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The organic fraction of municipal solid waste (OFMSW) is composed of several heteroge-

neous organic and inorganic wastes. The diversity of composition, the high volatile solid

content and the biodegradable material that this waste offers make it quite an interesting

option for anaerobic digestion (AD). Depending on the substrate composition, the biological

degradation and kinetics of the AD could vary. Biochemical methane potential (BMP) tests

are  used as a tool to evaluate the methane production of several fractions of OFMSW, in

order to study the influence of each fraction in the final mixture. The kinetic parameters of

methane curves and the prediction of final productions are studied by different approaches

to  model equations using linear, exponential, logistic and Gaussian models. The analyses of

the  fractions indicate that organic substrates such as meat/fish which are in a small propor-

tion  in the final mixture, obtain major productivities (291 ± 3 mlCH4/gVS), however others

such  as paper (217 ± 5 mlCH4/gVS) could have their productivity enhanced due to their high

VS  present in the final mixture. Both the Gomperzt and the first order model fit reasonably

with all the fractions, although substrates with lag phase adjust only to the Gompertz model
Composition explaining 99% of the experimental results.

© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

corresponding to separated wastes (INE, 2012). OFMSW is
1.  Introduction

The organic fraction of municipal solid waste (OFMSW) is the

single largest component of the waste stream by weight in

Abbreviations: �, microorganisms growing speed (d−1) for first-orde
order  model; ˛, fraction of non-biodegradable substrate for biogas gen
AD,  anaerobic digestion; BMP, biological methane potential; BSA, bovin
total  chemical oxygen demand; FO, first-order model; GE, Gaussian equ
from;  MWS,  municipal waste sludge Gompertz model; LF, logistic functio
organic fraction of municipal solid waste (fruit/vegetable, meat/fish, cer
eter  (mlCH4/gVS added) from Gompertz model; t, time (d) from Gomper
solids.
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esidential, commercial, partly industrial and urban areas. It
s made up of different organic and inorganic fractions such
s food, vegetables, paper, wood, plastic, glass, metals and
ther inert materials. Despite the variability in its composi-
ion, the organic content constitutes the highest percentage
f the solid waste which can be broken down into simpler
ompounds by anaerobic microorganisms (Bilgili et al., 2009).
his waste is of particular interest for anaerobic digestion

AD) due to the high volatile solids (VS) that the organic
raction offers (Fantozzi and Buratti, 2011).

The AD of OFMSW has attracted much interest in recent
ears (Fdez-Güelfo and Álvarez-Gallego, 2011). AD presents
nteresting advantages compared to traditional aerobic treat-

ent such as the high capacity to break down slowly
egradable substrates at high concentrations, short hydraulic
etention times, very slow sludge production, limited energy
equirements and energy recovery through methane combus-
ion (Aguilar-Garnica et al., 2009).

OFMSW is typically very diverse in nature. Its anaerobic
egradability depends on its composition, in terms of carbohy-
rates, proteins, lipids and slowly degradable fractions such as

ingo-cellulose. The composition of the particulate substrates
s considered to be the limiting factor in a high-solid system,
s a result of the effect of these particles on the hydrolysis
rocess, as hydrolysis rates differ significantly for different
articulate components (grease, proteins, and carbohydrates).
ubsequent biological degradation kinetics also differ with the
ubstrate composition, because each of the successive hydrol-
sis products is degraded by different a bacterial population
Zaher et al., 2009).

There are few studies addressing the anaerobic biodegrad-
bility of mixtures of proteins, carbohydrates, and lipids:
reure et al. (1986) investigated the influence of high con-
entrations of carbohydrates; Kuang (2002) investigated the
nfluence of canola oil, starch, and yeast extract using differ-
nt mixing ratios on methanogenesis in an up-flow anaerobic
ludge blanket reactor; Tommaso et al. (2003) studied the influ-
nce of the carbohydrate and lipids on anaerobic degradation
f bovine serum albumin (BSA) in an immobilized horizontal-
ow anaerobic biomass reactor fed with BSA based substrates.

