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Abstract

A coupling distributed solid-state anaerobic digestion model was developed and performed
considering a simplified AM2 model and a saturated Mobile-Immobile water Model (MIM). This
model allows considering both microporosity and macroporosity evolutions as well as the impact
on biological kinetics. This model was adapted, implemented and validated on cattle manure in
mesophilic conditions and carried out in a solid-state leach-bed reactor. Three 60L sacrificial leach-
bed reactors were used to determine hydrodynamics and kinetic parameters in a calibration-
validation approach. A sensitivity analysis was conducted and has shown a high value of hydrolysis
kinetics on outputs variables (until 92% for accumulated methane yield and 72% for volatile fatty
acids accumulation) which confirmed the necessity to identify accurately the hydrolysis parameter
before calibration step. Finally, the solutes present inside each mobile and immobile region

evolved in a different way confirming the model relevance.
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1 Introduction

Anaerobic digestion (AD) is a biological process which consists of biodegradation of one or several
organic substrates by a microbial consortium to produce biogas and digestate. This biogas is mainly
composed of methane, carbon dioxide with few hydrogen sulfides. This biomethane is a renewable
energy that can be valorized by injection or by cogeneration of heat and electricity. The digestate is
a mixture of compounds of difficult degradation and mineral substances (Deublein, 2010). For 30
years, the global warning consciousness and increased energy prices have stimulated development
of AD technology to produce energy from different substrates. In Europe, more than 18 200 units
were recorded at the end of 2018. Electricity generated by cogeneration from biogas reached 63.5
TWh and the biomethane injected into the natural gas network represented 22.78 TWh (EBA,
2019). This process has many advantages: production of renewable energy through the
fermentable waste treatment, with a double valorization of organic matter and energy (Kamali et
al.,, 2016) and a reduction in greenhouse gas emissions by substituting fossil fuels and chemical
fertilizers. Two types of AD process exist depending on the total solid content (TS): the liquid AD
and the solid-state anaerobic digestion (SS-AD). The SS-AD is defined by a solid content higher than
15 % and is more appropriate for degradation of substrates with varying composition and high solid
content (Degueurce et al., 2016; André et al., 2018; Rocamora et al., 2020). This last one allows a
reduced need of water and a higher production rate (Brummeler et al., 2000) but only represents 9
% of the installed agricultural units and the main substrates are pig and cattle manure, cereals
waste, corn silage, vegetables and plants wastes (ADEME, 2013; André et al., 2018). Numerous
scientific and technological hurdles are present in SS-AD and limit the development of the process:
biochemical methane potential, monitoring tools, Inoculum properties, hydrodynamics, rheology,
codigestion and inhibition, pretreatments, dynamic of populations and conception (André et al.,

2018).
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A mathematical model is a tool that mainly represents the biological kinetics and physical behavior
using equations. Several objectives are reachable: quantifying and simulate the system (Pastor-
Poquet et al., 2019), understanding of the phenomenon (Fdez-Glelfo et al., 2011; Du et al., 2021)
or prediction and control tool (Donoso-Bravo, 2011; Zhou et al., 2020). Many modified and
advanced SS-AD model exist respecting essentially 3 ways of proceeding. The first way (1) is the
modeling of perfectly mixed systems using “macro” parameters to consider the modulation of
kinetic parameters with respect to the spatialization of the phenomena. In this first category are
the simplest models for anaerobic digestion modeling: the first-order kinetics. These models
consider the evolution of each component with a first-order kinetic to quickly modeling methane
production or hydrolysis step (EI-Mashad and Zhang, 2010; Kafle and Kim, 2011; Dennehy et al.,
2016; Kouas et al., 2018). These models are easy to implement with few parameters to identify.
More developed models like Gompertz model or dual-pooled first order kinetic model exist in
literature considering several substrates, high volatile fatty acids content (Rao et al., 2000; Xie et
al., 2011; Dennehy et al., 2016) or acclimatization and growth rate of biomass (Veldzquez-Marti et
al., 2019). A wide range of other models dealing with anaerobic digestion exist. More detailed and
extended models using ordinary differential equation systems were developed to consider the
complexity of anaerobic digestion phenomenon considering reaction network, physical and
chemical equilibria, and hydrodynamics such as ADM1, AM2, AM2HN and their variants (Bernard et
al., 2001; Batstone et al., 2002; Federovich et al., 2003; Ramirez et al., 2009; Sbarciog et al., 2010;
Bollon et al., 2011; Abbassi-Guendouz et al., 2012; Benyahia et al., 2012; Donoso-Bravo et al., 2015;
Liotta et al., 2015). The two-particle model consider SS-AD to be heterogeneous and postulate the
existence of two particles types inside the solid matter named “seed” and “waste” particles
(Kalyuzhnyi et al., 2000). Seed particles represent inoculum and waste particles are substrates. This
model includes diffusion of solutes phenomenon between particles using the Fick law. The reaction

