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Abstract

Many of the existing low-tech biogas reactors ia ttmote rural areas of
developing countries have been abandoned due tadk®f substrates. This study
investigated if unutilized biomasses are able fpsut an efficient biomethanation
process with low carbon footprint, in these ruralees where low-tech reactors have
been abandoned. Thus, the aims of this study \a¢te:identify and evaluate
alternative biomasses as anaerobic digestion stiestat a remote rural area site in
India; b) to propose an efficient continuous biomagtation scenario for low-tech
reactors; c) to assess the influence of the oper@tparameters on the stability of the
anaerobic digestion process. The highest methae §i37-159 NmL CkIL™) and co-
digestion synergy (>20% more GHhan expected), were achieved by co-digestion of
wastewater, cow manure, banana and rice by-proa@u@8.3/4.2/16.3/0.2 wiwWS
ratio, respectively. Three fixed-dome reactors, Rss and Ry, fed with all substrates,
operated with hydraulic retention times of 30, d&d 60 days and organic loading rates
of 2.18, 1.46, and 1.09 g VS'ld?, respectively (different co-digestion scenari®),
was the best continuous co-digestion scenario 468 and 13% higher energy
recovery from biomasses’ utilization and 69% an#28ss greenhouse gas (GHG)
emissions, compared tafand Rs, respectively. These results indicate that is iptss
to operate efficiently low-tech biogas reactordwitilized biomasses as anaerobic

digestion substrates.

Keywords. Anaerobic digestion; Banana plant; BMP; Low-teehator; Rice husk;

Rice straw.



1 Introduction

Emerging economies (e.g. China and India) are bexpmajor players in energy
consumption, with increasing imports of oil andIgqd&A, 2013). Nevertheless,
approximately 24% of the population in developiogrtries does not have access to
electricity, and 49% still relies on traditionalessof biomass to cover their basic energy
needs such as heating and cooking (IEA, 2011). Miostese people are located in
rural areas (Cozzi, 2011). It is estimated that &%he total energy consumed in rural
areas of India comes from sources such as livestooly, firewood and crop by-
products (Rao et al., 2010). This low energy awdlity in the rural areas of developing
countries is triggering the quest for indigenousessible and renewable energy
sources. Biomass-related technologies have attrauerest due to the relatively low
production cost and low environmental impacts assed with them as well as due to
the abundance and availability of substrates netmprbduce them (Purohit, 2009). In
addition, these technologies could be combined gattitation development and
reduction of greenhouse gas (GHG) emissions, wdnieladditional worrisome issues in
these areas (Dedinec et al., 2015).

Anaerobic digestion (AD) process could be a goodlmiate to fulfill the basic
domestic energy needs of the inhabitants in thas®te areas without the negative
implications of the conventional biomass-relatethtwlogies (e.g. GHG and other
emissions). AD is a microbially catalyzed procéss tillows the valorization of organic
waste by the production of a high-energy contest(bagas) and a liquid by-product
(digestate) with high fertilizing value (Alburquerg et al., 2012; Roubik et al., 2016).

Biogas based, clean cooking systems are becoming pagular in Asian rural

areas (Banerjee et al., 2016). Experience fromigus\projects in rural areas has shown



that when biogas was produced in low-tech rea¢ecs fixed-dome, floating cover and
balloon or tube digester), could successfully Heected and used for cooking and
lighting; eliminating the need for other energy m@s (e.g. firewood, dried manure,
etc.) (Bond and Templeton, 2011). The low-tech asgeactors used in developing
countries, have different configurations but atemmicompact, underground structures,
typically with an inlet mixing chamber, an expamsahamber or outlet tank, and a gas
collection exit on the top. Furthermore, they oftem’t incorporate mixing or heating
systems and have limited handling requirementsejf @t al., 2014). Fixed-dome
reactors are the most cost-effective type amonthalsmall capacity reactors (1-6 m
working volume), based on the installation cost,dperational cost and the payback
period (Singh and Sooch, 2004).

