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a b s t r a c t
A mathematical model has recently been proposed by the authors to simulate the biochemical processes
that prevail in a co-digestion reactor fed with sewage sludge and the organic fraction of municipal solid
waste. This model is based on the Anaerobic Digestion Model no. 1 of the International Water Association,
which has been extended to include the co-digestion processes, using surface-based kinetics to model the
organic waste disintegration and conversion to carbohydrates, proteins and lipids. When organic waste
solids are present in the reactor inﬂuent, the disintegration process is the rate-limiting step of the overall
co-digestion process. The main advantage of the proposed modeling approach is that the kinetic constant
of such a process does not depend on the waste particle size distribution (PSD) and rather depends only
on the nature and composition of the waste particles. The model calibration aimed to assess the kinetic
constant of the disintegration process can therefore be conducted using organic waste samples of any
PSD, and the resulting value will be suitable for all the organic wastes of the same nature as the investigated samples, independently of their PSD. This assumption was proven in this study by biomethane
potential experiments that were conducted on organic waste samples with different particle sizes. The
results of these experiments were used to calibrate and validate the mathematical model, resulting in
a good agreement between the simulated and observed data for any investigated particle size of the solid
waste. This study conﬁrms the strength of the proposed model and calibration procedure, which can thus
be used to assess the treatment efﬁciency and predict the methane production of full-scale digesters.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Mathematical modeling of the anaerobic digestion process has
been performed extensively during the last several decades. The
ﬁrst models that were proposed (Andrews, 1969, 1971; Lawrence,
1971; Andrews and Graef, 1971) are simple kinetic models that
describe only the rate-limiting step of the biological process, i.e.,
the slowest step that limits the rate of the overall process. The limiting step of the anaerobic digestion process cannot be unequivocally deﬁned, as the limiting step depends on the digester
operating conditions (Castillo Monroy et al., 2006) and inﬂuent
characteristics (Speece, 1983; Fricke et al., 2007). Acetogenesis
(Hill, 1982; Bryers, 1985; Mosey, 1983; Costello et al., 1991a,b; Siegrist et al., 1993) and methanogenesis (Graef and Andrews, 1974;
Hill and Barth, 1977; Kleinstreuer and Poweigha, 1982; Moletta
et al., 1986; Smith et al., 1988), as well as hydrolysis (Pavlostathis
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and Gossett, 1986; Vavilin et al., 2001) and disintegration (ADM1,
Batstone et al., 2002; Esposito et al., 2008, 2009), can constitute the
rate-determining steps.
Further models were developed to simulate the biochemical
processes of the anaerobic digestion without preliminarily ﬁxing
the limiting step of the overall process (Vavilin et al., 1994; Angelidaki et al., 1999).
In 2002, the International Water Association (IWA) Task Group
for Mathematical Modeling of Anaerobic Digestion Processes
developed a comprehensive mathematical model known as Anaerobic Digestion Model no. 1 (ADM1, Batstone et al., 2002), which
was based on experience acquired over the previous years in modeling and simulating the anaerobic digestion process.
This model, however, neglects some processes that are involved
in the anaerobic digestion such as sulfate reduction, acetate oxidation, homoacetogenesis, solids precipitation and inhibition due to
sulﬁde, nitrate, long chain fatty acids (LCFAs), and a weak acid and
base (Batstone et al., 2002; Fuentes et al., 2008). Some of these previously discussed aspects have been subsequently studied and modeled. Two ADM1 upgrades were published in 2003 concerning the
sulfate reduction (Fedorovich et al., 2003) and CaCO3 precipitation
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(Batstone and Keller, 2003). A further upgrade that was published in
2005 aimed to remove the ADM1 discrepancies in both carbon and
nitrogen balances (Blumensaat and Keller, 2005).
A mathematical model was recently proposed by the authors
(Esposito et al., 2008) to extend the ADM1 to simulate the anaerobic digestion of solid organic wastes. This model is intended to assess the performance of a sewage sludge and organic fraction of a
municipal solid waste (OFMSW) co-digestion system regarding the
chemical oxygen demand (COD) removal and methane production
potential, including the simulation of the organic solid particle disintegration and the effect of LCFA production on pH. The model can
assess the effect of the OFMSW particle size on the methane production rate. The application of the model showed that the presence of OFMSW particles makes the disintegration process, i.e.,
the decrease in size of the organic particles, the rate-limiting step
for methane production (Hills and Nakano, 1984; Sharma et al.,
1988; Esposito et al., 2008). This model can be used to assess the
maximum organic loading rate (OLR) that an anaerobic digester
can accept when fed with the OFMSW, predicting the pH drop
and thus the digester failure as determined by the OLR excess.
The innovative aspect of this model is the kinetic expression
that is used to model the conversion of the waste organic particles
to carbohydrates, proteins and lipids (Esposito et al., 2008), i.e., the
so-called disintegration process (Batstone and Keller, 2003). This
model still applies ﬁrst-order kinetics as used in most mathematical models available in the literature (Pavlostathis and Gossett,
1986; Vavilin et al., 1996; Batstone and Keller, 2003), but the kinetic constant is given as the product of two different terms with
different physical meanings. The ﬁrst term is the speciﬁc rate of
the surface-based disintegration process (Ksbk) and depends only
on the nature of the complex organic substrate. The second term
is the overall surface area of the complex organic particles to be
disintegrated per unit mass (a⁄) and depends on the particle size
distribution (PSD) of the solid substrate. If this model is compared
with standard ﬁrst-order kinetics where the disintegration kinetic
constant depends on both the nature and PSD of the substrate, the
main advantage of the model proposed by the authors is that Ksbk
depends only on the organic substrate composition as the PSD is
taken into account by the coefﬁcient a⁄. The Ksbk can thus be determined by experimental tests conducted on the material of any PSD.
In this study, biomethane potential (BMP) experiments were
conducted on synthetic organic waste substrates with different
PSDs to verify this assumption. The same experiments were used
to set up a proper procedure to calibrate and validate the model,
which is necessary for a suitable application of such a model to
predict the performance of full scale digesters fed with sewage
sludge and OFMSW.