front model (Martin et al., 2003) allows to describe poor seeding situations when there are spatial
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separations between acidogenic and methanogenic zones considering a “reaction front” composed
by layers. While these models are usually adequate to describe anaerobic digestion in perfectly
stirred tank reactors or plug-flow reactors, the spatialization is not considered inside the reactor.
The second way (2) of proceeding is to approximate spatialization using a set of simple models
interconnected. It is the case of gradostat models essentially consisting of a set of two or more
interconnected steady-state reactors called chemostats (Smith and Waltman, 1995; Harmand et
al., 2017; Rapaport, 2018) with two-way flow between them and input and output at either end
(Lovitt and Wimpenny, 1981). The design of chemical reactors has been studied for decades
(Froment et al., 2010) and many optimizations were done on the design and operations of
chemostats and gradostats (Zambrano and Carlsson, 2014; Zambrano et al., 2015; Bayen and
Gajado, 2019; Crespo and Rapaport, 2020; Taylor and Rapaport, 2021). Finally, the last way (3) to
describe anaerobic digestion is to write down complex systems of partial differential equation
system (PDES) following mass balance. These distributed models are much less chosen by authors
to describe SS-AD probably due to mathematical difficulty and identification issues. However,
several promising research directions for SS-AD were developed and resumed by Xu et al (2015).
The main PDES models for SS-AD are the distributed model (Vavilin et al., 2003; Vavilin et al., 2004;
Vavilin et al., 2005; Vavilin et al., 2007; Vavilin et al., 2008), the spatio-temporal model and the
diffusion-limitation model considering mass transfer by leachate flow and diffusion. These models
use partial differential equations and include both time and spatial variations. The diffusion
limitation model is combining the reaction front and the two-particle model (Xu et al., 2014) and
the spatial-temporal model is a mathematical generalization of the distributed model and the
reaction front in a 3-D regime (Eberl et al., 2003; Eberl et al., 2005). Numerous physical phenomena
have been considered in those models but there is still a lack of knowledge of the cohesion
between the porosity modification, hydric transfers and the dynamic of microbial populations, in

particular with SS-AD model. In fact, recent studies (André et al., 2015, Shewani et al., 2015) have
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shown that permeability, bulk and dry density evolution during SS-AD induced waste structure

changes impacting the recirculation flow and biogas production.

In the present work, the first objective was to mathematically develop an innovative 1-D
distributed model with leachate recirculation considering the macroporosity and the microporosity
evolution during SS-AD. For this purpose, a simplified three-reaction mechanistic model kinetic
model (Donoso-Bravo et al., 2015) and a saturated Mobile-IMmobile water model (MIM) (van
Genuchten and Wierenga, 1976) were combined to consider respectively biokinetics and porosity
hydrodynamics. The second objective was to adapt, implement and validate this model on cattle
manure in mesophilic conditions in a homogeneous leach-bed reactor with a calibration-validation

method.

2 Materials and methods

2.1 Physicochemical characterization of substrate and inoculum used

Cattle manure (CM) was chosen as substrate to compare hydrodynamic parameters obtained with
existing data (André et al., 2015). CM was sampled from the farm of the UnilLaSalle Polytechnic
Institute (Beauvais, France). Used CM did not undergo any preliminary treatment. The liquid part of
the manure (i.e. liquid bovin manure (LM)) was used as inoculum to bring the microbial

consortium.

All the analyses were carried out in triplicate. The total solid content (TS), the volatile solid (VS) of
the inoculum, CM and DG were determined by a 105°C drying for 24h and a combustion at 550°C
for 2h (APHA, 1988). The pH of the inoculum was determined using a pH meter (Mettler Toledo,
Switzerland). The total volatile fatty acid content (VFA) and the buffer capacity (TAC) were
determined by two titrations using sulfuric acid with an automatic titrator (Mettler Toledo,

Switzerland). The VFA value allowed to determine the volatile fatty acids quantity inside the
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inoculum. Finally, the biochemical methane potential (BMP) was measured using an AMPTS |
device (Automatic Potential Test System, Bioprocess Control, Sweden) according to Holliger et al.
(2016). These tests were conducted at the beginning the experiments and the results are

illustrated in Table 1.

2.2 Experimental set-up

Three leach-bed reactors (LBR) made of polyethylene with a total volume of 60 L (considering a 50
cm height and a 39 cm diameter) were used. These reactors were divided into two parts: the upper
part containing the solid phase and the bottom part containing the liquid phase. These parts were
separated by a mesh performed with holes of 5 mm diameter to avoid solid blockages in the
recirculation pipe. Each reactor had a liquid recirculation. Approximately 40 L of liquid phase were
daily recirculated during 2 min each 2 h with a 100 L.h! flow rate using peristaltic pumps
(Masterflex, USA). Thus, the liquid phase was spread out across the top of the solid phase in the
LBR and percolated to drop back into the bottom part. The top of the reactor was directly
connected with biogas flow counters (Drum gas meter TG5 Ritter, Germany) and biogas production
was continually measured. The biogas composition (CHa4, CO», H,) was daily monitored by a biogas

analyzer (MGA300 multi-gas analyser ADC gas analysis Ltd., Hoddesdon United Kingdom).

