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Abstract
Overloading shock is one of the main concerns in anaerobic digestion full-scale processes. It can lead up to digester failure.
Mathematical modelling applied to biological systems allows to provide insights to the process and in that manner to propose
alternatives for the overloading events. In this context, the Anaerobic Digestion Model Number 1 was implemented to simulate
the digester performance during organic overloading shocks. The objective was to propose kinetic parameter values for the
description and understanding of a perturbed system in order to offer alternatives for perturbed digesters. For data collection, two
10 L mesophilic anaerobic digesters were used, named A and B, working in a continuous mode and under the same operational
conditions. The substrate was a 3.0 % chicken litter solution, the inoculum that came from a digester specialized in chicken litter
degradation; the hydraulic retention time was 30 d. The digesters were subjected to two organic overloading pulses having a long
period of time in between for digester performance recovery. Volatile fatty acids, pH, and specific methanogenic activity were
used to monitor digester performance. A standard differential evolution algorithm was used for calibration; which was performed
using the data of the first perturbation of digester A. Biochemical parameters related to the degradation of volatile fatty acids
showed significant changes (i.e., Km,c4 from 20.0 to 4.92 d−1; Km,pro from 30.0 to 2.17 d−1; km,ac from 8.0 to 5.24 d−1; km,h2
from 35 to 10.60 d−1). After calibration, the model outputs, for digesters A and B, showed a satisfactory fit to experimental data.
The result shows that differential evolution algorithm provide a robust calibration method for simulating the response of chicken
litter overloading shocks in continuous methane production processes.
Keywords: disturbance, OLR, ADM1, volatile fatty acids, VFA accumulation, biogas.

Resumen
Los impulsos de sobrecarga son una de las principales preocupaciones en los procesos de digestión anaeróbica a gran escala.
Puede conducir a la falla del digestor. El modelado matemático aplicado a sistemas biológicos permite dar una idea del proceso
y así proponer alternativas para los eventos de sobrecarga. En este contexto, se implementó el Modelo Número 1 de Digestión
Anaeróbica para simular el desempeño del digestor durante impulsos de sobrecarga orgánica. El objetivo fue proponer valores
de parámetros cinéticos para la descripción y comprensión de un sistema perturbado con el fin de ofrecer alternativas para
digestores perturbados. Para la toma de datos se utilizaron dos digestores anaeróbicos mesófilos de 10 L, denominados A y B,
trabajando en modo continuo y bajo las mismas condiciones de operación. El sustrato fue una solución de 3.0 % de pollinaza,
el inóculo provino de un digestor especializado en la degradación de pollinaza; el tiempo de retención hidráulica fue de 30 d.
Los digestores se sometieron a dos pulsos de sobrecarga orgánica con un largo período de tiempo entre ellos para recuperar el
desempeño del digestor. Se usaron ácidos grasos volátiles, pH y actividad metanogénica específica para monitorear el desempeño
del digestor. Se usó un algoritmo estándar de evolución diferencial para la calibración; que se realizó utilizando los datos de la
primera perturbación del digestor A. Los parámetros bioquímicos relacionados con la degradación de los ácidos grasos volátiles
mostraron cambios significativos (i.e., Km,c4 de 20.0 a 4.92 d−1; Km,pro de 30.0 a 2.17 d−1; km,ac de 8.0 a 5.24 d−1; km,h2 de 35
a 10.60 d−1). Después de la calibración, los resultados del modelo, para los digestores A y B, mostraron un ajuste satisfactorio a
los datos experimentales. El resultado muestra que el algoritmo de evolución diferencial proporciona un método de calibración
robusto para simular la respuesta de choques de sobrecarga de pollinaza en procesos continuos de producción de metano.
Palabras clave: disturbio, velocidad de carga orgánica, ADM1, ácidos grasos volátiles, acumulación de AGV, biogás.
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1 Introduction

Manure management contributes to 10 % of
greenhouse emissions in the livestock sector,
estimated at 8.1 gigatonnes of CO2-eq FAO (2022).
In manure, nitrogen is released mainly in the form
of nitrous oxide and ammonia, which contributes
to public health hazards (Malomo et al., 2018).
Chicken litter management, having a high content
of organic nitrogen, could have a critical impact
on the environment (Meneses-Reyes et al., 2018).
This fact takes more relevance since the USDA
projects a 2 percent annual demand growth through
2031 (USDA, 2022). Anaerobic digestion (AD) has
had an increasing relevance in recent years as a
renewable energy source utilizing organic residues
(e.g., manure, food waste, and crop residues) (Scarlat
et al., 2018). Galvan-Arzola et al. (2022) reported that
nitrogen inhibition of AD plays an important role in
Latin America. AD is a complex multistage process
performed by different groups of microorganisms in
oxygen absence. These stages include hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. The
performance of the methane process depends on the
dynamic equilibrium of the microbial communities
of these stages (Amin et al., 2021). It is important
to point out that usually AD takes place in a single
digester; thus, it has several implications on defining
the operational conditions for methane production.

