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Abstract

The recirculation flow inside the leach-bed during solid-state anaerobic co-digestion of layered cattle
manure and roadside grass was characterized using three different methods on lab scale reactors.
Tracing experiments and method of moments were used to characterize percolation flow properties
with different leach-bed compositions and a new criterion was proposed to quantitatively evaluate
the ratio between preferential pathways and dead volumes for each experiment. The impact of
recirculation flow on leach-bed complexity for different moments of SS-AD and substrate layering
was characterized using steady-state reactor modelling and the impact of recirculation flow on
microporosity and macroporosity evolutions all along SS-AD was determined using modelling of
hydrodispersive parameters. It appeared that layering and time could significantly impact
percolation flow and leach-bed complexity, until 36% of residence time variation and 110% of leach-
bed complexity. Moreover, layering could impose a different percolation flow for each layer and

cause a preferential pathways disruption.
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1 Introduction

Since 2020, the availability of renewable energies became critical. Even while economies bent under
the Covid-19 lockdowns, the price of fossil natural resources reached a record threshold (EBA, 2021).
Additionally, methane emissions are the second-largest cause of global warming today. Oil and gas
operations from the energy sector represented 76 Mt of methane emissions and the coal operations
around 41 Mt (IEA, 2021). An available renewable energy to decrease these emissions is anaerobic
digestion (AD). This process is a simple and efficient way to convert organic wastes into renewable
energy as biogas. This gas can be valorized by gas injection or cogeneration of heat and electricity.
This process also produces digestate that may substitute chemical fertilizers (Rocamora et al., 2020).
AD contributes to bioeconomy reducing waste locally, supporting clean mobility and providing a
clean and affordable energy. In Europe, 350 municipalities are producing biogas from their waste
and 191 TWh of biogas were produced in 2020, representing 4.6% of the total gas consumption (EBA,

2021).

The solid-state anaerobic digestion (SS-AD) is defined by a total solid content higher than 15%
(Rocamora et al., 2020; André et al., 2018; Degueurce et al., 2016) which is higher than conventional
wet AD. SS-AD allows a higher volumetric production rate (Karthikeyan and Visvanathan, 2013;
Brummeler et al., 2000) reducing the water use. However, numerous scientific and technological
hurdles are limiting the process of development (André et al., 2018). Among these hurdles, this
process reduces available free water within the leach-bed making it complicated to use mechanical
mixing parts (Shewani et al., 2018). This is why most of the SS-AD processes work in batch mode, and
mixing is provided by liquid phase recirculation from the bottom to the top of the reactor (Michele

etal., 2015). However, this practice induces porosity evolution, which is a physical phenomenon due
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to leach-bed heterogeneity and substrate degradation during anaerobic digestion. This modification
of the SS-AD leach-bed may lead to percolation difficulties and flow defects such as preferential
pathways and dead volumes, in which it is possible to observe partial substrate degradation resulting
in methane yield and cost losses (Hernandez-Shek et al., 2022; André et al., 2015). This variation in
the characteristics of the SS-AD leach-bed over time has already been observed by residence time
distribution experiments and modeling of macroporosity and microporosity evolution all along SS-
AD. Other investigations were done to optimize the impact on the recirculation strategy during SS-
AD studying feedstock and inoculum ratio (Dastyar et al., 2021), inoculation strategies (Meng et al.,
2019), or recirculation frequency (Coutu et al., 2022a; Qin et al.,, 2019; Pezzolla et al., 2017;
Degueurce et al., 2016) but there is very little work done regarding how recirculation flow impacts

the leach-bed properties during solid-state anaerobic co-digestion.