At the beginning of the experiment, three LBR were simultaneously launched in the same
experimental conditions as illustrated in Fig 1. 21 kg of CM were placed inside each reactor with 22
kg of inoculum (LM) to obtain a ratio inoculum/substrate (1/S) of VS content equal to 0.05. The I/S =
0.05 ratio was chosen to increase methane productivity with a very low risk of reactor failure due
to VFA accumulation (Rouches et al., 2019). Moreover, it is a standard order of magnitude used in
solid-state anaerobic digestion (André et al., 2019; Hernandez-Shek et al., 2020). These reactors
were then hermetically sealed and the temperature was held at a constant value of 37°C with a

thermostatically controlled water bath for each reactor. These LBR were then sacrificed at different
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stages of SS-AD. The first reactor was sacrificed during the first methane production peak on the
10th day after launching (R1), the second was sacrificed after the second methane production peak
during the 21th day (R2), and the last one at the end of SS-AD (R3) (when biogas flow is lower than
a 1% variation). At the end of each experiment, mass balances were determined for the three LBR.
The first 15 days were used to calibrate and the last 15 days were used to validate the kinetic
parameters. LBR were sacrificed to determine the raw material degradation as a function of time

and the experimental standard deviation on accumulated methane yield and VFA production.
2.3 Mathematical model implementation

A simplified biological kinetic three-reaction mechanistic model scheme was used for this study,

updated with hydric transfers equations of the MIM model.
2.3.1 Anaerobic digestion model and reaction kinetics

The simplified three-reaction mechanistic model used was inspired by the model described in
Donoso-Bravo et al. (2015). Some assumptions have been done to guarantee the model usefulness.
The following hypothesis were considered: (1) All the variables were measured on a COD basis. (2)
The main macromolecular compounds (carbohydrates, proteins and lipids) were grouped into one
generic compound. (3) Instead of a pool of volatile fatty acids, only a generic equivalent acetic acid
was considered (Bernard et al., 2001). These considerations were convenient for reducing the
number of parameters to be determined. As a consequence, the acetogenesis was suppressed
from the model. (4) Ammonia was not considered. (5) Hydrogen was not considered in the model.
(6) the methane solubility was neglected. The three following biochemical equations (1), (2) and (3)

represent this model:
Hydrolysis S, MY s, (1)
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Acidogenesis S, 5 Y X1 + (1 —Y4)S, (2)

Methanogenesis S, z Yy, X, + (1 — Yy )CH, (3)

The CO; does not appear in these equations because it represents obviously a COD zero balance. So
represents the raw substrate, S; the hydrolyzed substrate, S; the generic equivalent of volatile fatty
acids and CH4 is the accumulated methane vyield. X1 and X, are respectively the acidogenic and
methanogenic biomasses and Yxi1 and Yx; the associated growth rate. Concerning the reaction
kinetics, the hydrolysis was represented by a classic first-order equation to decrease the number of
parameters (Vavilin et al., 2008; Batstone et al., 2009). A Monod kinetic was used for acidogenesis
and a Haldane kinetic for methanogenesis, allowing to consider an inhibition parameter concerning
the acid concentration for the accumulated methane yield. A Peterson matrix summarizes these

kinetics Table 3.
2.3.2 Hydrodynamics modeling

Several mass transfer experimental studies in sorbing porous media (Coats and Smith, 1964; van
Genuchten and Wieranga, 1976; Abulaban et al., 1998; Zhou and Selim, 2001; Kolchanova et al.,
2022) indicated that liquid percolation is modified when the pore water porosity changes. The first
model of a solute in porous media considering diffusion and dispersion phenomena in 1-D
dimension was the convective-dispersive equation (Lapidus and Amundson, 1952). This model is
described by the following equation (4).

00D _  0°C) _, 9C@z0)

4
ot 022 o 9z “

Where C is the solute concentration inside the sorbing porous media (kg.m3), D is the diffusion
coefficient (m2.h1), z is the distance (m) and 9, is the pore-water velocity (m.h). This model was

modified to include transfer by diffusion from dynamic flowing regions to immobile zones with the
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model described by Coats and Smith (1964) and expanded Deans’ (1963) model illustrated in
equations (5) and (6). This model is called two-region model, known as MIM (M-mobile/IM-

immobile water).