Table 1
Composition of the organic mixtures in terms of the ratio between organic matter and
anaerobic sludge, solid particle size and percentage of carbohydrates, lipids and
proteins on a dry basis.
Test



A

1



VS organic matter
VS anaerobic sludge

Initial
radius
[mm]

Carbohydrates
[%]

Lipids
[%]

Proteins
[%]

0.5

70

12

18

Table 2
Mass composition of the organic mixtures (on a wet basis).
Test

Hard wheat pasta
[g]

Cow cheese
[g]

Anaerobic sludge
[g]

Na2CO3
[g]

A
B
C
D

15.0
15.0
15.0
–

4.4
4.2
4.4
–

150.0
173.0
150.0
–

0.20
0.20
0.20
0.10

resulting from the fermentation of the organics contained in the
anaerobic sludge. Ten tests were performed.

2.2. Digester setup and operation
Anaerobic digestion was performed on a small scale under controlled and reproducible conditions in a 1000 mL glass bottle GL 45
(Schott Duran, Germany). Tap water was added to the mixture of
the organic matter and anaerobic sludge up to a 500 mL total volume. Small amounts of Na2CO3 powder, ranging from 0.10 to
0.40 g, were also added to prevent a critical drop in the pH. Each
bottle was sealed with a 5 mm silicone disc that was held tightly
to the bottle head by a plastic screw cap punched in the middle
(Schott Duran, Germany). All digesters were shaken for 30 min at
80 rpm by KL-2 (Edmund Bühler, Germany) bottle shakers and
were immersed up to half of their height in hot water kept at a

2. Materials and methods
2.1. Experimental design
Biomethane potential (BMP) experiments were performed
using synthetic organic waste substrates with known concentrations of carbohydrates, proteins and lipids. The choice of the substrates was determined by the need for the knowledge of
carbohydrates, proteins and lipids in the digester inﬂuent, which
are not easy to measure in OFMSW samples. Cumulative methane
production from three different mixtures of synthetic organic
waste and anaerobic sludge was investigated. Each mixture had
the same composition expressed in terms of carbohydrates, lipids
and proteins, but different particle sizes (Tables 1 and 2). In addition to the tests conducted in triplicate with the three solid organic
mixtures, a further test was conducted using only anaerobic sludge
as the organic substrate to estimate the volume of methane