The main observed consequence of a recirculation flow inside a SS-AD leach-bed reactor is the
percolation quality which could impact the methane yield in the end. Percolation inside a SS-AD
leach-bed reactor is a phenomenon which can be compared to natural soil percolation. In fact, a
natural soil is a solid porous medium which is heterogeneous and contains preferential pathways
because of cracks, structural peds and wormholes and root channels (Beven and Germann, 1982).
Macropore and micropore distribution may be responsible for flow defects (Haws et al., 2004;
Larsson et al., 1999) and impacts the solute transport through the leach-bed (Haws et al., 2004;
Allaire-Leung et al., 2000; Gupta et al., 1999). Modeling makes it possible to characterize percolation
flow and solute transport. It is evidence that flow and transport processes in heterogeneous solid
porous medium cannot be described using classical models assuming uniform flow and transport
(SimGnek and van Genuchten, 2008) and usual measurements may not be exploitable (K6hne, 2005).
Several conceptual approaches with various degrees of complexity and dimensionality have been

developed to modeling disequilibrium flow effect on solute transport (Lamy et al., 2009; Kohne et
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al., 2009; Sim@inek and van Genuchten, 2008). One of the most used in the literature is the mobile-
immobile (MIM) water model which was already used for SS-AD of cattle manure with different
approaches (Coutu et al., 2022b; Shewani et al., 2015; André et al., 2015). However, there are still
too few works proposing methods to characterize how recirculation flow impacts the leach-bed

properties during solid-state anaerobic co-digestion.

The objectives were to (1) characterize the recirculation flow inside the leach-bed during anaerobic
co-digestion of layered cattle manure and roadside grass; (2) determine the impact of recirculation
flow on leach-bed complexity and substrate layering for different moments of SS-AD (after 0, 15 and
30 days); and (3) determine the impact of recirculation flow on microporosity and macroporosity

evolution all along SS-AD.

2 Materials and methods

2.1 Characteristics of substrates and inoculum used

Two substrates were used for this study: cattle manure (CM) and roadside grass (RG). CM was
sampled from the farm of the UniLaSalle Polytechnic Institute (Beauvais, France) according to the
sampling plan described by the quartering method. Elementary samples were grouped, mixed and
divided into four parts. Two opposing parts were eliminated and the remaining two parts were
shuffled again. CM was chosen as the substrate to compare obtained results in literature concerning
hydrodynamic parameters (André et al., 2015). RG was sampled with the same method after mowing
the grass (Les Clayes-sous-Bois, France). RG had a particle size between 3 cm and 10 cm. CM and RG
did not undergo any preliminary treatment as crushing or drying and the liquid part of the manure

(LM) was used as the inoculum to bring the microbial consortium.
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2.2 Analytical methods

The total solid content (TS) and the volatile content (VS) were respectively determined by a 105°C
drying for 24h and a combustion at 550°C for 2h (APHA, 1998) for each substrate and inoculum. pH
of the inoculum was determined using a pH meter (Mettler Toledo, Switzerland), the ratio between
total volatile fatty acid content (VFA) and the buffer capacity was determined by two titrations at
pH=4.4 and pH=5 using sulfuric acid with an automatic titrator (Mettler Toledo, Switzerland). Finally,
the Biochemical Methane Potential (BMP) was determined by the AMPTS system (Automatic
Methane Potential Test System, Bioprocess Control, Sweden) according to Holliger et al. (2016). All
analyses were carried out in triplicate. These tests were conducted at the beginning of experiments

and results are shown in Table 1.

2.3 Experimental set-up

2.3.1 Solid-state anaerobic digestion at lab scale

Leach-bed reactors (LBR) used were the same practical tool used in Coutu et al. (2020) to study solid-
state anaerobic digestion at lab scale through numerous experiments. Nine LBR were used for AD
monitoring initially filled with 200 g of solid substrates with different compositions ensuring the
same bulk density for each experiment and a correct percolation through the leach bed. Three
different mass compositions of raw substrates were studied in triplicate for the mixture CM/RG: 25
%, 50 % and 75 % of RG. 1 L of LM was added in each LBR to bring microbial consortium. Two different
types of experiments were led: a SS-AD experiment was coupled with a tracing experiment inside
the leach bed to perform a residence time distribution at different periods of AD. For each condition,
two LBR were stopped after 15 days and two LBR were stopped after 30 days to realize tracing
experiments and analytical measurements. Also, each LBR was used as the reactor and tracing