According to Cheng et al. (2014), the technical kmegses and consecutively the
inefficient operation for small capacity reactatsrives from: the structural
components, the biogas utilization equipment, tbgds distribution systems, the
digestate disposal, the operators’ training andtbgas production. These six problems
have been assessed by many researchers (e.g. (€treln@011; Jha et al., 2012;
Sovacool et al., 2015; Suzuki, 2015; Thien Thu.e2812)) and practical solutions
have been proposed. However, even though theseitatissues can be solved, there
are still many cases where the users abandonedé¢haetors due to the absence of
available biomasses (Mwirigi et al., 2014; Pérealet2014). Specifically, it has been
reported that the basic operational problem of teeh reactors is the availability and/or
seasonality of the substrates (Ullah et al., 20E&)thermore, in these close, remote
societies, almost every available biomass resaareing exploited to the maximum

extent, which makes it difficult to find substrateat will be provided willingly by the



inhabitants. Thus, because conventional co-substeat scarce, and since usage of
energy crops is not an option, alternative co-sabet for manure-based biogas
production, need to be identified.

Organic agricultural by-products of these rurabareould provide the solution to
this problem. A good example of an unused by-produthe rice husk (a by-product of
the rice milling process), which is mainly disposedhe developing countries through
dumping in open fields followed by burning (Pod@18). This process contributes
significantly to GHG emissions, reduces the prouhtgtof the nearby lands, and
causes air pollution from smoke and particulatet@n&missions. The results of this
disposal method are posing a direct health rigietaple living near the dumpsites with
potential skin, nose and eye irritation, decredsed function and lung disease as
asbestos-like silica fibers are released in thegs® (Bohra et al., 2013). The potential
use of these types of by-products as substratesvitech biogas reactors could limit
the problems that conventional disposal methodsecadnother important aspect
especially relevant for the low-tech reactorshies ancontrolled methane emissions
from the outlet storage of the digestate (residuethane potential), that could generate
high GHG emissions (Seppéala et al., 2013).

Today, there are more than 3.7 million biogas glamtindia (Rao et al., 2010) and
many of these are located in remote rural areatane been abandoned due to the
absence of the necessary amounts of substrateeféherthe objective of the current
study was to investigate if in the remote rurabarevhere low-tech reactors have been
shut down, there are the available organic by-petedable to support an efficient AD
process with low carbon footprint. Therefore, J$ajan, a small village with 1800

inhabitants composing 250 households, located ist\Bengal jungle (India) with no



access to domestic electricity, was chosen asrageptative case study site of these
remote areas. The village has eight fixed-dometoesiconstructed in 2003 by the local
government. All the reactors have been abundamhtwe than five years because their
users claim lack of available substrates (Fig.sBpplementary material). Notably, all
cooking energy requirements at the study site aetoday by burning dried cow dung.
Based on the above, three aims were addressed auttrent research. First, to
identify available substrates in this remote raraa site and determine their mono- and
co- digestion biological methane potentials (BM&gcond, to assess the continuous
utilization of the available substrates in lab-scéiked-dome reactors. Third, to
evaluate the influence of the operational pararsaiarmethane production and residual

methane potential of the digestate.

2 Materialsand methods

The BMP of the mono and co-digested substrates assessed through two
experimental series, denoted “BMP assay-I” for meunbstrates, and “BMP assay-II”
for co-digested substrates. Subsequently, the prostising co-digestion mixture was
used in mesophilic (37£1°C) fixed-dome continucector experimental series testing
three co-digestion scenarios. Finally, the maxinmasidual methane potential was

determined for each one of the three fixed-dometoes.

2.1 Inocula

Two different thermophilic (53+1°C) methanogeniogala derived from Snertinge
centralized biogas plant (Denmark) were used in BEdéays-I and -Il. The inocula
were placed in an incubator for seven days to dpgasto use. The three fixed-dome

reactors were inoculated with mesophilic (37+1%@culum derived from Hashgij



biogas plant, Denmark. The basic characteristithkefnocula used in the BMP and

fixed dome reactor assays are presented in Table 1.

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

reactor experiments (n=3, SD)

Parameters Inocula
BMP assay-l BMP assay-ll Fixed dome reactors
Temperature (°C) 53+1 53+1 371
pH 8.79 8.32 7.88
TS?(g LY 11.22+0.39  20.37+1.04 42.33+0.58
VS (g LY 5.61+0.33 12.19+0.13 28.82+0.23
TKN (g N LY 1.21+0.02 1.75+0.05 4.04+0.22
Ammonia (g NH*-N-L™?) 0.90+0.06 1.27+0.03 3.18+0.16
VFA % (g LY 0.24+0.05 0.18+0.02 1.20+0.15

2 Total solids? Volatile solids¢ Total Kjeldahl nitrogen? Volatile fatty acids

2.2 Substrates

Four different available AD substrates were idesdifn the study site.