Fig. 1. Experimental equipment used to measure the daily methane production.
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constant temperature of 308.15 K by 200 W A-763 submersible
heaters (Hagen, Germany). Once a day, each digester was connected by a capillary tube to an inverted 1000 mL glass bottle containing an alkaline solution (2% NaOH). The inverted 1000 mL glass
bottle was sealed in the same way as the digesters. To enable gas
transfer through the two connected bottles, the capillary tube
was equipped on both ends with a needle sharp enough to pierce
the silicone disc (Fig. 1).
2.3. Digester feed
Three different criteria were used to select the composition of
the synthetic organic waste used for biomethanation tests: (i) the
ratio between anaerobic sludge and synthetic organic waste expressed in terms of Volatile Solids (VS) content; (ii) the synthetic
organic waste particle size; (iii) the synthetic organic waste in
terms of the content of carbohydrates, lipids and proteins. The
three solid organic mixtures described in Tables 1 and 2 were made
up using three types of pasta with different sizes, i.e., radius of
0.5 mm (Tempestina by pasta factory Rummo, Italy), 1.5 mm (Spaghetti alla chitarra by pasta factory Garofalo, Italy) and 2.5 mm (Fregola by pasta factory Quisardegna, Italy), and cow cheese
(Provolone dolce by Soresina creamery, Italy), which was properly
ground and sieved to achieve the same size as the pasta samples.
Granular anaerobic sludge taken from an Upﬂow Anaerobic Sludge
Blanket (UASB) reactor treating the wastewater produced by a potato processing factory was added to the three solid organic mixtures to reach a ratio between the VS contents of the anaerobic
sludge and the synthetic solid waste equal to 1 (Tables 1 and 2).
2.4. Analytical measurements
2.4.1. Sludge and synthetic solid waste characterization
The weight, Total Solids (TS) and Volatile Solids (VS) concentration of the granular anaerobic sludge as well as the dry matter,
moist organic matter and ash content of pasta, cheese and dewatered sludge were determined according to Standard Methods
(APHA/AWWA/WEF, 1998). The composition of both pasta and
cheese, in terms of carbohydrates, proteins and lipids, was taken
from the respective packaging labels and was experimentally veriﬁed according to the procedures described in the Handbook of
Food Analysis (Nollet, 2004).
2.4.2. Methane production
Daily methane production was monitored using an inverted
1000 mL glass bottle ﬁlled with a 2% NaOH solution and connected to the digester by a capillary tube (Fig. 1). The volume
of alkaline solution displaced from the 1000-mL bottle, which
was collected and measured using a graduated cylinder, was assumed to be equivalent to the volume of the daily methane production. The CO2 contained in the biogas did not affect the
volumetric methane measurements as the CO2 was dissolved in
the alkaline solution.
2.4.3. pH and temperature monitoring
Temperature and pH of all mixtures investigated were monitored for at least once a day with a TFK 325 thermometer (WTW,
Germany) and a pH meter (Carlo Erba, Italy), respectively.
2.5. Mathematical modeling
The proposed mathematical model, which is described in detail
by the equations in Appendices A and B, is based on the ADM1 approach but is modiﬁed to consider the features of a co-digestion
system. The differential mass balance equations and the process
kinetics and stoichiometry are modeled according to the ADM1,
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and the same biochemical conversion processes (i.e., disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis)
are considered. However, the model can consider two different
inﬂuent substrates (i.e., sewage sludge and OFMSW), which are
modeled with different disintegration kinetics. First-order kinetics
is used to model the sewage sludge disintegration according to the
ADM1, and a surface-based kinetic expression (Sanders et al., 2000;
Esposito et al., 2008) is used to simulate the OFMSW disintegration
process, an essential step when the substrate to be disintegrated is
as highly complex as the OFMSW.
This expression (Eq. (1)) considers the dependence of the
OFMSW disintegration rate on the surface area (i.e., on the
PSD) of the solid waste to be disintegrated. However, the surface-based kinetic expression proposed by Sanders et al. (2000)
cannot be used in its original form (Eq. (1)) as the model structure needs the substrates to be expressed in terms of concentrations while Eq. (1) includes the organic particles in terms of
mass:

dM
¼ K sbk A
dt

ð1Þ

where M = complex organic substrate mass [M]; Ksbk = disintegration kinetic constant [M L2 T1]; A = disintegration surface area
[L2].
Eq. (1) has therefore been reformulated in terms of concentrations (Eq. (4)) by including the following two parameters, a and
a⁄, which characterize the disintegration process:

A
V liq
A
a ¼
M
dC
¼ K sbk  a  C
dt

a¼

ð2Þ
ð3Þ
ð4Þ

where C = concentration of the complex organic substrate in the digester [M L3]; Vliq = liquid working volume of the anaerobic digester [L3].
Assuming that all the organic solid particles have the same
spherical shape and initial size and that they are progressively
and uniformly degraded, Eq. (3) can be rewritten as follows:

Pn
Ai
nAi
n4pR2
3
a ¼ Pni¼1 ¼
¼ 4 3¼
d
R
nM
M
i
nd
p
R
i
i¼1
3

ð5Þ

where Ai = disintegration surface area of the organic solid particle i
[L2]; Mi = mass of the organic solid particle i [M]; n = total number of
organic solid particles [dimensionless]; d = complex organic substrate density [M L3]; R = organic solid particles radius [L], assumed to be time dependent according to the following
expression proposed by Sanders et al. (2000):

R ¼ R0  K sbk

t
d

ð6Þ

where R0 = initial organic solid particle radius [L], speciﬁed as the
initial condition for model application.
Eq. (4) therefore results in Eq. (7), which is used in the model:



dC
3  K sbk C
¼

dt
R
d

ð7Þ

Expressing C in Eq. (7) as the ratio between the mass of the organic solid particles and the digester volume results in the following quadratic dependence of the disintegration process rate on the
particle radius:

dC
n4pR2 ðtÞ
¼ K sbk
dt
V liq

ð8Þ
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Fig. 2. Cumulative methane production obtained in the experimental tests A, B and C.

Fig. 3. Dependence of ME on Ksbk.

Because the radius of the organic solid particles varies according to a linear law (Eq. (6)), Eq. (8) implies that the concentration
of the complex organic substrate decreases during the disintegration process according to a cubic law.
If this model is compared with the ADM1 ﬁrst-order disintegration kinetics, the main advantage of this model is that Ksbk is the
same for any OFMSW PSD and can thus be determined experimentally using OFMSW samples of any PSD. If a typical ﬁrst-order kinetic expression is applied and organic waste samples are used
to determine the kinetic constant experimentally, the latter can
be used to simulate the anaerobic digestion of OFMSWs with only
the same nature and PSD of the organic waste samples that are
investigated.
Integration of the differential algebraic equations has been performed using a multi-step solution algorithm based on the numerical differentiation formulas in the software tool MATLABÒ.

measurements of methane production and adjusting the unknown
parameter until the model results adequately ﬁt the experimental
observations.
Input, operational and output data from experiment A (Table 1)
were used, and a speciﬁc procedure was developed.
The calibration procedure is structured in four steps as follows.
Step 1 determines a variation range for Ksbk. This range was set
between 0 and 1 kg COD m2 d1. This range was chosen because
values of Ksbk smaller than 0 are physically not possible, and values
greater than 1 are actually not signiﬁcant because the model results are not sensitive to such values.
Step 2 generates as many different values of Ksbk as the estimation accuracy requires. This calculation was performed taking n + 1
constant step values of Ksbk, between the two bounds of the variation range, according to the following expression:

K jsbk ¼ K j1
sbk þ DK sbk ; with j ¼ 1 . . . n
2.5.1. Model calibration and validation
Model calibration was used to estimate Ksbk (M L2 T1), the kinetic constant of the surface-based disintegration process. Calibration was performed by comparing model results with experimental

ð9Þ

where K 0sbk ¼ 0 and K nsbk ¼ 1 are the lower and upper bounds of the
variation range, respectively, and DK sbk is the ratio between the
width of the range and n.
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Fig. 4. Dependence of IoA on Ksbk.

Fig. 5. Dependence of RMSE on Ksbk.

Fig. 6. Comparison of measured and simulated by proposed model cumulative methane production for experiments A: overlapping between measured and simulated data
(a); comparison with the line of perfect ﬁt (b).

To set the accuracy of the results at two signiﬁcant digits, n was
ﬁxed to be equal to 100.
Step 3 was performed by plotting a simulated curve for each value of Ksbk from the development of step 2 and by comparing simulated results with observed data. A comparison was performed by
applying three methods that are commonly used for the model
calibration process (Janssen and Heuberger, 1993), the Modeling

Efﬁciency (ME) method, the Index of Agreement (IoA) method
and the Root Mean Square Error (RMSE) method, calculating the
three following parameters:

PK
ðy  y0i Þ2
ME ¼ 1  PKi¼1 i
2
i¼1 ðyi  yM Þ

ð10Þ
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Fig. 7. Comparison of measured and simulated by proposed model cumulative methane production for experiments B: overlapping between measured and simulated data
(a); comparison with the line of perfect ﬁt (b).