column. Extruded polystyrene discs were used to adjust the experimental height at 8 cm and
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effective volume at 1.41 L for each reactor. During AD, substrates used were fully immersed inside
liquid phase and a stainless-steel aperture grid was placed below the leach bed to avoid any pump
clogging or accumulation of matter in pipes. A peristaltic pump was used on each LBR to recirculate
0.62 L of the liquid phase from the bottom to the top of the leach bed once a day, five a week. This
recirculation volume was arbitrarily chosen and represented 2/3 of the total liquid volume. Biogas
production was daily recorded with manual gas counters as described by Coutu et al. (2020), its
composition was analyzed by a gas chromatography (MicroGC, SRA Agilent 3000A) to measure
methane, carbon dioxide, nitrogen and hydrogen. At the beginning of SS-AD, the liquid phase was
fully recirculated once. For each LBR, RG was placed above CM creating a 2-layer stratification. This
structure was chosen to avoid possible inhibitions during SS-AD (André et al., 2019) and study the

impact of layering on residence time distribution. All the SS-AD system is represented Fig 1.

2.3.2 Tracing experiments

LBR were also used as tracing columns due to its cylindrical shapes. Tracer used should not be
absorbed or adsorbed by the leach bed during tracing experiments and should be easy to detect.
Preliminary experiments demonstrated that sodium chloride (NaCl) is not adapted when RG is one
of the studied substrates. In literature potassium bromide (KBr) is frequently used for tracing
experiments, particularly for soil hydrodynamics experiments (Lamy et al., 2009). Furthermore, KBr
is not expensive and the more conservative tracer in municipal solid waste (Woodman et al., 2015).

After several preliminary tests, KBr was validated for tracing experiments on CM and RG.

First, the tracing column studied was saturated with tap water at the same flow rate as SS-AD
conditions: 1.62 L.min. A conductivity meter was placed at the LBR outlet to measure the
conductivity of water passing through the leach bed. Then the LBR was washed until reaching a stable
conductivity signal (between 660 uS.cm™ and 705 uS.cm). After the washing step, 0.01 mol.L* KBr

tracer solution with a 10,500 pS.cm™ conductivity was injected at constant flow during 20 s
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respecting a Heaviside function. Then water was injected to elute the tracer and conductivity signal
was recorded with a RS232 data logger software (Eltima Software 2.7) each second as a function of
time until conductivity signal has returned to its initial value. The relative tracer concentration
between time-dependent concentration and initial tracer concentration (C/Co) was obtained from
the ratio between measured conductivity and initial tracer conductivity, as described by André et al.
(2015). Tracing experiments were done in duplicate at the beginning of SS-AD, after 15 days and
after 32 days for each sacrificial LBR with 25%, 50% and 75% RG composition. Supplementary tracing
experiments were done at the beginning of SS-AD for 100% CM, 100% RG and 50% RG with a parallel

layering to highlight the layering impact on tracing experiments.

2.4 Transport and retention characterization and modeling

The more homogeneous over time the percolation flow, the more symmetrical the elution curve
(Sardin et al., 1991). This behavior is usually observed for homogeneous mediums like sands used in
soil hydrodynamics studies (Lamy et al., 2009). Conversely, the more heterogeneous over the
percolation flow, the more unsymmetrical the elution curve. Two main phenomena cause a
heterogeneous flow over time: the presence of preferential pathways and the presence of dead
volumes. Preferential pathways have a significant impact on the percolation flow when the
increasing part of the elution curve is steeper than the decreasing part of the elution curve and vice

versa for dead volumes. These phenomena are the first flow characterization to do.