Specifically, wastewater (WW) with average prodastdf 2735 m3 § ; cow manure

(CM) with an estimated total production of 233 t@d y™; banana and rice

plantations with 6 and 175 tons DM wf biomass, respectively. For experimentation

purposes, banana and rice residual biomasses watedlin three (banana lower (BS-

Lo), middle (BS-Mid) and upper (BS-Up) parts) anat(rice husk (RHu) and straw

(RSt)) distinct fractions, respectively. The tatalids (TS) or dry matter (DM) and



volatile solids (VS) content of the organic agrtauhl by-products used in this work are
presented in Table 2. Samples of each substrate sedected from the site, taken to
the laboratory in Denmark, where the large plantspaere cut down with a pair of

scissors to small pieces (5-10 mm) and stored&®C Lintil used.

Table 2. Substrate characteristics in terms of TS or DM ¥8dcontent

TS or DM VS

Wastewater (WW, g 1) 116.10+1.12 51.22+3.81
Cow manure (CM, g ) 191.03+4.36 150.24+1.46
Rice straw (RSty kg™) 844.23+0.14 678.33+0.13
Rice husk (RHug kg*) 900.82+0.33 748.44+0.04
Banana stem-Lower part (BS-Lokg')  36.64+0.69 26.92+0.47
Banana stem-Middle part (BS-Mid kg') 45.48+5.12 35.35+5.11
Banana stem-Upper part (BS-Upkg')  44.21+3.35 34.40+£3.9

2.3 Experimental setup of BMP assays-| and -1

Both biomethanation potential experiments for menbstrates (BMP assay-I) and
co-substrates (BMP assay-Il) were performed acogrtli the method described by
Angelidaki et al. (2009). BMP assay-| performedjiass shield vessels with 100 and
320 mL of working and total volume, respectiveliarde concentrations of the mono-
substrates were tested (2, 4 and 8 g W$th avoid potential overload or inhibition of
the used inoculum with the exception of WW wherlydf.2 g VS [ was tested.
After the introduction of the substrates, 80 mlimafculum and deionized water (when

needed) were added to obtain the 220 mL headspdbe batch reactors. BMP assay-Il



performed in glass shield vessels with 118 and B@hworking and total volume,
respectively. The working volume of its batch reaetas consisted of 32 mL of
inoculum and 8 mL of co-substrates and water (@deel). Two different co-digestion
combinations (6M and 12M substrate utilization sces, respectively) were tested in
Batch assay-Il, to determine the best combinati®ubstrates. Specifically, the
concentrations of each substrate in these combimativere based on the reported
generation of biomasses in the study site, digiibin 12 (12M) and 6 (6M) months of
substrate utilization and co-digested with WW-+CMie (19/1 wwit). Additionally,
the 6M and 12M combinations were tested for costiga of all available substrates.
The organic loading of the different tested co-digm scenarios in the BMP assay-Il
are depicted in Table S1 (supplementary material).

Blanks were prepared with inoculum added wateea$f substrate, in order to
estimate the background methane production fronmibeulum, in both BMP assays.
Furthermore, batch reactors with cellulose as sates{Avicel® PH-101, Sigma
Aldrich) were used (2 g') as control substrate to validate the two BMP yssthe
BMP value of Avicel in BMP assays-I and -1l wasweén 92 and 97% of the
theoretical value (415 NmL CHy™* VS), which supports the validity of the BMP
assays. All the batch bottles were flushed withOD, (80/20% '), closed with thick
butyl rubber stoppers and an aluminum cap and latediunder thermophilic
conditions (55°C). All experiments performed irplicates (n=3) to test the

homogeneity of the substrates and reproducibilitye results.