0Cn(z,t) 0Cin(2,1) — 0D 6ZCm(z, t) 90 dC,(z,t) (5)
mo ot im—9y T Tm 022 mEm 5,

dC;im(z, ) 6

Bm —2 8 (2, ) — Com (2, ) (6]

ot

Where 0, and 0;,,, are the fractions of solid matter filled with mobile and immobile water (m3
solute-m3). C,, and C;, are the solute concentrations in mobile and immobile regions (kg.m?3), 9,, is
the average pore-water velocity in the mobile part and o is the mass transfer coefficient between
mobile and immobile regions. These equations do not consider any chemical or biological
reactions. Moreover, some simplifications were done to adapt the transfer between the two
regions with current equations. Following the general transport equation (van Genuchten and
Wieranga, 1976), it was possible to adapt these equations for SS-AD for each region as represented

in equations (7) and (8):

9 9 9 9 (7)
T (O () Cr(z, 1)) + T (Bim()Cim(z, 1)) + T (fpSm(z,t)) + T (1= f)pSim(z,t)
9 9C, (2,0 0
=2 <9m(t)D T) ~ 3, (qCpn(z,t))
0Sim (2, t) (8)

0
57 Oim(OCim (2, ) + (1 = f)p = a(Cn(zt) = Cin(2,1))

dt

Where f is the fraction of sorption sites which are in contact with the mobile region, g is the
darcian velocity (m.h) and p is the bulk density (kg.m?3). S,, and S;,,, are the sorbed concentrations
of solute (kgsolute-kg?). In the model considered, sorption phenomenon was not considered.
Therefore, the equations (7) and (8) became the following equations (9) and (10):
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9C,.(z,0)

O Bn (1) + 3 O (i ) = (8D T2 D) L (4, (2,17
gt - ) emiE BT G Wim A im0 ) = g P 9z 9z Tm

 Bin(DCin(21) = €5, 8) = Cin(21) 1o

The concentrations were expressed in kgcop.m™ for the model used. It was assumed that fractions
of solid matter filled with mobile and immobile water were function of time. Moreover, the
diffusion coefficient D and the water flux represented by the darcian velocity were considered
constants over time and space. The fraction of solid matter in each region was supposed

independent of the distance z. The equations (9) and (10) became (11) and (12):

d d (11)
gm(t) a Cm(zr t) + Cm(zr t) aem(t) + a(Cm(Zr t) - Cim(zr t))
~ 02C,(z,t)  9Cn(z 0
= Om(OD 022 17 4z
(12)

Him(t)%cim (z,t) + Cim (2, t)%eim(t) = a(Cn(z,t) — Cim(2, 1))
The equations (11) and (12) were used to describe the movement of each solute through the leach
bed. It was also necessary to add a production term considering the biological kinetics of each
solute that finally led to the model used. The hydrodynamics considerations for the model used are

represented in Fig 2.
2.3.3 Model used

To obtain a functional model, kinetics terms had to be added to the previous equations for each
solute in accordance with equations (11) and (12) and with the Hydrolysis consideration. The
equations are presented for each solute considering each reaction respecting a global template in

equations (13) and (14).
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Hm(t)%C,"n(z, t) + Ck(z, t)%@m(t) +a (C,in(z, t) — CL (z, t)) (13)
92Ct (z,t aCL (z,t < ,
= 0,00 _ 2 ED Ly 0 el
j=1
(14)

M
0 . . d ) . )
Oim (t) Ecilm(zr t) + Cin(2,1) &Him(t) =a (Crln(Z, t) — Cim (2, t)) + 0 (1) Z 011, (2, 1)
=1

213 Where i represents each solute, o; is the stoichiometric coefficient of each solute considered in the
214 M reactions (j is the discrete variable for each reaction considered). The reaction rate for each
215  reaction is r,{l (kgcoo.m3.dY). Moreover, in these equations 6,, and 0,,, are time-dependents and
216  each reaction rate was depending on the region considered. The kinetics coefficients were still
217  constant and the Peterson matrix is illustrated in Table 4. f,,, is the raw substrate degradation rate
218  into the mobil region and (1-f,,, ) is the raw substrate degradation rate into the immobile region.

219  The model equations are presented in biochemical equations (15-19).

220

Hydrolysis So E’fmosiﬂ + (1= fino)Si™ (15)

Acidogenesis

Mobile region sm £ Ve X + (1 — Yy )ST" (16)

Immobile region o im _ _ (17)
Sim = Yy XM+ (1 — Yyy)SEm

Methanogenesis sm T2 Vi, X + (1 — Yy )CH, (18)

Mobile region (19)

S 5 Yo XM + (1 — Yyp)CH,
Immobile region

221  f,0 was considered equal to O because raw substrate was supposed hydrolyzed only in the

222  immobile region. In fact, only raw substrate directly in contact with leachate could be hydrolyzed
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and the immobile region is considered as the liquid part directly in contact with raw substrate.
Equations (13) and (14) consider spatial and temporal variations and represented the simplified
three-reaction mechanistic model and MIM distributed model for each solute. In this study, the
LBR content was supposed homogeneous and depended exclusively on time as only one substrate
was used and the LBR size was too small to have a compaction effect on cattle manure. Then

equations (13) and (14) become (20) and (21).