2.4.1 Flow characterization with residence time distribution

The method of moments was used to determine the tracing experiment parameters. This method
allowed to characterize the recirculation flow inside the leach-bed during anaerobic co-digestion of
the 2 studied substrates. Zero, first and second order temporal moments described in (1) were used

to estimate the tracer mass balance, the mean residence time and the elution curve variance.
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With p,, the n-order temporal moment and t the time (min). The ratio between mean residence
time and geometrical residence time corresponds to the retardation factor R described in (2). This
factor is equal to 1 when there are no leach bed interactions on the tracer. A retardation factor
higher than 1 suggests the presence of liquid phase dead volumes and a retardation factor shorter

than 1 suggests the presence of liquid phase preferential pathways.

T %4
R = ;:TG =0 (2)

With R the retardation factor (dimensionless), T the mean residence time (s), 7, the geometrical
residence time (s), and V the volume (m3). Comparison of these different parameters between
experiments allowed to evaluate percolation efficiency: a higher mean residence time means
more water retention through the leach-bed, and higher retardation factor means a higher

dispersive phenomenon. These behaviors are usually due to the presence of preferential

pathways and dead volumes inside the solid porous medium.
2.4.2 Steady-state reactor analysis

Flow characterization obtained from elution curves allowed to model each tracing experiment with
2 classical steady-state process engineering models. These models were chosen because they are
the more usual and theoretical models used in process engineering. This modeling allowed to
characterize and compare the leach-bed complexity and thus the flow failures among each

experiment for different moments of SS-AD.

e A cascade of continuous stirred tank reactors (CSTR):
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From experimental elution curve, an equivalent elution curve with a cascade of CSTR was modeled
from the mass balance of each LBR. A transfer function was also obtained and compared with
experimental elution curve. The equation (3) (Houzelot, 2013) describes the elution curve modeled
on the number of CSTR, N, and the mean residence time, . N is determined to approach the
experimental curve.
Nt
E@t) = (K)N.tN—l_e__T (3)
T (N —-1)!

This modeling allowed to quantify a number of homogeneous layers represented by the number N,

by informing the leach bed complexity.
¢ A plug-flow reactor with axial dispersion:

A Peclet criterium was determined to consider the asymmetry of residence time distribution and
model the plug-flow reactor elution curve. It could be calculated from residence time distribution
and elution curve variance as described in (4) assuming that convective flow is prevailing on diffusive
flow. The plug-flow reactor with axial dispersion model is described in (5) (Houzelot, 2013). The
elution curves were compared to these modeling to characterize the leach-bed complexity and the

flow properties.

_qL_ T\2
Pe—F—Z(E) (4)
1/P 3 Pe(t—t)*
e(t—
E®) = E(ﬂ_‘;)z .e At (5)

2.4.3 Comparative flow criterion

A criterion was proposed and calculated from elution curves. This criterion allows to quantitatively

evaluate the ratio between preferential pathways and dead volumes for each experiment. PP (for
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preferential pathways) was determined to calculate the elution curve integral between the
beginning of the tracing experiment and the mean residence time. The DV (for dead volumes) was
determined to calculate the elution curve integral between the mean residence time and the end of
tracing experiments. The ratio PP/DV provides a dimensionless value, easy to understand and which
could be compared to each next experiment in the literature. PP and DV expressions are detailed in
equations (6) and (7), where E(t) is the zero-order temporal moment given by (1) These equations

must respect that the sum between PP and DV is equal to 1 to respect the tracer mass balance.

PP = j TE(t)dt (6)
0

+00
DV = f E(t)dt (7)

2.4.4 Modelling of hydrodispersive parameters

Modelling of hydrodispersive parameters allowed to determine the impact of recirculation flow on
microporosity and macroporosity evolution all along SS-AD. Identification of hydrodispersive
parameters was done on elution curves obtained from tracing experiments. These parameters could
be read in conjunction with steady-state models and retardation factor to realize a complete flow
characterization. A two-region model also known as MIM model (Mobile-Immobile water) was used
to identify representative hydrodispersive parameters of the flow. The volumetric water content is
assumed to be divided into 2 distinct regions in this model: the mobile region and the stagnant
region. The convective flow is assumed occurring in the mobile region only and tracer exchange rate
is supposed following a first-order kinetics (Lamy et al., 2009; Siméinek and van Genuchten, 2008;
van Genuchten and Wieranga, 1976). The representative equations are described in (8) where 6,

and 0;,,, are the fractions of solid matter filled with mobile and stagnant water (m3racer.m?3), C,, and
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Ci, are the tracer concentrations in mobile and stagnant regions (kg.m3), D,, is the diffusive
coefficient (m2.h1), q is the Darcian velocity (m.h!) and « is the tracer exchange rate between mobile

and stagnant regions (h?).

