D

In brief, all the substrates tested in BMP assay-II contributed with some benefits for
the AD process (e.g. WW: TS levels regulation; CM: biomethanation microbial
communities; banana stem parts: nutrients; rice by-products: high methane potential).

EP

Furthermore, the positive synergistic effect from co-digesting all the substrates (12M
combination) provided the best utilization scenario of the available agricultural by-

AC
C

products. Thus, this co-digestion scenario was chosen to be tested in the three fixeddome continuous reactors.

15

TE
D

M
AN
U

SC

RI
PT

ACCEPTED MANUSCRIPT

EP

Fig. 2. The a) maximum methane yields and b) co-digestion effect compared to the
maximum yields, obtained in BMP assay-I. Wastewater (WW), cow manure (CM),

AC
C

banana lower, middle and upper part (BS-Lo, BS-Mid and BS-Up, respectively) and
rice husk and straw (RHu and RSt, respectively)

3.3 Fixed-dome continuous reactors
The maximum methane yield was observed in reactor R60, with a value of 106 NmL
CH4 g-1 VS while reactors R45 and R30 had maximum yields of 98.4 NmL and 66.9 NmL
CH4 g-1 VS, respectively (Fig. 3a). The reactors reached a steady-state 15, 14 and 19
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days after the experiments started, with average methane production yields of 58.6, 75.6
and 85.2 NmL CH4 g-1 VS for R30, R45 and R60, respectively. These average methane
yields were significantly different between them (p<0.05), clearly indicating that yields

RI
PT

were increasing alongside with the HRT of each reactor. On the other hand, the methane
production rates (Fig. 3b) of the three reactors showed an opposite tendency compared
to the yields due to the different OLR of the reactors. Thus, the highest methane

production rate under steady-state, was 148 NmL CH4 L-1 d-1 for R30, followed by R45

SC

with 127 NmL CH4 L-1 d-1 and R60 with 107 NmL CH4 L-1 d-1. The comparison of the

M
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average yields of each reactor (under steady-state) to the maximum yield that was
observed in the BMP experiments (Fig. S3, supplementary material), showed that
reactors R30, R45 and R60 had achieved 43, 56 and 63%, respectively, of the maximum
expected yield. If it is taken into account that the BPM experiments were performed

TE
D

under optimal conditions (e.g. thermophilic temperature, no incubation time limit,
different VS concentrations), then reactor R60 had shown a remarkable ability to
efficiently digest the used substrate. Finally, throughout the experimental period, the
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67% for R60.
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methane content of the produced biogas was 60-64% for R30, 59-67% for R45 and 61-
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Fig. 3. The methane production a) yields and b) rates of the fixed-dome reactors

EP

A threshold of 1500 mg HAc L-1 of total VFA concentration is reported in the
literature for a healthy continuous AD process (Søndergaard et al., 2015). Based on that,

AC
C

all three reactors were operating properly (Fig. 4a) however, the HRT of reactors R45
and R30 were not enough for an efficient anaerobic process and thus their methane
productions yields were lower than reactor’s R60. It is well know that hydrolysis is the
bottleneck for AD process kinetics when lignocellulosic substrates are used (Strong et
al., 2011). Therefore, it seems that the high hemicellulose and lignin content (Ibrahim et
al., 2013) of the rice and banana by-products that used as substrates, had slowed down
the hydrolysis step, which affected the overall kinetics of the AD process. The pH
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fluctuation for all reactors was between 8.2 and 8.5 in the beginning of the experiments;
when the steady-states were established the pH values decreased and stabilized in the
area of 7.8-7.9 until the end of the experiments (Fig. 4b). The VFA accumulation was

RI
PT

not high in the reactors in order to create a pH drop, which is the main cause of
inhibition associated with VFA. Nevertheless, the optimal range of pH for AD is from
our experience 6.8-8.2, thus, pH levels remained, for all three reactors, inside the
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EP
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D
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SC

favorable range throughout the experiment.