M
Jd . . 5} , . .
O () 5 Ch () + C(6) 5O () + (G (®) = Cl () = ) 51 (®) (20)
j=1
o 9 . . S
Him(t) acilm(t) + Cilm(t) aeim(t) = a(C;n(t) - Cilm(t)) + Z O']T'Lm(t) (21)
j=1

2.3.4 Differential equations system

The system was composed of 10 differential equations (ODE) and 10 state variables
(S, ST, Sim sm gim xm xim xm xim CH,). All the kinetics rates were studied in mesophilic

conditions and expressed supra. Now considering each solute:

e Raw substrate So:

d (22)
Eso(t) = —Tp
The raw substrate was in a solid form only and its degradation was supposed homogeneous. This is

a first order equation and it could be directly solved to obtain y, :
d -1 (s! (23)
2150(0) = —HeSo(t) = po =——ln 50

At is the experiment duration, 58 is the initial raw substrate concentration and S(’; the final raw

substrate concentration.
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e Hydrolyzed substrate Si:

d d .
O () = ST(0) + ST(O) 76 () + @ (ST'(0) = ST () = ~0, (7 (0) 24

On (6) 2SI (1) + SI7(0) 03 () = (ST(O) = SI™(©)) + 73(0) @)

The hydrolyzed substrate was produced by a hydrolysis step and consumed by an acidogenesis
step. Hydrolysis was supposed to be a contact reaction and considered in the immobile region only.
Reaction rates for the other reactions were considered in the mobile region only. This assumption
was done in accordance with literature (Abbassi-Guendouz et al.,, 2012; Shewani et al., 2015;
Hernandez-Shek et al., 2020): assuming that the intrinsic activity of the microbial consortium was

considered inversely proportional to the TS content.

e Volatile fatty acids S;:

© SO+ SPO 5 0n(0) + @ (SPO) ~ S©) = 0p O ~ )@ @) 2

d . . d .
Oim(6) 2SI (0) + SE7(6) = 0 (8) = @ (ST (0) = S{"(©)) )

The volatile fatty acids were produced by acidogenesis step and consumed by methanogenesis

step. The reactions were considered in each region separately and the mass transfer was supposed

not to be affected by other solutes.

e Acidogenic biomass Xi:

O (6) - KT (6) + X () - Om(8) + & (X°(6) = XiP()) = 0 (O ¥ (0) 28)

d im im d m im (29)
Bim () - XI™(0) + X{™(D) - 0im (0 = & (XT'(0) = X{"(0))
The acidogenic biomass was produced by the acidogenesis step but the biomass decay was not

considered to simplify and minimize the number of parameters.
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¢ Methanogenic biomass Xa:

d d .
O (8) = XJ(0) + XJ(0) 20,00 + & (XI0) = XE"(©)) = 6, (00 (0 50

d . . d ,
Bin (6) 2= XA () + X§ () -0, (©) = & (X'(0) = X)) 1

The methanogenic biomass was produced by the methanogenesis step but the biomass decay was

still not considered.

¢ Accumulated methane yield CHa:

CCHA(D) = (1~ ¥e) (0 (O (O) 2

The methane was produced by methanogenesis step and in each mobile and immobile region. The
methane solubility was neglected. As a consequence, the gaseous methane was directly considered
in this equation. The differential equations systems to solve were equations (22-32). Concerning
initial conditions, the volatile fatty acids, hydrolyzed solute and biomasses were supposed to be
present only in the mobile region, because these compounds were added by inoculum presence.

The raw substrate was considered uniform across the LBR length. These initial conditions are

represented by the following equations (33):

. so
So(to) = S0, ST (ty) = 0,5{™(ty) = 0,87 (ty) = H—Z.Sém(to) =0,

m
X0 X9 33
Xin(to) = g_inm(to) = O'Xgn(to) = G—,Xém(to) =0, CH4(to) =0
m m

All solute components were initially supposed being in the mobile region only.
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2.4  Hydrodynamic parameters used

Hydrodynamic parameters 8,,, 8;,, representing the fractions of solid matter filled with mobile and
immobile water inside the leach-bed (m?3 soiute.m3) were obtained from other SS-AD experiments on
cattle manure. The measurement method used was following the method proposed by Hernandez-
Shek (2020): the water retention curve (WRC) analysis. Each studied sample was immersed and
saturated with water. The sample was then drained during 2 hours and residual water was
evaporated using thermogravimetry. The different volumetric fractions obtained represented
microporosity and macroporosity evolution over time. Each sample was studied in triplicates to
ensure representativeness of proposed methodology. These fractions were measured weighing
total and added water from CM. These parameters were obtained at day 0, day 9, day 13, day 19
and day 31. a was found in the literature (André et al., 2015). The results obtained are illustrated in

Table 2.