ac d0%C ac
ma_;n = 0D, aZ;n q aZm a(Cm - Cim)
ac;
Oim a;m = a(Cm - Cim) (8)

The hydrodispersive parameters to be determined were 6;,,, and a. These parameters were obtained
using HYDRUS-1D software which found the best fit between the MIM-model and the experimental
elution curve (Simdnek and van Genuchten, 2008). The input parameters are the total volumetric
content, the length of studied leach bed L, the total dry bulk density 8, the pulse duration t,,;s. of

the tracer injection and the Darcian velocity g.

3 Results and discussion

3.1 Anaerobic digestion performances

Tracing experiments were realized before SS-AD, after 15 days and 30 days of SS-AD. During this
process, each duplicate had the same behavior even if the technology used for gas counters may
introduce some uncertainty on the methane flow measurement (20 mL per measurement). The
higher the RG leach-bed composition, the higher the methane production rate. This observation was
consistent with BMP results which highlighted a higher methane yield for RG than CM. Mass balances
ranged from 96.11 % to 98.56 % ensuring there was no gas leakage and VS removal was measured
on each leach bed and represented between 54.9 % and 69.3 % of substrate degradation. At the end
of each experiment, pH reached a value between 7.9 and 8.0, attesting an appropriate balance
between VFA production and substrate degradation during SS-AD process. The maximum methane

production rate obtained during these experiments reached 75% to 95 % of BMP made depending
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on the RG proportion. These deviations could be explained by the manure flotation and the reduced
accessibility of the substrates compared to BMP conditions. The cumulated methane vyield is
represented in Fig 2. These data clearly have shown that the SS-AD experiments were held without
inhibitions but substrate degradation was partial for each experiment. This difference of production
rates between BMP values and experimental measures have shown the leach-bed layering impact
and percolation problems on methane production. Approximately two third of organic matter was
not accessible. This observation was indicative of a complex solid matrix, which could be explained
by the presence of numerous preferential pathways and dead volumes within the leach bed. These

observations justified the need to investigate this phenomenon through adapted tools.

3.2 Tracer elution curves obtained in saturated conditions

The elution curves were studied through a residence time distribution, giving a lot of information
about percolation characteristics of the liquid phase through the leach bed and more globally about

SS-AD recirculating process. The more symmetric the curve shape, the more ideal the flow.

3.2.1 Elution curves before AD

The elution curves obtained before SS-AD provided a lot of information concerning percolation
characteristics of the liquid phase through the leach-bed. These curves are represented in Fig 3 as a
function of time and Fig 4 as a function of substrate compositions. First of all, tracer mass balances
were respected with a value between 89.8 % and 99.7 %. These mass balance variations were
probably due to retention volumes inside the leach-bed where the tracer stayed trapped. At
equivalent density, the leach-bed only composed with RG provided an elution curve which was less
spread over time than the leach-bed only composed with CM. This could be explained by a faster
percolation flow and a lower dispersive phenomenon inside the leach-bed composed with RG than

the leach-bed composed with CM. Mixes composed of 25 % RG and 75 % CM and 75 % RG and 25 %
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CM showed that the higher the RG composition, the closer the observed flow to that observed for
pure RG: dispersive phenomenon decreased and percolation flow was faster as represented in Fig 3
(A). However, the behavior of the mix composed of 50 % of RG and 50 % of CM was completely
different: the percolation flow was much slower than others observed leach-bed. Other observations
during SS-AD showed the same phenomenon. When the compositions of each substrate approached
50%, the percolation flow became different for each layer. This means that tracer flow inside the
tracing column became heterogeneous over time, resulting in a drop-in flow velocity and a non-
negligible increasing of the dispersive phenomenon. This behavior had already been observed in

hydrogeology studies (Lamy et al., 2009).