The microorganisms involved in AD have different
growing temperatures and duplication times (Amin
et al., 2021). These characteristics have an important
influence in defining the operational conditions in full-
scale processes. The common practice is defining both
temperature and hydraulic retention time (HRT) for
the process. In most cases, temperature is the main
variable to control. Under controlled conditions of
temperature, feed composition, and mass flow inlet,
microorganisms can be adapted to a specific feed,
and consequently, methane production can be achieved
successfully (Theuerl et al., 2019). However, if there is
an unbalance in these operational conditions, methane
production can change and even could be jeopardized
(He et al., 2017). The digester disturbance depends
on the temporal and spatial scale, Shade et al. (2012)
consider the press and pulse disturbances, which
play an important role in the microbial community
responses. These authors reported a review of the
theoretical aspects of the resistance and resilience of
microbial communities. Organic loading rate (OLR)
disturbance can be observed when the digester input is
modified by either the organic matter concentration or
the flow rate. AD overloading is observed frequently
in full-scale plants, Berninghaus and Radniecki (2022)
indicated that depending on the amount and duration
of shock loads; the digester can show resistance and

resilience, for low shock events, or from disturbance
to failure, for repeated large shocks.

Mathematical modelling applied to biological
systems allows to provide insights and alternatives
for overcoming these hurdles. Batstone et al. (2002a)
proposed the Anaerobic Digestion Model No. 1
(ADM1); which has been widely used for different
AD processes. García-Diéguez et al. (2011) used the
ADM1 for optimizing a control strategy based on the
disturbances in the feed. Spyridonidis et al. (2018)
applied ADM1 to simulate slaughterhouse byproducts
treatment; the structure of the model was suitable
for predicting the response of small or medium
disturbances, but not for abrupt organic shocks. ADM1
was capable of simulating overloading shocks up to
6 times the original feed inlet (Huang et al., 2018).
ADM1 has been applied to define the substrate-
feeding regime to satisfy specific requirements by
means of solving multi-objective optimization using
genetic algorithms (GA) (Ashraf et al., 2022). An
alternative for ADM1 is the BioModel (Gaspari et al.,
2022), which has been used for simulating inhibitory
events caused by volatile fatty acids (VFAs).

The digester performance is highly related to the
structure of the microbiome, which varies according
to, among other factors, inoculum, feedstock, and
operational conditions (Theuerl et al., 2019). Rivas-
Garcia et al. (2020) reported a modified ADM1
model considering the microbial composition. In fact,
two identical assembled reactors, having a similar
microbial structure at the beginning, under ammonia
inhibition conditions might lead to differences in
microbial communities (Lv et al., 2019). Taking into
consideration the digester performance dependence
on microbiome structure, the calibration of the
parameters for simulating a specific AD system is
essential. In this sense, minimizing the difference
between experimental and simulated results (i.e.,
VFAs, biogas, or methane partial pressure) has been
used for calibration. This can be achieved by using
straightforward or complex strategies. Wichern et al.
(2009), simulating fermentation grass silage, observed
a better fit using GA than manual calibration. For
AD chicken litter process, Rivera-Salvador et al.
(2014) reported a better simulation quality using a
standard differential evolution algorithm (DEA) than
the manual calibration coupled with non-linear square
errors. GA was successfully used for simulating AD
of organic fraction municipal solid waste at different
OLRs (Fatolahi et al., 2020). Modelling systems with
dynamic organic loading can challenge the ADM1,
which is a common situation in full-scale plants
(Ozkan-Yucel & Gökçay, 2010). ADM1 has been
able to simulate a full-scale anaerobic digester under
variable conditions, i.e., biogas flow rate varying from
practically zero to 6000 m3 d−1, (Baquerizo et al.,
2021). In this context, the ADM1 was implemented
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in the present work to simulate organic overloading
shocks for parallel bioreactors under a long adaptation
period to chicken litter as feedstock in order to offer
alternatives for perturbed digesters. The objective
was to propose kinetic parameter values, which
allow a better description and understanding of a
perturbed system. The experiments included two main
disturbances, having in between a recovery time
of 9.6 HRTs, for the digesters. The model was
calibrated using one disturbance of one digester; it was
challenged to simulate a second disturbance as well as
a parallel digester with two disturbances.

2 Materials and methods

2.1 Experimental set-up and operation
conditions

The experimental set-up has been previously described
by (Meneses-Reyes et al., 2018). For this experiment,
two digesters (A and B), 10 L working volume and 3
L head space each in a semi-continuous mode, were
fed with a target of 3 % chicken litter solution in the
period considered to have a low and constant OLR,
0.653 ± 0.104 gVS L−1d−1. Before this perturbance
experiment, the digesters were fed with the same feed
for 7 HRT, i.e., 210 d using an HRT of 30 d. After
this stable feed period, two overloading disturbance
pulses were applied (Figure 1a), which included the
increase of both concentration and volume fed. The
first disturbance was between days 0 and 10, using an
average OLR of 4.62 gVS L−1 d−1; while the second
one was between days 301 and 311, with a OLR of
4.08 gVS L−1 d−1. Thus, the shocks were close to
sevenfold and sixfold OLR, respectively. Figure 1b
shows the evolution of pH and methane percentage
of digesters A and B; it shows that both digesters
performed in a very similar manner. In fact, when
the overloading shocks were applied, the perturbation
response was a reduction in methane percentage in a
similar manner for both digesters.

The HRT for the no disturbance period along the
experiment was 30 d. Since the flow rate increased
during the disturbances, the HRT for the first and
second disturbances was 20 d, which lasted for 11
d. Along the experiments, the VFAs profile, methane
percentage, volatile solids (VS), and total solids (TS)
were evaluated weekly, while the biogas was daily.
The methodology used for collecting the analytical
methods (Meneses-Reyes et al., 2017) and for biogas
measurements (Meneses-Reyes et al., 2018) have been
previously reported.
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Table 1. Chemical composition of chicken litter and
the proportion of each component in VS and
distribution of the VS degradable fraction.