Fig. 8. Comparison of measured and simulated by proposed model cumulative methane production for experiments C: overlapping between measured and simulated data
(a); comparison with the line of perfect ﬁt (b).

PK
IoA ¼ 1  PK

i¼1 ðyi

 y0i Þ2

0
i¼1 ðjyi  yM j þ jyi  yM jÞ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PK
0 2
i¼1 ðyi  yi Þ
RMSE ¼
K

2

ð11Þ

ð12Þ

where K = number of observed values; yi = simulated value i;
y0i = observed value i; yM = average of the simulated values.
Step 4 determines the value of Ksbk that best ﬁts the observed
data using the three different criteria. Step 4 is performed by plotting three series of points using Cartesian coordinates with Ksbk as
the ﬁrst coordinate and the corresponding values of ME, IoA and
RMSE, calculated in step 3, as the second coordinate. The last operation of the calibration process is the determination of Ksbk that
either maximizes ME as well as IoA or minimizes RMSE for each
series of plotted data.
After the calibration process was complete and the value of
Ksbk was known, the model was validated to verify the agreement between the model results and the experimental measurements using the previously calibrated Ksbk value to simulate the
digestion of synthetic organic waste (experiments B and C, Table
1) with a particle size different from the particle size of the synthetic organic waste (experiment A, Table 1) that was used for
the calibration process. Model validation was performed by calculating ME, IoA and RMSE for each set of simulated and observed data.

3. Results and discussion
The cumulative methane production data that were obtained
from the experimental tests are reported in Fig. 2. This ﬁgure

shows that the gaps among the three curves resulting from tests
A, B and C, respectively, are noticeable for the initial 20 days and
then progressively tend to vanish. Within this initial period, the
three curves are plainly distinguishable as clearly indicated by
the error bars of the experimental points (Fig. 2). In particular,
the differences are higher when the 2.5 mm curve is compared
with the 0.5 or 1.5 mm curves. The differences among the three
experimental curves are noticeable only during the initial
20 days, as the disintegration process of the solid particles occurs
during this initial period. Once the solid particles have
disintegrated, the anaerobic reactors continue to produce methane as long as all the organic matter is biodegraded, and the
end points of the three curves coincide as each reactor was ﬁlled
with the same amount of organic matter. The initial gap among
the three curves is due to the effect of the solid particle size on
the methane production, which cannot be properly modeled
with the same ﬁrst-order kinetic constant for the three
experiments.
According to ADM1, a kinetic constant is required for
each particle size. The main difference of the proposed
model as compared with the ADM1 is that the disintegration
rate constant Ksbk is invariant with the substrate particle
size.
The model calibration performed in this paper resulted in setting the kinetic constant Ksbk to 0.15 kg m2 s1 when using values
of the other kinetic and stoichiometric parameters as suggested by
Batstone et al. (2002) for mesophilic solids.
This value of the kinetic constant Ksbk maximizes both ME and
IoA and minimizes RMSE (Figs. 3–5), making the gap between data
simulated by model and experimental data used for the calibration
process as small as possible. This Ksbk value fully meets the model
calibration process requirements.
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Fig. 9. Comparison of measured and simulated by ADM1 cumulative methane production for experiment B.

Table 3
Results of the model validation process.
Tests

R0 [mm]

Ksbk [kg m2 s1]

ME

IoA

RMSE

B
C

1.5
2.5

0.15
0.15

0.979
0.988

0.999
0.999

0.011
0.010

Table 4
Results of the ADM1 validation process.
Tests

R0 [mm]

Kdis [kg m2 s1]

ME

IoA

RMSE

B
C

1.5
2.5

0.406
0.406

0.985
0.909

0.999
0.996

0.010
0.031

All curves represented in Figs. 3–5 show a normal trend, characterized by a single monotone reversal located right in
Ksbk = 0.15 kg m2 s1. This reversal proves the existence of one
and only one solution to the speciﬁc optimization problem that
was used in this paper to calibrate the model.