3.2.2 Elution curves during AD

All along SS-AD process, Elution curves had a tracer concentration peak which appeared earlier and
less spread out. This means a higher recirculation flow inside the leach-bed and a decrease of
diffusive phenomena, as observed by André et al. (2015): the more degraded the leach bed was, the
more compacted it was. Macroporosity was decreasing to the benefit of microporosity, explaining
the tracer diffusivity losses and preferential pathway formation on reactor sides due to the leach bed
compaction. A second phenomenon appeared when CM and RG compositions were close enough
during codigestion: the elution curve had a bimodal shape as represented in Fig 3 (B and C) and Fig
4 (B). These curve shapes demonstrated the existence of two different flow regions contributing to
diffusive and dispersive transfer mechanisms. In these different experiments, the 2-layers horizontal
layering created a separation between the two substrates. This separation between the two
substrate layers probably applied preferential pathway disruption which had the effect of a local

homogenization directly inducing a modification of the elution curve shape.
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3.2.3 Layering impact on residence time distribution

Another tracing experiment was done before SS-AD with the mix composed of 50 % of CM and 50 %
of RG respecting two different spatial configurations: a serial layer tracing experiments (SLTE) and a
parallel layer’s tracing experiments (PLTE) for each substrate. Obtained elution curves are illustrated
in Fig 3 (D). The two experiments provided very different behaviors. The PLTE showed more
preferential pathways and less tracer dispersion inside the leach-bed contrary to SLTE that showed
less preferential pathways and more tracer dispersion. These observations could mean that the
parallel layers disposing allow making the preferential pathway disruption disappear. In this case, a

preferential pathway may occur in the layer having the higher macroporosity.

3.3 Residence time distribution and flow characterization

The method of moments was used to determine the mean residence time and the retardation factor
R for each studied composition all along SS-AD. Results are illustrated in Fig 5 (A) and (B). The mean
residence time was firstly determined and compared to geometrical residence time to obtain a
retardation factor for each experiment respecting equation (2). First, it was noticeable that every
retardation factor was higher than 1, which is consistent: the mean residence time was higher than

the geometrical residence time, which meant a non-ideal flow percolation.

Results obtained corroborated precedent observations: before SS-AD, the higher the CM
composition, the higher the observed retardation factor. That meant a leach-bed full of CM resulted
in less preferential pathways and more dispersive phenomenon in comparison with RG at the same
density. However, when RG and CM compositions were in the same range, mean residence time and
retardation factor significantly increased. This phenomenon was probably due to a preferential
pathways disruption as explained previously. During SS-AD, this observation reversed the more

significant the substrate composition (close to 50 %), the lower the mean residence time and the
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retardation factor observed. The tracer percolation through the leach-bed was modified as a
function of time and this phenomenon was probably due to the solid porous medium degradation.
This leach-bed modification resulted in a modification of preferential pathways and dead volumes
inside the solid porous medium. There was also a different degradation kinetics for each substrate
which led to a different flow characteristics evolution during SS-AD. During SS-AD, these results
showed an increase in the proportion of dead volumes compared to preferential pathways higher
for compositions close to 50 % for each substrate. At the end of SS-AD, the leach-bed retraction
phenomenon suggested by André et al. (2015) could be observed in this study with the evolution of
preferential pathways and dead volumes. The same behavior was observed between each
composition before and after SS-AD: when the composition for each substrate was enough (close to
50 % in this study), more preferential pathways formed around the leach-bed and more dead

volumes appeared inside the leach-bed.