Theoretical and experimental studies have attempted to
stimate the biogas yield from solid waste. The biochemical
ethane potential (BMP) test is a valuable, quick and inex-

ensive method for the determination of the potential rate
nd extent of the conversion of wastes to methane and in the
ssessment of which material can be digested (Owen et al.,
979; Gunaseelan, 1997; De la Rubia et al., 2011).

The development of adequate models and their parameter-
zation by fitting the model equation to experimental results
btained in specific assays is a very important task (Fdez-
üelfo and Álvarez-Gallego, 2011). Mathematical models have
een used since the 1960s to describe anaerobic digestion

Lawrence and McCarty, 1969). Due to the role of microbes
n the anaerobic digestion process, kinetic models, in partic-
larly the first order, are commonly applied to simulate AD

De Gioannis et al., 2009; Kumar et al., 2004). In addition, bio-
as accumulation could be simulated by an exponential rise
o the maximum as well as the modified Gompertz equation
ommonly used in the simulation of methane and hydro-
en production. So far, the investigations using OFMSW have
arely been undertaken (Banks and Lo, 2003; Lo, 2005; Boni
t al., 2007; Lo and Liao, 2007; Lo et al., 2009).
The objective of this paper is double; firstly it aims to
valuate the influence of each fraction in the final mixture
of OFMSW in order to optimize the properties and char-
acterization, and thus enhance the biodegradability of this
waste. Secondly, the purpose of this research is to compare
the experimental results obtained when operating BMP tests
treating OFMSW and their components in terms of the kinetic
constants and methane potentials of several mathematical
models. The comparison also aims to show the relative advan-
tages of using diverse modeling tools (Gaussian equation, first
order model, Gompertz model or logistic function).

2.  Material  and  methods

2.1.  Substrate  and  inoculum

All the fractions that compounded the final mixture of OFMSW
were evaluated by BMP tests separately. At the same time, both
the final mixture (OFMSW) and the mixture of organic frac-
tions (OF), which is composed only of food (fruit/vegetable;
meat/fish; cereal), were also submitted to BMP  tests. For all the
assays, both a synthetic mixture and fractions were obtained
and tested, in order to establish a distinctive substrate for all
the experiments, always using the same waste as an equiva-
lent fraction for each measure of fruit, vegetable, meat, fish,
cereal, plastic, paper or garden. Given the small amount of
substrate that should be used for these tests and the hetero-
geneity that real OFMSW could provide, this mixture offers
the perfect conditions for evaluating and comparing other
parameters that could have an influence on the biodegradabil-
ity process. The different proportions for achieving a mixture
comparable to the real one were taken from related studies
(Boulanger et al., 2012), where previous research works con-
firm the similarity of this mixture to existent OFMSW. The
characterization of the substrates and their proportion in the
mixture is presented in Table 1.

2.2.  Biochemical  methane  potential  tests

The BMP assays were performed following an internal method
from the University of Valladolid (UVa) based on standard-
ized assays for research purposes (Angelidaki et al., 2009).
Glass bottles of 2 L capacity were used to carry out the tests.
The substrate and a mesophilic inoculum coming from a
reactor fed with mixed sludge were introduced following a
substrate/inoculum ratio in terms of VS (1 gVS substrate/1 gVS
inoculum) for all the assays. This ratio was selected as the
optimum in previous works, meaning that due to the high VS
contained by the substrates, it would contain a larger quan-
tity of inoculum than substrate. Also, some macronutrients
and micronutrients were added to ensure the activity of the
inoculum (Field et al., 1988). Once the bottles were closed they
were placed in a rotational stirrer (5 rpm).

Tests were carried out in triplicate, including a blank to
evaluate the final production of the inoculum and obtain the
net production in each test; and a control with cellulose sim-
ply to determine if the inoculum works normally in case there
is any inhibition problem. Periodical monitoring analyses of
biogas production, using a pressure meter, and of biogas com-
position, using gas chromatography, were performed during
the tests and therefore a result of less than 1% of the whole
production would indicate the end of the experiments.