2.4 Experimental setup of the fixed-domereactors
In order to assess the most realistic co-digesti@mario identified in BMP assay-

I, three identical lab-scale, fixed dome continsioeactors were designed and



constructed based on the typical Chinese fixed-dmoael (Pérez et al., 2014). The
three reactors, 8 Rss and Ro, were operated with HRTs of 30, 45, and 60 dags an
OLRs of 2.18, 1.46, and 1.09 g VS H*, respectively (different co-digestion
scenarios). The total and the working volume ohaaactor was 2.3 and 2 L,
respectively, with liquid and gas sampling portsesn in Fig. S2 (supplementary
material). Each reactor’s setup was consistedfofael as the inlet tank, connected to
the reactor through a metal tube. Additionally, titlet tank consisted of an open glass
bottle, with an exit for the digestate. A gasbagrexted to the reactor dome with a tube
was used to collect the produced biogas. The volintiee biogas was measured with a
water-displacement gas meter. The reactors placadresophilic (37£1°C) incubator

and feed once per day with the co-digestion feettsfbable 3).

Table 3. The feedstock composition used in the fixed-doeaetors. Yearly produced

quantities derived from the remote rural area, propnally introduced in the feedstock

Biomasses Feedstock content (g VY L
Wastewater + Cow manure (WW+CM) 54.72+0.03

Rice straw (RSt) 5.21+0.07

Rice husk (RHu) 5.49+0.06

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

10



2.5 Deter mination of the residual methane potential of the digestates

Residual potential of the reactors’ effluents wesegsed to determine losses
(which might cause emissions to atmosphere) off@hh the incomplete digestion of
the influents in the fixed-dome reactors. Sampfe0anL of effluent were taken from
each of the three reactors under steady-state times per week, over a three-week
period, amounting to nine samples per reactor.sEmeples were introduced in 118 ml
batch bottles, flashed with,ACO, (80/20% W), closed with butyl rubber stoppers,

sealed with aluminum caps and inoculated under pielo conditions (37°C).

2.6 Analyses

TS, DM, VS, TKN and total Nk were determined based on standard methods
(APHA, 2005). The methane production in the bothmBlssays and the residual
methane potentials was measured by gas chromatgg(&pimatzu gas
chromatograph) with flame ionization detector (Sgnsset al., 2015). Biogas
composition in the headspace of the fixed-dometoesaevas measured with an 82-12
Microlab Arhus A/S gas chromatographer (Flored.e2@15). Volatile fatty acids
(VFA) were measured with a Shimadzu GC-2010 gagrnohtographer with a
Shimadzu AOI-20i auto injector. The pH was deterediwith a digital pH meter

(FEP20 Mettler, Toledo).

2.7 Statistical analysisand calculations

GraphPad Prism program (GraphPad Software, Ino.[zgo, California) was
used for all statistical analysis. One-way ANOVAldhe Student’s t test for
statistically significant differencg€0.05) were used to compare the methane

production rates of the fixed-dome reactors and BdlBes of the substrates,

11



respectively. The co-digestion effect in the Badsbay-Il was calculated based on BMP
values of mono-substrate tested in BMP assay-l.€ekpected methane production of
the fixed-dome reactor experiments was calculagesgdb on the BMP of the mono-
substrates (BMP assay-1) and compared with thersdatanethane production. Methane
production yield and rate of each steady-statb@fiked-dome reactors was calculated
as the average methane yield and production istdaaly-state period. Steady-state was
defined as a ten successive operation days pevitdtless than 10% variation in
methane yield, methane rate and pH (Sgndergaatd 2015). The C®equivalent was
calculated as 25 kg G@quivalent kg CH, (Stocker et al., 2013). The upper calorific
value of methane was used (11.04 kW @H,) to evaluate the energy recovery from

the three fixed-dome reactor scenarios (Schle},,e2@10).

3 Resaultsand Discussion

3.1 BMP assay-l, Mono-substrates

Rice straw (RSt) had statistically (p<0.05) theheigBMP values (up to 364 NmL
CH. g* VS) compared to all substrates and organic loested (Fig. 1) and, at the same
time, similar to previous studies where RSt wase #&dsted (e.g. (Mussoline et al.,
2013)). Although, RSt is mainly composed of ligrie]lulose and hemicellulose, thus it
is difficult to be catabolized, when the right intem (acclimatized to fibrous
substrates) is used, it can give high BMP valuasr(tgro et al., 2012). By contrast, all
the tested organic loads of banana by-productd, & 8S-Mid and wastewater (WW)
had BMP values below 150 NmL Glg* VS. Especially, WW had a BMP value lower
than 50 NmL CH g™ VS, which was much lower than the typical methpokentials

(>300 NmL CH, g* VS) of municipal WWs in European countries (Koclale, 2016).