Component TS [%] VS [%] Degradable
part VS
[%]

Total volatile
solids (TVS)

69.61 -

Crude protein
(CP)

37.27 53.54 51.99

Ether extract
(EE)

2.73 3.92

Crude fiber
(CF)

24.52 35.22

Free nitrogen
extract (FNE)*

5.1 7.32 7.32

Ash (Fixed
solids)

30.39 -

*FNE = TVS - (CP+EE+CF)

2.2 Substrate

Chicken litter was used as a substrate in the entire
experiment. Meneses-Reyes et al. (2017) reported the
chicken litter chemical composition. Based on that
information the substrate characteristics as a function
of TS, and the organic components were calculated
and presented in Table 1.

www.rmiq.org 3
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2.3 Model implementation

The model was implemented in MATLAB/Simulink®
using the adaptation proposed by Rosen, Vrecko,
Gernaey, Pons, and Jeppsson (2006), which consist
of 19 biochemicals process, 6 acid-based reactions,
and 3 liquid-gas transfer process. The model includes
35 ordinary differential equations and 4 algebraic
equations. The equations were solved by ODE 15s
algorithm available in MATLAB. Equation 1 describes
the dynamic state variables in the liquid phase.

dS liq,i

dt
=

qin,iS in,i

Vliq
−

S liq,iqout,i

Vliq
+
∑

j=1−19

ρ jVi, j (1)

Where qin,i and qout,i, are inlet and outlet flow of
digester (L d−1);S in,i and S liq,i are the concentration
(kgCOD m3·gCOD L−1) of composite i in the influent
stream and liquid phase, respectively. Vliq is the reactor
working volume (L), the term

∑
j=1−19 ρ jVi, j is the

sum of the products between kinetic rates ρ j and
stoichiometric factors Vi, j. The interaction liquid gas
transfer is described by Equation 2.

ρi,T = kLa(S liq,i −KH,iPi,gas) (2)

Where ρi,T is an additional rate term, kLa is the
overall mass transfer coefficient (d−1), KH,I is the
equilibrium constant from Henry’s law to the gas i
(M bar−1). Pi,gas is the partial pressure of gas i (bar)
(Batstone et al., 2002a).

Initial dynamic state variables were taken from
(Rosén & Jeppsson, 2006). Excluding organics
composites concentration in the liquid phase and
hydrogen, carbon dioxide, and methane concentration
in the gas phase were set at 0 at the beginning of the
process.

2.4 Model input matrix

The degradable fraction of substrate is a key factor
for defining organic compounds that enter to the
process, and it influences the model performance, in
the present work, the degradable fraction was taken
as the degradable VS (DVS) since VS correspond to
the degradable fraction. The degradable fraction of
substrate was 59.31 %, which was estimated based
on biochemical methane potential study reported by
our research group (Meneses-Reyes et al., 2017). It
can be noted, in Table 1, that the major component of
organic matter considered degradable was the protein;
this criterion was based on the predominance of
microorganisms related to protein degradation in food
waste during and after press disturbance (He et al.,
2017). Li, He, Yan, Chen, and Dai (2017) showed
the dominance of metabolic and transport of amino
acids in high solids dewatered sludge systems. It has
been reported that the conversion of protein was the
most relevant metabolic pathway in acid and alkali

primary sludge fermentation (Huang et al., 2018).
Additionally, lipids and crude fiber were taken as a
non-degradable fraction of the organic matter. Lipids
had a negligible concentration; additionally, it has
been reported that lipids present a low water solubility
that could form micelles, which makes difficult the
degradation (Labatut, 2012). Since, crude fiber is
composed mainly of recalcitrant composites (Usman
Khan & Ahring, 2021), its degradation was considered
negligible. All free nitrogen extract was taken as
degradable. In the case of protein, the value was
adjusted to the estimated DVS.

The amount of each composite in the model input
S in,i was obtained by Equation 3.

S in,i =
S T Xi

qin
CODth,i (3)

Where S T is the total organic matter (gvs), fed
daily Xi is the mass fraction of each composite (i.e.,
carbohydrates, proteins, and lipids) concerning the
total. CODth,i is the theoretical conversion factor
(gCOD g−1 VS) that varies according to the composite
and can be obtained by Equation 4 (Koch, Lübken,
Gehring, Wichern, & Horn, 2010).

CODth,i =
16[2a+ 0.5(b− 3d)− c]

12.0107a+ 1.00784b+ 15.999c+ 14.0067d
(4)

Where a, b, c, and d are the numbers of carbon,
hydrogen, oxygen, and nitrogen, respectively. The
organic nitrogen in the input to the model was
taken from experimental ammoniacal nitrogen in the
substrate (Batstone et al., 2002a); which was fitted as a
function of TS to estimate daily ammoniacal nitrogen.

2.5 Parameters calibration

The calibration was performed using a standard DEA
as reported by (Rivera-Salvador et al., 2014). The
parameters of the algorithm were set as follows:
crossover probability = 0.2; differential variation
factor = 0.9; population size = 60, and accuracy
= 10−6. 28 parameters of ADM1 were calibrated
that involve the process, as follows: disintegration
and hydrolysis first order kinetic uptake rates (Kdis,
Khyd,ch, Khyd,pr, Khyd,li), Monod maximum uptake
specific rate for acidogenesis, acetogenesis, and
methanogenesis (Km,su, km,aa, km,fa, Km,c4, Km,pro,
km,ac, km,h2), Monod half saturation constants (KS ,su,
KS ,aa, KS , f a, KS ,c4, KS ,ac, KS ,h2, KS ,pro), yields of
biomass on substrate (Ysu, Yaa, Y f a, Yc4,Ypro,Yac,Yh2),
and inhibition constants (KIh2,c4, KIh2,pro, KI,nh3).