The biological kinetics occurred in liquid part so the total dry porosity 8 was considered constant
and equal to 100 % in the model. The mobile and immobile dry porosity 6,, and 8;,,, were modified
considering these hypotheses. The solute exchange rate a was supposed to be constant and equal
to 3.78.102 min? according to André et al. (2015). Regarding the mobile and immobile dry
porosities, a linear regression was done to obtain an estimation of the parameters time
dependencies. These regressions allowed to describe the time dependencies of 8,,, 8;,, and «

during the SS-AD as equations (34-35).

Mobile dry porosity 0,, = —1.02.107%t + 0.3208 R? = 0.987 (34)

Immobile dry porosity O;m = 1.02.107%t + 0.6792 R? = 0.987 (35)
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2.5 Computational aspects
2.5.1 Model calibration and validation

The model resolution, calibration and validation, and the sensitivity analysis were performed with
Matlab R2019b. The optimization procedure to determine parameters values was done with the
fmincon function. This function computes the minimum of a given function to perform the
optimization of a non-linear optimization problem with constraints. Model calibration and
validation were conducted on 2 different sets of data. The parameters determined by calibration
part had to be validated with different data to ensure the model robustness. For parameters
estimation, three experimental data were used: accumulated CH, yield, CH, flow and VFA
concentration. The simulated CH, flow expression is described in equation (36). The parameters

were estimated using a least-squares criterion minimizing the equation (37).

(CHy(tq) — CHy(t4-1))
(tg — ta-1) (36)

eia(d) =

J(6.) = ayabs(CHy™" — CH§™) + 0,abs(FOSyy — 0 ST — 0, Si™)
(37)

exp i
+ a3abS(QCH4 — Q2

With Q3i the CH, flow simulated (kgcop.m™=.d%), Qcr the experimental CH, flow (kgcop.m™.d%),
FOS,y, the experimental volatile fatty acids measurement (kgcop.m™3), CHZ"m and CH:xp the
accumulated methane yield measurement (kgcon.m?). 0y, 0,,05 are impact coefficients and
represent the fraction of the objective function for each fitted variable, arbitrarily fixed and

respectively equal to 0.5, 0.5 and 1. J is the objective function and 8, the kinetic parameters to be

determined.
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2.5.2 Initialization

The kinetic parameters were initialized according to literature. Table 5 describes all the values used
for kinetic parameters initialization. Initialization values were obtained from Rakotoniaina (2012)
and interval values from Miiller et al. (2002) and Zaher et al. (2009) using the same substrate in

mesophilic conditions (Simeonov et al., 1996).
2.5.3 Model verification

To validate the model used, a mass balance and a first simulation were led. The mass balance is
expressed in (38) and verified in (39) with kinetics. Considering only liquid regions in this model,
the total porosity was raised to 1. This is why the sum of 8,, and 8;,, was considered equal to 1 to
ensure the mass conservation in this mass balance. The fractions of solid matter filled with mobile

and immobile water 6,,, and 0;,,, were considered to conserve a common unit (kgcop.m™3):

Mass balance = Sy + 0, (ST + ST + XI™ + XTV) + 0 (SI™ + SE™ + XI™ + XI™) + CH,  (38)

ds, N de,,sm N de,,sm N de,, Xm N de, Xm N df;,Sm N df;,,Sim N df;, XM

dt dt dt dt dt dt dt dt
. 39
N A, Xim N dCH, 0 (39)
dt dt

The mass balance calculation was done respecting hydrodynamics assumptions described in Fig 2.
The verification was done with initialization parameters. The different solute concentration

behaviors between mobile and immobile regions legitimated the model benefit.

2.5.4 Sensitivity analysis

The state variable vector x (40) depended on time, on variables concentration and on model
parameters p (40) as illustrated in equation (41). The model sensitivity is described by equation

(42) and the equation to be solved was the equation (43).
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x = (So, ST, Sim, ST, Sim, X7, X Im, X, Xim, CH,)

(40)
and p= (Yxli YxZI Uo, ‘u71fnax’ ‘u?ax’ KSlr KSZ) KI)
dx

— = 41
= = f(t.xp) (41)

0x
S =+ (42)

dp

aS(t) df(tx, of (t, x,

(1) _0f(t,up) o, A (6,x,p) @)

dt d0x ap

The f function was known. Once the equation (41) was solved and the sensitivity matrix S was
obtained, the sensitivity was known for each state variable against each parameter. These
calculations were performed on the model using the kinetic parameters obtained from the
calibration step and the hydrodynamics parameters obtained from experimental data. Calculations

were done using complex-step derivative approximation method (Martin et al., 2003).