3.4 Comparative flow criterion

The PP/DV ratio was determined for each experiment before and during SS-AD and is illustrated in
Fig 5 (C). This ratio was higher on CM than RG before SS-AD, which meant that the proportion of
preferential pathways compared to dead volumes was higher in CM than RG before SS-AD. This result
was linked with residence time and retardation factor values and previous conclusions. Moreover,
the closer to 50 % substrate composition for each substrate, the higher the proportion of preferential
pathways compared to dead volumes. During SS-AD, this ratio is balanced out between different
compositions, probably because of the leach-bed homogenization. At the end of SS-AD, the behavior
observed was completely different: the higher the proportion of RG, the higher the PP/DV ratio. This
behavior could be explained by a higher density for RG than CM, causing a higher digestate
compaction. Finally, for the 50 % RG and 50 % CM experiment, the PP/DV ratio was determined in
parallel and serial layering. Results showed a decrease of preferential pathways and an increase of
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dead volumes for a parallel layering. This ratio gave a similar conclusion than other tools for
hydrodynamics characterization and is more explicit than usual values as mean residence time
distribution and retardation factor. Moreover, this value could be directly compared with other

experiments in the literature due to their dimensionless nature.

3.5 Steady-state reactor modeling

Mean residence times and elution curves previously obtained from residence time distribution were
used to modelling equivalent flow of 2 ideal steady-state reactors: the cascade of continuous stirred
tank reactor and the plug-flow reactor with axial dispersion for each experiment. The percolation
flow observed was then compared to these ideal flows to characterize the leach-bed complexity. The
plug-flow reactor with axial dispersion modeling provided very different elution curves from
experimental results with larger mean residence times, larger retardation factors and a flattened
elution curve shape. This observation could be explained by a very different behavior between a
layered leach-bed and a plug-flow reactor. Therefore, the plug-flow reactor with axial dispersion
model is not adapted for layered leach-bed reactors. Using the cascade CSTR model, the
experimental elution curves were comparable with the modeled elution curves but a different
number of CSTR was found depending on the leach-bed complexity. This is why the equivalent CSTR
number was used as characterization parameters of the leach-bed complexity. All results are
presented in Table 2. A strong heterogeneity of each leach-bed was observed, with a higher
complexity for 2-layers leach-beds. This observation was coherent with the solid porous medium
composition: the more heterogeneous the leach-bed, the more heterogeneous the percolation flow
crossing it. Moreover, the flow heterogeneity increased during SS-AD and decreased at the end of
SS-AD. This last observation could be explained by the flow around the leach-bed observed in André
et al. (2015) and representing an observation bias due to leach-bed retraction. Finally, parallel
layering of CM and RG in a leach-bed composed of 50 % of RG and CM showed a higher heterogeneity
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than serial layering. This result is coherent with previous observations and could be related to the
equivalent resistance analogy, well known in fluid mechanics: percolation flow was different for each
substrate inside the parallel layered leach-bed, causing a global percolation flow different from
percolation flow for each substrate. This behavior could be explained by a different flow resistance
for each substrate. This result could be a great solution to minimize percolation problems inside a
leach-bed reducing flow resistance. However, this modification of layering could bring more flow
defaults as non-desirable preferential pathways and dead volumes resulting in degradation

heterogeneity and methane yield losses.