VFA in the previous time first disturbance (from
day -65 to 0 d) and the disturbance period from
bioreactor A (from day 0 to 102 d) were used
for parameter calibration by fitting experimental and
simulated data. The experimental period comprising
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from (103 to 365 d) of the same digester (A), and
entirely experimental data from digester B (-65 to 365
d), were used to validate the model. The cost function
used to fit the data, in the evaluation period, has the
form presented in Equation 5.

f (p) =
∑

j=1−4

(ŷi j − yi j)2 (5)

Where f is the objective function that depends on the
vector parameter p, ŷi j is the value in the position
ith by the jth VFA obtained from the simulation.
Meanwhile, yi j is the correspondingly observed value.
DEA was run ten times with 500 generations each
time; the value for each parameter was reported as
the average of ten replicates and its corresponding
standard deviation. Simulation quality was evaluated
according to Equations 6, 7, 8, and 9 (Wallach, 2006),
which respectively correspond to relative root mean
squared error (RRMSE), modelling efficiency (EF),
agreement index (index), and correlation coefficient
(r).

RRMS E =
RMS E

y
(6)

EF = 1−
∑N

i=1(yi − ŷi)2∑N
i=1(yi − y)2

(7)

index = 1−
∑N

i=1(yi − ŷi)2∑N
i=1(|ŷi − y|+ |yi − y|)2

(8)

r =

∑N
i=1[(yi − y)(ŷi − ŷ)]√∑N

1 [(yi − y)2]
∑N

1 [(ŷ− ŷ)2]
(9)

Where RMSE is the root mean square error, y is the
average of data observed, yi is the ith experimental
observed value, ŷi is the ith value obtained by the
simulation and ŷ is the average of simulation data.

3 Results and discussion

3.1 Digesters´ performance during
disturbance experiments

Two digesters were used for the experiments (A and
B). As it was described in the previous section, both
digesters had a similar performance, at daily bases,
in terms of pH and methane percentage. The first
disturbance, applied to digesters A and B, lasted
for 11 d with sevenfold OLR, while the second
one also lasted for 11 days with sixfold OLR. The
changes in the specific methanogenic activity (SMA)
and the VFA were registered throughout the entire
experiment. Table 2 shows the average and range
of SMA, as well as the average TVFA, before the
disturbance and the maximum value register after

disturbance, which is known as resistance (Shade
et al., 2012) of the microbial community to the
organic shock. It is important to point out, that the
first disturbance produced a perturbation that needed
around 2 HRT to recover for digesters A and B; while
in the second disturbance, in both digesters, had a
lower influence on TVFA accumulation and a shorter
recovery time, around 1.5 HRT. These facts suggest
the digesters experienced a kind of adaptation to the
organic shock; Berninghaus and Radniecki (2022),
working with stepwise overloading shocks, reported
that the system had shorter recovery times as the
overloading shock increases in the range of 2.5 to
9.0 gVS L−1 d−1. It could be attributed to the effect
on methanogenic archaea populations are jeopardized
since their duplication time is usually longer than
the one of the fermenters (Amin et al., 2021). Sun,
Ni, Angelidaki, Dong, and Wu (2019), working with
pig manure and glucose, have reported that when
overloading take place from 6 to 9 gVS L−1 d−1

methane quality reduces from 65.0 to 28.0 %.
As a response to both disturbances, for digesters

A and B, the perturbation of the digesters showed
a decrease in SMA at the beginning of the organic
shocks, which remained low during the time that the
overloading shock was applied; as soon as the overload
was released SMA was recovered, showing even a
peak above the previous average SMA.

After disturbance, VFA concentration increased
up to a peak in both digesters. The maximum
concentrations, for digesters A and B expressed as
gCOD L−1, registered for the first perturbation are,
respectively, as follows: acetate (8.7) (5.6), propionate
(6.6) (4.6), butyrate (3.1) (2.2), and valerate (2.4)
(2.3). For the second perturbation, the trend was quite
similar but with lower concentrations. The values for
digesters A and B are, respectively, as follows: acetate
(4.5) (5.2), propionate (3.1) (3.5), butyrate (1.6) (1.8),
and valerate (1.6) (1.6). It is important to notice that
during the overloading pulse, the pH reduces slightly
even the VFA peaks registered, it can be attributed to
the high NH+4 concentrations in chicken litter, which
can have a buffer effect due to, either NH3/NH+4
or NH3/CO2−

3 /VFAs (Meng et al., 2018). This trend
has been reported for chicken manure disturbed
digesters, in a semicontinuous digester subject to
sudden changes with the adaptation period (Bi et al.,
2019) and to step-loading shocks (Wang et al., 2019).
In the case of food residuals, the same trend has been
also observed (He et al., 2017).