3 Results and discussion

3.1 Leach-bed reactor performance

For each experiment, mass balances were calculated. Mass balances were determined within a
value range of 98.06% to 99.62% between the three LBR attesting the absence of local failures. The
VS removal ranged from 25.76% to 52.29%. Results have shown optimal conditions with a great
substrate accessibility. The accumulated methane yield, methane flow and VFA concentration are
represented in Fig 3. The standard deviation between LBR were determined as a function of time
between day 1 and day 21. After day 21 there was no more standard deviation calculation as only

one LBR was still producing methane. 2 production peaks were observed at day 10 and day 15 and

Page 18 sur 28



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

a valley between these 2 production peaks represented a slack of methane production. This
behavior was similar to the results commonly found in literature concerning SS-AD (André et al.,
2015; Degueurce et al., 2016; Riggio et al., 2017). The accumulated methane yield reached 98.66%
of the BMP measurement on day 28 and the volatile fatty acid content monitoring did not show
any inhibition problems during these experiments. Experimental results have shown a great
repeatability between each LBR, allowing to obtain representative results during calibration and

validation steps.

3.2 Model calibration

The calibration of the kinetic parameters aimed to obtain the best fitting with the experimental
results. Two different datasets were used for parameter estimation and validation: the average
methane flow, the average accumulated methane yield and the average volatile fatty acid
concentration before and after 15 days. The model calibration was carried out by trial and error in
order to obtain a possible dataset. The first step was to determine the hydrolysis constant p, with
equation (132) using a linear regression on experimental solid phase COD measurements. A mean
value of 0.04 d'! was measured with R?=0.97 and was the selected value for calibration step. LBR
simulation results were close to the experimental data as represented in Fig 3 until day 15.
Experimental data are represented as red dots and simulated data are the blue lines. The
calibrated parameters values obtained from the minimization procedure are presented in Table 6.
Moreover, results were not obviously implausible: 9.28% of acidogenesis step COD consumption
was used to feed acidogenic biomass and 23.76% of methanogenesis step COD consumption was
used to feed methanogenesis biomass. This parameters combination was assumed not to be the

unique possible combination.
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3.3 Model validation

The developed model and parameters obtained during calibration step had to be validated with
another dataset. The simulation obtained with calibration parameters correctly reproduced the
behavior of the system for the complete period of 28 days as represented in Fig 3. The main quality
of this model is its ability to predict the accumulated methane yield and VFA concentration
behaviors with simple data, considering the porosity differences. However, the calibration is a very
sensitive step and any process disturbance could modify the set of determined parameters.
Asymptotic observers (Dochain et al., 1992) could not be used on this model as only global
concentrations could be determined but not mobile and immobile regions concentrations. This is
why each kinetic parameter was not identifiable but the global set of parameters could be
approached. Moreover, the calibration step was sensitive to the initialization step. This is why a

sensitivity analysis was necessary.

3.4  Sensitivity analysis

The global approach used for the minimization procedure posed 2 issues: a structural identifiability
issue and a practical identifiability issue. In fact, the uniqueness of the parameters found could not
be proved and local minima of the minimization of the global criterion in equation (37) could exist.
This is why initialization step is very important and a sensitivity analysis was needed in this study.
The sensitivity analysis was done considering accumulated methane yield, VFA concentration and
methane flow rate as state variables. The studied parameters were kinetic parameters. The same
curve shapes could be found for different of parameters. Monod and Haldane kinetic parameters
sensitivities are illustrated in Fig 4 for the methane flow. u*** and K, (red curve and orange
curve) have the same sensitivity behavior as well as uJ***,Ks, and K; (green, purple and blue

curves). This behavior was observed for each state variable. This meant that kinetic parameters

were not identifiable with the available experimental data and the set of parameters obtained
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during calibration step is assumed not to be the unique possible combination. Fig 5 shows the
absolute sensitivity of each output. The hydrolysis constant u, was by far the most influential
parameter for each output (until 92% for CHs yield (A) and 72% for VFA concentration (C) on Fig 5).
This result confirmed that hydrolysis was considered as the limiting step in the reaction scheme
and hydrolysis was a very important step for anaerobic digestion of cattle manure. Moreover, the
acidogens and methanogens yields presented a high sensitivity for outputs, until 15% for

accumulated CHg yield (A), 16% for CHaflow (B) and 77% for VFA concentration (C).