12



This BMP value could be attributed to the lack adgger collection infrastructure in the
remote rural area sites that allows inorganic (\&fatio 44.1%) and indigestible
organic (e.g. lignocellulosic material) into the WWevertheless, WW is necessary in
order to maintain the TS of the feedstock insidefévorable limits of 80-100 gL
(Weiland, 2006). Furthermore, despite the low BMiRug, it is crucial for good
hygienic conditions of these areas, WW to be tceateéhe AD reactors in order to
reduce the potential contagious diseases sucltaabeh, cholera and tuberculosis
(Lohani et al., 2013). Interestingly, BS-Up had axitmum BMP value of 186 NmL
CH, g* VS that was significantly higher than the BMP8&:-Lo and BS-Mid. This
BMP value was comparable to previous studies waefaund to be 206-245 NmL

CH, g* VS (Kalia et al., 2000).

BMP (NmL CH, g”' VS)

Organic Loading (g VS L™")

ww B CcMm 4 RSt RHu
I BS-Lo BS-Mid BS-Up

Fig. 1. Methane yield of mono-substrates under differegénic loads. Wastewater
(WW), cow manure (CM), banana lower, middle andargart (BS-Lo, BS-Mid

and BS Up, respectively) and rice straw and husk @d RHu, respectively)

13



It has been reported that rice husk is an uns@tabl substrate due to low
biodegradability (Li et al., 2013). Nonethelesstha present study, RHu had
statistically the second higher BMP value (250 NGt g* VS) compared to all
mono-substrates tested. This could be partiallyagxed by the improvement of the
very high C/N ratio (>100) of the RHu (Li et alQ23), due to the extra nitrogen
derived from the manure-based inoculum, as wellhespre-existing ability of the used
inoculum to treat lignocellulosic feedstocks (Shak, 2013). Finally, CM had a BMP
value above 200 NmL CHy* VS, which was inside the expected methane potentia

limits presented in the literature (Qiao et al.12pD

3.2 BMP assay-l|, Co-substrates

The two “all substrates” mixing combinations, haatistically the highestp&k0.05)
BMP values compared to all the co-digestion scesagsted in BMP assay-1l (Fig. 2a).
Notably, between the two “all substrates” combimasi tested, 6M had the highest BMP
value but the 12M had threefold higher co-digesétiact (Fig. 2b). This means that
“all substrates 12M” was the most efficient co-diyen scenario, which ensured both
high methane yield, and optimum biomasses degr@adati

Both co-digestion scenarios with “WW+CM+RHu” and WH+CM+RSt” had
similar (p>0.05) BMP values but, at the same time, they hstidosmg negative co-
digestion effect with up to -45% lower methane ptitd compared to the expected
(Fig. 2). These results are contradicting with@vpus research paper, were rice husk
and straw shown a positive effect when co-digesii#id dairy manure (Hills and
Roberts, 1981). Furthermore, the “WW+CM” co-digesthad more than 20% better
BMP values compared to the expected, based on dhe-aigestion results. Thus, CM

and WW were not the reason for the low methanenpialeof the rice by-products co-

14



digestions. Most probably, the high lignocellulosomtent of the rice by-products
alongside with the high organic load (high C/Naoatiad caused the sub-optimal
utilization of the expected methane potential.

All banana stems co-digestion combinations hadlaimiethane yields, which
were higher compared to the expected ones as atduby the methane yields of the
single substrates, indicating synergistic co-digastffect. Oliveira et al. (2007) has
reported that banana stems contain calcium and @sagn, which are beneficial
nutrients for the anaerobic microbial communiti8shattauer et al., 2011). It seems that
this characteristic of the banana stems was alstibated to the high methane yields
of “all substrates” combination. Nevertheless,fitheous nature of banana stems and
the high water content hinders them to be the oolgigestion substrate in a manure
based reactor (Kalia et al., 2000), which is incadance with the results of this study.