3.2 Model calibration

For model calibration, the beginning of the disturbance
was taken as time zero. Thus, the VFA data of digester
A from day -65 to 102 were used for calibration; that
range of time included: (1) a stable process before
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disturbance, (2) the disturbance and the following
perturbation, and (3) a recovery process. Table 3
shows the parameters calibrated along with those
reported in the literature. Some of the literature data
reported in both tables were obtained under pulse, or
press disturbance experiments for instance Batstone,
Pind, and Angelidaki (2003) worked with VFA pulse
disturbance using cattle manure as feedstock, while

Kalfas, Skiadas, Gavala, Stamatelatou, and Lyberatos
(2006) working also with pulse VFA disturbance and
soluble part of feedstock that was raw olive pulp.
Koutrouli et al. (2009) performed the first pulse VFA
disturbance followed by a press stepwise with olive
pulp. Fatolahi et al. (2020) calibrated the ADM1 by
applying step loading with the organic fraction of
municipal solid waste (OFMSW).

Table 2. VFAs perturbation response to disturbance in digesters.
Digester or
reference

Characteristics of the
experiments

Digester performance

State TVFA
[mg L−1]

Acetate
[mg L−1]

Propionate
[mg L−1]

Butyrate
[mg L−1]
iso-
butyrate
[mg L−1]

Valerate
[mg L−1]
iso-
valerate
[mg L−1]

pH Methane production
[mL CH4 g−1VS]
Percentage
in biogas
[%]

Digester A The period from -65 to
102 d (first pulse)
Scale: laboratory
10 L WV Type of
disturbance: pulse
OLR: 0.653 - 4.62
gVS L−1 d−1 HRT:
30-20 d

1 812.1 ±

498.4
636.0 ±

434.0
58.4 ± 37.2 23.2 ± 8.2

39.4 ± 21.6
18.0 ± 0.8
37.2 ± 18.3

7.7 ± 0.1 173.6 ± 54.7
50.0 ± 0.7

Regime: intermittent,
leachate recirculation,
mesophilic. Mode
and substrate:
semicontinuous,
chicken litter

2 15195.5 8161.7 4361.1 1088.0
608.7

369.1
820.4

7.3 37.4-495.2
35.0

The period from 103 to
362 d (second pulse)
Scale: laboratory
10 L WV Type of
disturbance: pulse
OLR: 0.653 - 4.08
gVS L−1 d−1 HRT:
30-20 d

1 554.4 ±

341.6
327.3 ±

220.4
78.8 ± 58.9 60.3 ± 32.5

38.9 ± 18.8
53.2 ± 27.6
50.7 ± 22.4

7.7 ± 0.1 217.2 ± 93.3
50.5 ± 6.8

Regimen: intermittent,
leachate recirculation,
mesophilic. Mode
and substrate:
semicontinuous,
chicken litter

2 7837.7 4204.4 2060.4 485.6
377.5

189.0
590.8

7.5 115.6 - 849.4
43.1

The period from -65 to
102 d (first pulse)
Scale: laboratory
10 L WV Type of
disturbance: pulse
OLR: 0.653 - 4.62
gVS L−1 d−1 HRT:
30-20 d

1 222.8 ±

86.5
154 ± 67.4 21.8 ± 9.1 13.6 ± 1.0

13.0 ± 21.8
17.4 ± 0.2
16.2 ± 1.1

7.8 ± 0.1 195.7 ± 18.0
52.1 ± 0.7

Regimen: intermittent,
leachate recirculation,
mesophilic. Mode
and substrate:
semicontinuous,
chicken litter

2 10011.6 5233.4 3048.0 720.8
505.1

359.3
778.0

7.4 35.5 - 461.3
38.8

Digester B The period from 103 to
362 (second pulse)
Scale: laboratory
10 L WV Type of
disturbance: pulse
OLR: 0.653 - 4.08
gVS L−1 d−1 HRT:
30-20 d

1 507.2 ±

333.6
266.8 ±

187.9
94.9 ± 71.7 54.4 ± 41.6

41.4 ± 17.0
48.5 ± 34.5
53.9 ± 23.9

7.7 ± 0.1 237.6 ± 109.7
54.3 ± 5.3

Regimen: intermittent,
leachate recirculation,
mesophilic. Mode
and substrate:
semicontinuous,
chicken litter

2 8620.5 4885.2 2296.0 558.2
411.9

191.9
577.0

7.4 142.1 - 1254.0
50.0
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Bi et al.
(2019)

Scale: laboratory
12 L WV Type of
disturbance: sudden
changes with the
adaptation period
OLR: 1.6 - 2.5 gVS
L−1 d−1 HRT: 20 d

1 340 ± 100 120 ± 70 90 ± 40 30 ± 30
20 ± 20

20 ± 20
20 ± 20

8.25 252 ± 8
68 ± 1

Regimen: CSTR,
mesophilic Mode
and substrate:
semicontinuous,
chicken manure

2 3010 ± 420 1550 ± 470 290 ± 110 180 ± 20
130 ± 30

140 ± 20
210 ± 80

8.27 245 ± 9
67 ± 2

F. Wang et
al. (2019)

Scale: laboratory
6 L WV Type of
disturbance: step-
loading OLR: 3.5 ±
0.1 - 15 ± 0.1 gVS L−1

d−1 HRT: 30 d

1 ∼ 100 ∼ 50 ∼ 20 ∼ 30 - - - 6.6 ± 0.2 440 -
1200*
∼ 60

Regimen: CSTR,
mesophilic Mode
and substrate:
semicontinuous,
chicken manure

2 1412 894.9 ∼ 155.1 ∼ 77.7
∼ 206.8

∼ 38.7
∼ 38.7

7.6 ± 0.2 410*
∼30

He et al.
(2017)

Scale: laboratory
30 L WV Type of
disturbance: step-
loading OLR: 3 - 6
gVS L−1 d−1 HRT: 23
- 46 d

1 2210 ± 180 2100 -
2590

300 - 520 - - - - ∼ 7.5 520
59 - 64.24

Regimen: CSTR,
mesophilic Mode
and substrate:
semicontinuous,
food waste

2 9443 5690 2760 ∼ 290
∼ 70

∼ 250
∼ 450

∼ 7.0 Failure
Recovery
phase: ∼

900
∼ 70

WV: Working volume CSTR: Continuous stirred tank reactor 1: Stable 2: Perturbation *[mL CH4 g−1
VS ]

Table 3. Values of kinetic parameters in disturbances systems from literature compared to calibrated ones in the
present work.