3.6 Hydrodispersive parameters identification

Hydrodispersive parameters modelling was done using Hydrus-1D. This software allows simulating
percolation flow inside porous and incompressible mediums with solute transfer from an elution
curve. The Richards’ equation is solved to determine pressure, water content and hydraulic
conductivity of the flow and different soils hydrodynamic models are available. This software is
usually used for water and solute transfer experiments inside different soils (Torkzaban et al., 2008;
Boivin et al., 2006; Abbasi et al., 2004) and recently used for SS-AD (Shewani et al., 2015; André et
al., 2015). Some inlet parameters had to be specified to proceed: the height of the leach-bed, the
saturated water content and the tracer injection time. Considering a saturated model (equation 8),
the saturated water content is equal to the total water content in this study. The outlet parameters
obtained were the fraction of solid matter filled with stagnant water representing the microporosity
(6im) and the tracer exchange rate between mobile and stagnant regions (a). Results obtained after
hydrodispersive simulations are illustrated in Fig 6. It could be observed that when RG composition
was sufficiently low, microporosity (Bim) highly increased throughout SS-AD and decreased at the end
of SS-AD. This behavior is typical of SS-AD: as substrates are deteriorated through SS-AD,
permeability decreased and porous medium became more compact and impermeable (André et al.,
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2015). This phenomenon led to a fall in macroporosity and a leach-bed retraction (Shewani et al.,
2015). However, at the end of SS-AD, the porous medium became completely impermeable and all
the liquid phase percolated on the sides, which could be observed with an increase in macroporosity
and a decrease in microporosity. When each substrate composition was high enough, a different
behavior was observed: microporosity was higher at the beginning of SS-AD and decreased all along
SS-AD. This phenomenon could be explained in this study by a more compact leach-bed layering
with RG which fit in CM interstices, providing more complexity inside the porous medium and
increasing the microporosity at the beginning of SS-AD. Then the permeability loss should decrease
microporosity all along SS-AD. The MIM model used was useful to describe the porous medium
hydrodynamics properties. One of the studied parameters of the model is the tracer exchange rate
(o) between macroporosity and microporosity. The tracer exchange rate value highly increased when
each substrate composition approximated 50 %. This phenomenon could be explained in this study
by the same phenomenon described before: a more compact leach-bed layering with RG which fit in
CM interstices, providing more exchanges between mobile and stagnant regions. The developed
tools used in this study provided very interesting observations about recirculation impacts on SS-AD.
However, tracing experiments are very dependent on the column size and geometry. The
observations made during this study will be scaled for real full-scale reactors but geometric, dynamic

and cinematic similarities should be respected.

4 Conclusions

The recirculation flow inside the leach-bed was characterized before and during SS-AD of layered
cattle manure and roadside grass with different tools including a new comparative flow criterion:
the PP/DV ratio. The impact of recirculation flow on leach-bed complexity was determined for
different moments of SS-AD and incites changing recirculation strategy to minimize water and energy

costs in the context of operating cost reduction. This study provided a complete method to
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characterize recirculation flow during SS-AD, which could be continued for other substrates and
experimental conditions and should be tested in pilot-scale conditions to observe the change of scale

effect.
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Figure captions

Fig 1. Schematic representation of the experimentation set up

Fig 2. LBR performances. A : accumulated methane yield, B: methane flow

Fig 3. Elution curves. A: before SS-AD, B: after 15 days of SS-AD, C: at the end of SS-AD, D: 50% RG

before SS-AD for serial and parallel layering

Fig 4. Elution curves. A: 25% RG, B: 50% RG, C: 75% RG

Fig 5. Residence time distribution for each experiment. A: Mean residence time, B: Retardation

factor

Fig 6. Hydrodispersive parameters for each experiment. A: the fractions of solid matter filled with

stagnant water and B: tracer exchange rate
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Table 1 Chemical characteristics of inoculum and initial substrates used

FOS (mg.L") TAC (mgL')  BMP (NLcus.kgvs

TS (%rm) VS (% ts) pH
h
Initial CM 19.4 +0.36 84.0+0.46 - - - 143+ 124
Initial RG 52.1+£0.79 61.3+0.44 - - - 240 + 8.95
Initial LM 2.30 £ 0.05 499+1.19 7.91+0.04 1695 £ 8.115 10914 £ 309.06 10.4 £0.01




Table 2 Leach-bed complexity by Steady-state reactor modeling

Before SS-AD Equivalent number of CSTR
Empty LBR 1
100% CM 7
Serial 75% CM, 25% RG 9
Serial 50% CM, 50% RG 10
Serial 25% CM, 75% RG 11
100% RG 7
Parallel 50% CM, 50% RG 13

During SS-AD

Serial 75% CM, 25% RG 19
Serial 50% CM, 50% RG 11
Serial 25% CM, 75% RG 13
After SS-AD

Serial 75% CM, 25% RG 12
Serial 50% CM, 50% RG 9

Serial 25% CM, 75% RG 11
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