In brief, all the substrates tested in BMP assaygfitributed with some benefits for
the AD process (e.g. WW: TS levels regulation; Gdmethanation microbial
communities; banana stem parts: nutrients; ricpreghucts: high methane potential).
Furthermore, the positive synergistic effect frobadigesting all the substrates (12M
combination) provided the best utilization scenaffithe available agricultural by-
products. Thus, this co-digestion scenario waseamos be tested in the three fixed-

dome continuous reactors.
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Co-digestion Effect (%)
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Organic Loading (g VS L'1)

B WW+CM £ RStHWW+CM RHuU+WW-+CM

0 BS-Lo+*WW+CM BS-Mid+WW+CM BS-Up+WW+CM

B RSt+RHU+BS-Lo+BS-Mid+BS-Up+WW+CM

Fig. 2. The a) maximum methane yields and b) co-digesftect compared to the
maximum yields, obtained in BMP assay-l. Wastew@téV), cow manure (CM),
banana lower, middle and upper part (BS-Lo, BS-&id BS-Up, respectively) and

rice husk and straw (RHu and RSt, respectively)

3.3 Fixed-dome continuousreactors

The maximum methane yield was observed in reacigmih a value of 106 NmL
CH, g* VS while reactors R and Rohad maximum vyields of 98.4 NmL and 66.9 NmL

CH. g* VS, respectively (Fig. 3a). The reactors reachsttady-state 15, 14 and 19

16



days after the experiments started, with averagbame production yields of 58.6, 75.6
and 85.2 NmL Chig™ VS for Ry, Res and Ry, respectively. These average methane
yields were significantly different between thepe@.05), clearly indicating that yields
were increasing alongside with the HRT of eachtma®©n the other hand, the methane
production rates (Fig. 3b) of the three reactom&d an opposite tendency compared
to the yields due to the different OLR of the reast Thus, the highest methane
production rate under steady-state, was 148 Nmk ICHI™ for Ry, followed by Rs

with 127 NmL CH, L™ d* and Ry with 107 NmL CH L™ d*. The comparison of the
average Yields of each reactor (under steady-statee maximum yield that was
observed in the BMP experiments (Fig. S3, suppleangmaterial), showed that
reactors Ry, Rys and Ro had achieved 43, 56 and 63%, respectively, ofrtagimum
expected yield. If it is taken into account thad BPM experiments were performed
under optimal conditions (e.g. thermophilic temper®, no incubation time limit,
different VS concentrations), then reactgp Rad shown a remarkable ability to
efficiently digest the used substrate. Finallyptighout the experimental period, the
methane content of the produced biogas was 60-64%s$, 59-67% for Bs and 61-

67% for Ry.
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Fig. 3. The methane production a) yields and b) ratebefiked-dome reactors

A threshold of 1500 mg HAc tof total VFA concentration is reported in the
literature for a healthy continuous AD process (Bwgaard et al., 2015). Based on that,
all three reactors were operating properly (Fig.rtawvever, the HRT of reactorgRR
and Ry were not enough for an efficient anaerobic proeesskthus their methane
productions yields were lower than reactorg. R is well know that hydrolysis is the
bottleneck for AD process kinetics when lignocelkit substrates are used (Strong et
al., 2011). Therefore, it seems that the high hehulose and lignin content (Ibrahim et
al., 2013) of the rice and banana by-productsubkatl as substrates, had slowed down

the hydrolysis step, which affected the overalkkics of the AD process. The pH
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fluctuation for all reactors was between 8.2 arti® the beginning of the experiments;
when the steady-states were established the pldwvdiecreased and stabilized in the
area of 7.8-7.9 until the end of the experimenig. (#b). The VFA accumulation was
not high in the reactors in order to create a pppdwhich is the main cause of
inhibition associated with VFA. Nevertheless, tiptimal range of pH for AD is from
our experience 6.8-8.2, thus, pH levels remainadalf three reactors, inside the

favorable range throughout the experiment.
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400
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< Rgo 7 Rys ‘& Rgo