Parameter / source Kdis [d−1] Khyd,ch
[d−1]

Khyd,pr
[d−1]

K,hyd,li
[d−1]

Km,su [d−1] KS ,su
[kgCOD m−3]

Ysu km,aa [d−1] KS ,aa
[kgCOD m−3]

Yaa km, f a [d−1] KS , f a
[kgCOD m−3]

Y f a Km,c4 [d−1]

Reference value
Batstone et al. (2002b)

0.50c 10b 10b 10c 30b 0.50b 0.10a 50b 0.30a 0.08a 6c 0.40c 0.06a 20b

Batstone et al. (2003) 12.0 ± 0.40
Lübken et al. (2007) 0.31 0.31 0.31 13.7
Wichern et al. (2009) 0.26
Koch et al. (2010) 0.14 0.14
Ozkan-Yucel and
Gökçay (2010)

1 1 1 35 0.5 5

Normak et al. (2015) 11.9 4.5 19.8 0.3 12.2
Jurado, Antonopoulou,
Lyberatos, Gavala, and
Skiadas (2016)

3.0 ×10−3 2.8 ×10−4 0.93 13.1

Fatolahi et al. (2020) 6 13.95
Wang et al. (2022) 1.2 10 10 10 4 0.1 4 0.1 1 0.04 2
Present work Average1

± standard deviation
1.99 ± 4.03
×10−8

19.99 ±

1.90 ×10−7
20 39.03 ±

3.46
59.87 ±

0.02
0.01 ± 1.41
×10−9

0.07 100 0.21 0.06 0.01 1.58 ± 7.01
×10−4

0.07 ± 1.63
×10−4

4.92 ± 0.01

Parameter / source KS ,c4
[kgCOD·m−3]

Yc4 KIh2,c4
[kgCOD·m−3]

km,pro
[d−1]

KS ,pro
[kgCOD m−3]

Ypro KIh2,pro
[kgCOD·m−3]

km,ac [d−1] KS ,ac
[kgCOD·m−3]

Yac km,h2 [d−1] KS ,h2
[kgCOD m−3]

Yh2 KI,nh3 [kmol
m−3]

Reference value
Batstone et al. (2002b)

0.20c 0.06a 1 10−5a 13b 0.10b 0.04a 3.50 10−6a 8b 0.15b 0.05a 35b 7 10−6b 0.06a 1.80 10−3a

Batstone et al. (2003) 0.29 ± 0.02
Kalfas et al. (2006) 3.50 ± 0.32 0.06 ± 0.03 9.99 ± 1.2 0.31 ± 0.09
Lübken et al. (2007) 0.357 5.5 0.392 7.1 3 10−5

Koutrouli et al. (2009) 2.02 ± 0.07 0.03 ± 0.01 8.34 ± 1.02 0.96 ± 0.21
Wichern et al. (2009) 5.4 ×10−8 13 4.8 10−8 4.2 10−5 8.4 10−3

Koch et al. (2010) 5 ×10−8 4.6 10−8 4.4 5.6 10−5

Ozkan-Yucel and
Gökçay (2010)

2.2 10 0.18 0.05

Normak et al. (2015) 0.6 3.5 0.4 11.1 0.5 0.0223
Jurado et al. (2016) 6.56 45.02
Fatolahi et al. (2020) 0.14 0.05 7.79 10−6

Wang et al. (2022) 0.01 0.039 0.005 4 0.015 1.5 7 ×10−6

Present work Average1

± standard deviation
0.64 ± 1.03
×10−3

0.04 ± 5.50
×10−35

1.30 10-5
± 3.28
×10−42

2.17 ± 4.73
×10−3

0.20 ± 8.80
×10−34

0.05 ± 9.83
×10−7

2.45 10−6 5.24 ± 7.56
×10−5

0.3 0.06 ± 1.65
×10−8

10.60 ±

0.30
1.39 10-05
± 4.39
×10−14

0.08 2.34 ×10−3

a Varies within factor of 30% by Batstone et al. (2002b) b Varies within factor of 100 % by Batstone et al. (2002b) c Varies within factor of 300% by Batstone et al. (2002b) 1 Average of ten replicants

Eighteen kinetic, three inhibitory, and seven yield
parameters were calibrated to describe the disturbance
and perturbation processes comprehensively. For
calibration, parameter kdis, was considered for the
disintegration process. Also, it was considered just
the composite of organic material (e.g., proteins,

carbohydrates, and lipids) as input to the model based
on the literature (Batstone et al., 2015).