A further interesting aspect that emerges by analyzing the previous three graphs concerns the sensitivity of ME, IoA and RMSE to
Ksbk: the closer Ksbk is to 1 kg m2 s1, the smaller the variations of
ME, IoA and RMSE are in response to variations in Ksbk. This last
observation validates the hypothesis that the procedure used to
calibrate the model is based on, to assume 1 kg m2 s1 as the
upper bound of the Ksbk variation range.
The loss of sensitivity shown by the model toward values of
Ksbk of 1 kg m2 s1 can be explained. Ksbk is a kinetic parameter
used to describe the rate of a single process (i.e., disintegration)
among the several processes involved in the anaerobic co-digestion of organic matter. The value of Ksbk can therefore affect the
output of the model as long as it is small compared with the values of the other kinetic constants that are considered in the model (i.e., as long as disintegration is a limiting process). However,
when the values of the different kinetic constants change,
some processes that were not limiting become limiting and vice
versa.
Fig. 6 shows the highest agreement between simulated and observed data for cumulative methane production achieved by the
speciﬁc procedure that was used to calibrate the model. In
Fig. 6a, the good overlap between the two series of data is shown,

Fig. 10. Comparison of measured and simulated by ADM1 cumulative methane production for experiment C.
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Appendix A

ð1  Y aa Þfbu;aa

ð1  Y su Þfh2;su
ð1  Y su Þfac;su
ð1  Y su Þfpro;su
ð1  Y su Þfbu;su

5
Sbu

This paper focuses on the experimental determination of the
surface-based kinetic constant Ksbk of the OFMSW disintegration
process, the limiting step of the overall anaerobic co-digestion process when complex organic wastes such as OFMSW are fed to the
reactor. The experiments demonstrated that Ksbk depends only on
the nature and composition of the organic waste, while Ksbk is independent of the PSD of the OFMSW. The model calibration can
therefore be performed on organic waste of any PSD and a PSD variation (e.g., if the OFMSW is pre-triturated) does not affect the calibrated Ksbk value.
Three different methods were applied to calibrate the model
and all indicated a high modeling efﬁciency to corroborate the
validity of the applied calibration procedure, which is conﬁrmed
by the optimal results of the validation process.
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4. Conclusions
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11
SIN

12
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K sbk  3d  CR
K hyd ch  X ch
K hyd pr  X pr
K hyd li  X li

Rate qj [kg COD m3 d1]

with a very small shift between the points with simulated and observed data as coordinates and the line of perfect ﬁt reported in
Fig. 6b.
After calibrating the model using the cumulative methane production results from experiment A, the calibrated Ksbk value (i.e.,
0.15 kg m2 s1) was used to validate the model. Experiments B
and C were used to validate the mathematical model, assessing
the agreement between simulated and observed data for cumulative methane production with the parameters ME, IoA and RMSE.
The results of the validation process are graphically described in
Figs. 7 and 8 and are numerically reported in Table 3. The graphs
indicate a very good agreement between the simulated and observed data; the agreement is conﬁrmed by the values of the ﬁtting
parameters reported in Table 3. Only a few experimental points
close to the origin of the axes are not ﬁtted by the simulation results (Fig. 8a), showing a slight shifting from the line of perfect
ﬁt in Fig. 8b because of the readily biodegradable organic substrate
present in the inoculum, which was not considered for the
simulations.
The value assigned to Ksbk, as well as the modeling approach
proposed in this paper, is fully validated by experiments B and C.
The same experimental data and the same calibration procedure applied to the proposed model were also used to calibrate
and validate the ADM1 (Table 4 and Figs. 9 and 10) to assess the
contribution of the proposed model as a potential upgrade for
the ADM1. The calibration of the ADM1 resulted in a disintegration
constant Kdis = 0.406 s1, capable of maximizing both ME and IoA
and minimizing RMSE (Fig. 9).The validation process still resulted
in acceptable values of ME, IoA and RMSE, but the values were
not as good as the values obtained using the proposed model.
Fig. 10 in particular shows an evident gap between the simulated
and experimental data for the initial 25 days, i.e., when the particle
size effect on the digestion process is more important. This gap
conﬁrms that the disintegration constant determined for a speciﬁc
particle size cannot be properly used in ADM1 for a different particle size.

su
K m;su  K sSþS
 X su  I1
su
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Appendix B
Process

Rate qj [kg COD m3 d1]
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Hydrolysis proteins
Hydrolysis lipids
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6
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7
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