Fig. 4. The a) total VFA accumulation and b) pH fluctuation of the fixed-dome reactors
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3.4 Residual methane potential, energy production and GHG emissions of
the fixed-dome reactors
The residual methane potential of the digestates from reactors R30, R45 and R60 were

RI
PT

43.5, 48.2 and 52.5 NmL CH4 g-1 VS, respectively (Fig. S4, supplementary material).
Even though it seems that the R30 had smaller post-digestion losses per g VS, since the
reactors were operating under different OLRs, the methane emissions per working

SC

volume of the reactors were 94.8, 70.4 and 57.2 NmL CH4 L-1 for R30, R45 and R60,

respectively. These residual methane potential of the effluents was amounting to up to
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44% methane production compared to the productions of the main reactors (Fig. 5).
Residual potentials have been reported to be from 5% up to 45% of the total methane
potential of optimally operated reactors, depending on the incubation period (30 to more
than 100 days), the temperature (5-55°C) and the source of the mono-or co-substrates

TE
D

(manures, agricultural and industrial by products etc.) (Kaparaju and Rintala, 2005;
Kaparaju and Rintala, 2003; Weiland, 2003), Moreover, investigation of Danish
centralized biogas plants, had shown losses from 5% to up to 25%, depending on the

EP

hydraulic retention time (Angelidaki et al., 2005). These previous results are coinciding
with our current investigation. Therefore, based both on the continuous and residual

AC
C

methanation experiments, R60 reactor scenario could provide 45% and 13% more energy
than the R30 and R45 fixed-dome reactor scenarios, respectively for the same quantity of
the available agricultural by-products (Table 4). Practically, for the rural area site
assessed in the current study, the utilization of the identified agricultural by-products
with the R60 reactor scenario could provide enough energy to cover completely all the
daily cooking requirements of the inhabitants (Table S2, supplementary material). At
the same time, the GHG emissions (CO2 equivalent) per working volume reactor (based
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only on the residual methane potential) were 69% and 25% lower for R60, compared to
R30 and R45 reactors, respectively. However, it was out of the scope of this study to
assess meticulously the overall GHG and other emissions derived from the fixed-dome

RI
PT

reactors and compare it with the conventional disposal methods of the used agricultural
by-products. Additionally, in order to validate all the technical, social and economic

parameters involved, full-scale experimental assessment has to be performed. With this

SC

in mind, a fixed-dome reactor operating with 60 days HRT, fed with all the available

substrates (yearly produced quantities proportionally introduced in the feedstock), was

M
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the best co-digestion scenario for the representative remote rural area, both in terms of
energy recovery and in terms of GHG emissions’ reduction. This result indicates that
even in the most remote rural areas, is possible to operate efficiently low-tech biogas
reactors and, is the lack of knowledge dissemination to the reactor operators, which

AC
C

EP

TE
D

forces some of them to shut down their reactors.

Fig. 5. The residual methane production of the digestates compared to their methane
production yields of the three fixed-dome reactors under steady-state
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Table 4. Potential methane production, energy production and GHG emissions for each
one of the three fixed-dome reactors co-digestion scenarios
R45

R60

Expected methane production (Nm3 tn-1 VS)

58.6

75.6

85.2

Upper calorific value (kWh tn-1 VS)

646.9

CO2 Equivalent (kg CO2 Eq. m-3 reactor)

1.7

RI
PT

R30

940.6

1.3

1.0

SC

834.6
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4 Conclusions

The focus of the present work was to identify available AD substrates in a remote
rural area site and to propose a continuous anaerobic co-digestion scenario, established
in lab-scale, fixed-dome reactors, in order to utilize optimally these substrates. The

TE
D

results have established that rice husk, straw and banana stems could potentially be
favorable biomethanation co-substrates. Additionally, a reactor operating with 60 days
HRT and fed proportionally (based on the yearly availability) with all the by-products,

EP

was the best co-digestion scenario. Specifically, this scenario showed high-energy
recovery (up to 45%) from the substrates and lower post-methanation GHG emissions

AC
C

(up to 69%), compared to the other scenarios tested. Thus, this study has clearly shown
that, when the proper biomethanation scenario is applied in fixed-dome reactors, highenergy production together with low environmental impact can be achieved. This
knowledge could potentially motivate the inhabitants of remote rural areas, where lowtech reactors have been abandoned, to reconsider their decision.
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Highlights
Wastewater in remote rural areas could have extremely low CH4 potential

•

Rice husks demonstrated a high biomethanation potential of 250 NmL CH4 g-1 VS

•

Banana stems used as co-substrate enhanced AD efficiency up to 25%

•

Longer HRTs in fixed-dome reactors lead to higher CH4 and lower GHG
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•

productions
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AD of unused by-products can cover 100% of the cooking needs in a remote rural
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area
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