3.5 Hydrodynamics behavior of solutes

Solutes concentrations inside mobile and immobile regions are represented in Fig 6. These solutes
present inside mobile and immobile regions evolved in a different way. Mobile region solutes had a
higher concentration, probably due to the kinetic assumptions. Acidogenesis and methanogenesis
biomasses seemed to accumulate faster and faster inside the immobile region, and were slower
produced inside the mobile region. At the beginning of the experiment, solutes in mobile region
quickly moved into the immobile region. This behavior was due to initial conditions hypothesis
which consider no biomass in the immobile region before anaerobic digestion. This difference of
solute behaviors between mobile and immobile regions spotlights the model relevance and could
partially explain results observed in the literature concerning physical changes in the leach-bed

during SS-AD of cattle manure (André et al., 2015; Shewani et al., 2015).

4 Conclusions

A distributed solid-state anaerobic digestion model considering the macroporosity and
microporosity was mathematically developed and tested for a homogeneous leach-bed reactor

using a simplified AM2 and a saturated Mobile-IMmobile water model. This model was adapted
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and implemented for cattle manure SS-AD. This study provided a new understanding of
hydrodynamics and macroporosity and microporosity differences impact on biokinetics. This model
considered that microporosity increased proportionally to the macroporosity decrease inside the
leach-bed as observed in literature. It could be very interesting to adapt this model for codigestion

or implement this model for other substrates to observe the spatial heterogeneity effect.
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Figure captions

Fig 1. Schematic representation of the experimentation set up

Fig 2. Schematic representation of the hydrodynamics used in the model

Fig 3. LBR performance on A : accumulated methane yield, B: methane flow and C: VFA
concentration for each LBR. Calibration and Validation step on D: accumulated methane vyield, E:
methane flow and F: VFA concentration; red dots for average experimental values, blue lines for

simulated values

Fig 4. A: Monod Kinetic parameters sensitivity for methane flow, B: Haldane Kinetic parameters

sensitivity for methane flow

Fig 5. Absolute sensitivity of kinetic parameters as a function of time for A : accumulated methane

yield, B: methane flow, and C: VFA concentration.

Fig 6. Solutes concentrations inside mobile (A) and immobile (B) regions
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Table 1 Chemical characteristics of inoculum and initial substrate used

TS VS pH FOS TAC BMP*

% Yors - mg.L! mg.L! NL.kgvs™!
Initial CM 22.0 + 0.01 87.7 £ 0.01 7.51 + 0.01 - - 222.8+44
Initial LM 1.61 + 0.01 62.7 + 0.01 7.92 + 0.01 96.81 + 5.5 3460 + 62 104 £0.01

*grinded and mixed with GM 200 Retsch, Germany



Table 2 Hydrodynamic parameters

Time 0(%) 0.m (%) Oim (%)
(day)

0 91.02+0.23 30.53+2.49 60.49+2.29
10 91.83+0.38 18.86+2.76 72.97+2.38
15 90.02+0.03 14.80+2.75 75.22+2.78
21 91.99+0.11 08.64+0.84 83.35+0.96
31 90.03+0.17 01.62+0.28 88.41+0.45




Table 3 Peterson matrix of the simplified three-reaction mechanistic model

Step So Sq S, X4 X5 CH, Reaction rate
Hydrolysis -1 1 o = HoSp
Acidogenesis -1 (1-Yx) Yxs . = max 51X
1 M1 Sl + K51

Methanogenesis -1 Yz, (1 —Yxz) r, = pnax S2X2

2= T2

S
S; + Kgp + ?21




Table 4 Peterson matrix of the model used

Step Sy Sm Sim xmo xim sm sim xmooxim CH, Reaction rate
Hydrolysis -1 fmo (1= fino) Iy = WSy
Acidogenesis
Mobile region -1 Yx1 (1—Yxy) [m — max STXT
1 =W S+ Koy
Stagnant region -1 Yy1 (1-Yxy) m mae | STRXEM
rim = —_
1 51 ST+ Kg,
Methanogenesis
Mobile region -1 Yx2 (1—Yxy) m _  max ST X3
e Gk
ST+ Kg, +
2 s2 K,
Stagnant region -1 Yo (1—Yxp) im . max Simxin
2" = _ (Sim)z
Sim 4+ K, + f(l




Table 5 Initialization values for kinetic parameters

Parameter Initialization value Interval Unit

Y1 0.0264 [0.01 -0.3] -
Y2 0.0264 [0.01 -0.3] -

unax 0.4 [0.1 - 30] a-!

ugrex 04 [0.1 - 30] d-1
K¢y 160 [10 - 1000] gcop-L
Ks, 0.82 [0.1 —120] gcop- L
K; 41.85 [0.1 - 50] 8cop-L




Table 6 Kinetic parameters estimation

Parameter  Unit Value
Yx1 - 0.0928
Yx2 - 0.2376
Uy d! 29.998
Uy d! 29.959

K, gcop.L!  165.41
K, gcop.L!  37.883

K; gcop.L'  1.5385

iterations - 150

SD gcop.L! T1.777
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