DEA has shown its simplicity of use and
robustness for estimating many parameters in dynamic
crop models, especially DE/ran/1/bin (Trejo-Zúñiga et
al., 2014). In ADM1, it was applied for calibrating
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25 parameters; the simulation results showed a
satisfactory fit to experimental data (Rivera-Salvador
et al., 2014). Despite the advantage of using DEA for
estimating model parameters, it is important to define
the proper boundaries to obtain reasonable values
related to the process. In the present work, the space
of search for each parameter was defined according to
the variation proposed in the original ADM1 Batstone
et al. (2002b).

3.2.1 Parameters of disintegration, hydrolysis and
acidogenesis

The Kdis, Khyd,ch, Khyd,pr, and Khyd,li parameters are
related to enzymatic reactions in the pool, as well as,
the Km,su and km,aa to the rate of fermentation of sugars
and amino acids. As it can be seen in Table 3, these
values were between one to three times larger than
those reported in the literature. Fatty acids´ uptake
rate, km, f a, took the lower limit in the algorithm set-up.
KS ,su, KS ,aa, and KS , f a, the half-saturation constant for
sugars, amino acids, and long-chain fatty acids, took
values of 98, 30, 295 % compared to the reference. Ysu,
Yaa, and Y f a are the yield parameters in sugars, amino
acids, and fatty acids uptake; the first two showed
a decrease of 30 %; conversely, the last showed an
increase of 19 %.

3.2.2 Parameters related to acetogenesis and
methanogenesis

Acetogenesis comprises the uptake of propionate and
c4 (ADM1 considers that butyrate and valerate are
lumped (Batstone et al., 2003). For propionate, the
calibrated Km,pro, KS ,pro, and Ypro parameters were
smaller or slightly (28%) larger than the reference
values. It can be seen in Table 3 that the uptake rate
is in accordance with the obtained by Koutrouli et
al. (2009) and Ozkan-Yucel and Gökçay (2010). The
KS ,pro showed similarity with what was reported in the
literature by pulses of VFA (Koutrouli et al., 2009),
by stepwise overloading (Fatolahi et al., 2020), and
by a dynamic full-scale plant (Lübken et al., 2007).
Km,c4 and Yc4 were smaller than the reference values.
In the case of KS ,c4, the calibrated value was around
two times larger than the reported value. The Km,c4 in
this work is in accordance with the reported by Ozkan-
Yucel and Gökçay (2010). It is important to stress that
in the case of the half-saturation constant, Normak et
al. (2015) reported a similar value to the one obtained
in this work.

For acetoclastic and hydrogenotrophic
methanogens, the parameters are as follows: km,ac,
KS ,ac, Yac. and km,h2, KS ,h2, and Yh2, respectively.
The reduction of acetate uptake rate is in agreement
with Koch et al. (2010). These authors showed an
accumulation of acetate after the TS increased in the
system. For the KS ,ac Kalfas et al. (2006) reported a

similar value for VFAs pulses. Uptake rate and half
saturation constant values for the hydrogenotrophic
pathway, showed reduction; meanwhile, the calibrated
yield value increased. Inhibition parameters (KIh2,c4,
KIh2,pro, and KI,nh3) varied by a factor of 30 %
concerning reference; all are in accordance with the
literature.

Figures 2 and 3 show the results of the calibration
process. As it can be seen, the calibrated model has a
better fit to the experimental value than the model with
the reference values.

3.3 Model evaluation

The calibrated parameters were evaluated in the period
from 103 to 362 to digester A. The entire recorded
data from digester B was also used for that purpose.
Figures 2 and 4 show the outputs of the model
compared with experimental data in terms of TVFA
(acetate + propionate + butyrate + valerate), pH,
and SMA. During the first pulse and the period for
recovery, TVFA is represented more satisfactorily
by the calibrated parameters than the parameters
suggested by Batstone et al. (2002b).

A slight overestimation appears in data collected
from digester B. Conversely, experimental response
in the second pulse was overestimated by calibrated
parameters. Both sets of parameters, referenced, and
calibrated, underestimated pH but followed the same
trend as data collected in both digesters. The outputs
of the model overestimated the SMA during the
first pulse and the period for recovery in both
digesters. Conversely, SMA has underestimated the
sharp increase after the second pulse in both digesters.
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Figure 2. Comparison between experimental and simulated results of TVFA, pH, and 346 
specific methanogenic activity (SMA) in digester A.  347 
 348 

  349 

Figure 2. Comparison between experimental and
simulated results of TVFA, pH, and specific
methanogenic activity (SMA) in digester A.
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Figure 3. Comparison between experimental and simulated data of individual volatile 351 
fatty acids in digester A. 352 
 353 

Figure 3. Comparison between experimental and
simulated data of individual volatile fatty acids in
digester A.

Figures 3 and 5 show the performance of individual
volatile fatty acids; remarkably, the model output with
parameters calibrated was better than the parameters
suggested by Batstone et al. (2002b). Nevertheless,
overestimation occurred in the second pulse to both
digesters A and B.

The model fit quality is shown in Tables 4 and 5.
The RRMSE can be visualized as an error related to all
data measured mean. In this context, digester A, that
error was diminished by the calibration. In the case
of digester B, acetate, propionate, and SMA showed
a decrease; butyrate, valerate, and TVFA showed an
increase in this quality parameter. In both digesters,
the pH did not change the trend.