Fig. 4. Thea) total VFA accumulation and b) pH fluctuationtloé fixed-dome reactors
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3.4 Residual methane potential, ener gy production and GHG emissions of

the fixed-domereactors

The residual methane potential of the digestates fieactors B, Rss and R were
43.5, 48.2 and 52.5 NmL GHj* VS, respectively (Fig. S4, supplementary material)
Even though it seems that thegRad smaller post-digestion losses per g VS, dimee
reactors were operating under different OLRs, tle¢hane emissions per working
volume of the reactors were 94.8, 70.4 and 57.2 Nl L™ for Rsq, Rus and Ry,
respectively. These residual methane potentidi@effluents was amounting to up to
44% methane production compared to the producbbiise main reactors (Fig. 5).
Residual potentials have been reported to be frgnmup to 45% of the total methane
potential of optimally operated reactors, dependinghe incubation period (30 to more
than 100 days), the temperature (5-55°C) and theceaf the mono-or co-substrates
(manures, agricultural and industrial by produdts)€Kaparaju and Rintala, 2005;
Kaparaju and Rintala, 2003; Weiland, 2003), Morepwerestigation of Danish
centralized biogas plants, had shown losses fronmidbdp to 25%, depending on the
hydraulic retention time (Angelidaki et al., 200%hese previous results are coinciding
with our current investigation. Therefore, basethlum the continuous and residual
methanation experimentsgfReactor scenario could provide 45% and 13% moeeggn
than the By and Rs fixed-dome reactor scenarios, respectively forsidmme quantity of
the available agricultural by-products (Table 4pad#cally, for the rural area site
assessed in the current study, the utilizatiomefidentified agricultural by-products
with the Ry, reactor scenario could provide enough energy verccompletely all the
daily cooking requirements of the inhabitants (€a®2, supplementary material). At

the same time, the GHG emissions (&Quivalent) per working volume reactor (based
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only on the residual methane potential) were 69%25%0 lower for By, compared to
Rs0 and Rs reactors, respectively. However, it was out ofsbepe of this study to
assess meticulously the overall GHG and other eéomsslerived from the fixed-dome
reactors and compare it with the conventional disgpmethods of the used agricultural
by-products. Additionally, in order to validate #ike technical, social and economic
parameters involved, full-scale experimental assess has to be performed. With this
in mind, a fixed-dome reactor operating with 60IB\R T, fed with all the available
substrates (yearly produced quantities proportlgmairoduced in the feedstock), was
the best co-digestion scenario for the represemtatimote rural area, both in terms of
energy recovery and in terms of GHG emissions’ cadn. This result indicates that
even in the most remote rural areas, is possibb@évate efficiently low-tech biogas
reactors and, is the lack of knowledge disseminatiathe reactor operators, which

forces some of them to shut down their reactors.
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Fig. 5. The residual methane production of the digestaiapared to their methane

production yields of the three fixed-dome reactorder steady-state
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Table 4. Potential methane production, energy productimh@HG emissions for each

one of the three fixed-dome reactors co-digesto@marios

Rso Ras Reo
Expected methane production (Nm™ VS) 58.6 75.6 85.2
Upper calorific value (kWh thVS) 646.9 834.6 940.6
CO, Equivalent (kg C@QEq. m® reactor) 1.7 1.3 1.0

4 Conclusions

The focus of the present work was to identify stz AD substrates in a remote
rural area site and to propose a continuous an@erofligestion scenario, established
in lab-scale, fixed-dome reactors, in order tozgilbbptimally these substrates. The
results have established that rice husk, stranbandna stems could potentially be
favorable biomethanation co-substrates. Additignalreactor operating with 60 days
HRT and fed proportionally (based on the yearlylabdity) with all the by-products,
was the best co-digestion scenario. Specificalig, scenario showed high-energy
recovery (up to 45%) from the substrates and lgst-methanation GHG emissions
(up to 69%), compared to the other scenarios te$taas, this study has clearly shown
that, when the proper biomethanation scenariopfiepin fixed-dome reactors, high-
energy production together with low environmentapact can be achieved. This
knowledge could potentially motivate the inhabitaot remote rural areas, where low-

tech reactors have been abandoned, to reconseled#tision.
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Highlights

* Wastewater in remote rural areas could have extremely low CH,4 potential
 Rice husks demonstrated a high biomethanation potential of 250 NmL CH, g* VS
» Banana stems used as co-substrate enhanced AD efficiency up to 25%

* Longer HRTsin fixed-dome reactors lead to higher CH, and lower GHG

productions

* AD of unused by-products can cover 100% of the cooking needs in aremote rura

area