The modelling efficiency parameter shows how the
model is better at predicting rather than the average
of experimental measurements (Wallach, 2006). The
calibrated parameters improve the model prediction to
digester A, except in cases of valerate and pH. For
predicting acetate, propionate, and SMA of digester
B, the calibrated model was better than the model that
uses reference values. Another helpful parameter is
the agreement index (index). For digester A, all the
parameters that describe digester performance were
improving with calibrated parameters except pH. To
digester B, just TVFA and pH were not improved by
calibrated parameters. In the case of the correlation
coefficient, both digesters show the same trends; just
the pH and SMA show a decrease in the positive linear
correlation.
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Figure 4. Comparison between experimental and simulated data of TVFA, pH, and 371 
SMA in digester B. 372 
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Figure 4. Comparison between experimental and
simulated data of TVFA, pH, and SMA in digester
B.
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Figure 5. Comparison between experimental and simulated data of individual volatile fatty 375 
acids in digester B. 376 

 377 

Figure 5. Comparison between experimental and
simulated data of individual volatile fatty acids in
digester B.

It is important to stress out that even TVFA was
predicted satisfactorily by parameters suggested by
Batstone et al. (2002b), the model did not describe
the behavior of the individual VFA. The quality
of the modelling for acetate, propionate and SMA
was improved by calibrating parameters to both
digesters. In the case of methane production, a similar
conclusion is depicted by Fatolahi et al. (2020), when
stepwise disturbances were used, and for pulse shocks
(Koutrouli et al., 2009).
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Table 4. Evaluation of simulation quality for digester A.
Goodness-of-fit
parameter

Acetate Propionate Butyrate Valerate TVFA pH Methane
production

1 2 1 2 1 2 1 2 1 2 1 2 1 2

RRMSE 1.4 0.74 1.72 0.83 2.26 1.88 1.52 1.24 0.6 0.59 0.02 0.02 0.52 0.5
EF -0.22 0.66 -0.32 0.69 -0.56 -0.09 -0.69 -0.12 0.79 0.8 -0.09 -0.43 0.44 0.49
Index 0.85 0.93 0.44 0.89 0.43 0.78 0.44 0.78 0.93 0.95 0.77 0.73 0.82 0.85
r 0.91 0.9 0.2 0.84 0.09 0.67 0.06 0.68 0.93 0.91 0.81 0.81 0.83 0.82
1: Modelled with standard parameters (Batstone et al., 2002b) 1: Modelled with calibrated parameters (present work).

Table 5. Evaluation of simulation quality for digester B using calibrated parameters from digester A.
Goodness-of-fit
parameter

Acetate Propionate Butyrate Valerate TVFA pH Methane
production

1 2 1 2 1 2 1 2 1 2 1 2 1 2

RRMSE 2.21 1.24 1.64 0.78 1.5 1.52 1.55 1.57 0.48 0.83 0.02 0.02 0.59 0.57
EF -2.04 0.05 -0.34 0.7 -0.72 -0.77 -0.65 -0.69 0.85 0.57 -0.81 -1.32 0.53 0.55
Index 0.74 0.86 0.45 0.91 0.45 0.73 0.43 0.73 0.96 0.92 0.71 0.66 0.78 0.81
r 0.9 0.9 0.22 0.85 0.08 0.66 0.02 0.66 0.93 0.92 0.77 0.78 0.82 0.78
1: Modelled with standard parameters (Batstone et al., 2002b) 1: Modelled with calibrated parameters (present work).

In the case of c4, the accumulation during disturbance
was overestimated. Conversely, when low dynamic
OLR was applied, the model predicted very
satisfactorily, as seen in Figures 3 and 5 for the VFAs
mentioned above.

Conclusions

Km,c4, Km,pro, km,ac, and km,h2 showed the most
significant changes during calibration. The model
outputs, for digesters A and B, showed a better fit
with experimental data regarding modelling efficiency
(EF) and the indexes of the modelling (index) than
the original ADM1 parameters. The result shows
that DEAs provide a robust calibration method for
simulating the response of chicken litter overloading
shocks in continuous methane production processes.
The calibration performed to the ADM1, along with
the validation, allowed to predict the experimental
data; thus, in the case of a disturbance, it has
the advantage for taking control actions before
perturbation takes place. The next challenges are to
evaluate the predictive capacity of the model and
to define its implementation in the operation of the
digester in real-time.
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Nomenclature

OLR Organic Loading Rate (gVS L−1d−1)
HRT Hydraulic Retention Time (d)
q Flow (L d−1)
i Component index
S i Concentration of soluble component i

(nominally gCOD L−1)
Xi Concentration of insoluble or particulate

component i (nominally gCOD L−1)
V Volume (L)
in,out Inlet or outlet stream
liq Liquid phase of reactor
gas Gas phase of reactor
Yi Yield of biomass on substrate (gCOD,X

gCOD,S−1 or dimensionless)
ρ j rate for process j (gCOD L−1)
T Temperature (K)
t time (d)
kLa gas-liquid transfer coefficient (d−1)
KH,i equilibrium constant from Henry’s law

to the gas i, (M bar−1)
Pi Partial pressure of gas i, (bar)
Kdis, Khyd First-order disintegration or hydrolysis

rate (d−1)
KS ,i Monod half saturation constant (gCOD

L−1)
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Km,i Specific Monod maximum uptake rate
(gCOD L−1,S·gCOD L−1,X d−1 or d−1)

KI Inhibition constant (nominally gCOD
L−1)

ch, pr, li Carbohydrates, proteins, or lipids
su,aa, f a Monosaccharides, amino acids, or fatty

acids
c4, pro,ac,h2 Valerate and butyrate, propionate,

acetate, and hydrogen
nh3 ammonium
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