Methane potential is expressed here as the net volume

of methane per g of initial substrate VS content (mlCH4/gVS
added). These results were obtained from the triplicate
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average for each assay. A standard deviation was also
calculated in order to identify the error among the triplicates.

2.3.  Synergistic  effects

To evaluate the influence of each substrate in the final mix-
tures and calculate the possible synergistic effects that could
be produced during the biodegradation process, the subse-
quent Eq. (1) was followed (Arribas et al., 2012):

 ̨ = Experimental production
Theoretical production

(1)

The “Experimental production” is the result of the BMP
tests for the different mixtures while the “Theoretical produc-
tion” refers to the final values of the mixture obtained from
the BMP tests of each raw substrate considering the VS of
each substrate contained in the final mixture. The result of

 ̨ indicates the following:

-  ̨ > 1; the mixture has a synergistic effect in the final produc-
tion.

-  ̨ = 1; the substrates work independently from the mixture.
-  ̨ < 1; the mixture has a competitive effect in the final pro-

duction.

2.4.  Model  comparison

Models based on kinetic parameters enable the effect of the
most important process variables on systems performance to
be predicted (Fdez-Güelfo and Álvarez-Gallego, 2011). The fit-
ting of model equations to experimental results obtained in
specific assays is a very important tool in determining the opti-
mum substrate and operational conditions. Biogas production
rates of OFMSW AD were simulated using linear, exponential,
logistic and Gaussian equations (Table 2). The solver method
from excel was chosen as the linear programming tool in this
work.

For the aforementioned Table 2 the following parameters
are presented where P (mlCH4/gVS) is the biogas production
rate at time t (d) over the digestion period; � (mlCH4/gVS) is the
maximum volume accumulated at an infinite digestion time;
� (d or d−1) is the specific microorganisms growing speed; K
(mlCH4/gVS/d) is the specific rate constant; t0 is the initial
time (d) and � (d) is the lag phase in the logistic and Gompertz
equations.

2.5.  Analytical  methods

For the analytical and characterization methodologies an
internal protocol based on standard methods (APHA, 2005)
was used to determine the most significant characteristics of
the inoculum and the substrate (total and volatile solids TS,
VS; total and soluble Chemical Oxygen Demand CODt, CODs;
Total Kjeldahl Nitrogen, NKT).

In order to study the influence of the composition in terms
of proteins, carbohydrates, lipids and fiber, an extended char-
acterization was carried out using gravimetric techniques
(EPA, 1664; CE regulation 152/2009) for grease and fiber, volu-
metric procedures (CE regulation 152/2009) for carbohydrates

and elemental analyses (IT-MA-014 AOAC) for protein deter-
mination.
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Table 2 – Models applied in order to evaluate its accuracy comparing to the BMP  tests.

Reference Equation Characteristics

Lo et al. (2010) P = � ∗ exp

(
−0.5 ∗

(
(t − t0)

�

)2
)

(2) Gaussian equation (GE) in which the
biogas production rates and microbial
kinetics growth and decay follow the
normal distribution over the digestion
period.

Bilgili et al. (2009), De Gioannis et al. (2009) P = � ∗ (1 − exp(−�t)) (3) First-order model (FO) in which biogas
accumulation was simulated using
exponential rise to a maximum.

Lay et al. (1997) P = � − exp
(

− exp
(

k

�
(� − t)e1 + 1

))
(4) Modify Gompertz model (GM) assuming

that the rate of gas production is
proportional to the microbial activity.

Altas (2009) P = �

(1 + exp(4 ∗ (k/�)  ∗ (� − t) + 2))
(5) Logistic function (LF) fitting the global

biogas production kinetics with an initial
exponential increase and a final
stabilization at a maximal production
level.
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.6.  Experimental  procedure

he biodegradability of OFMSW, the corresponding organic
raction (OF) and the different substrates that form the final

ixture of OFMSW were evaluated individually using BMP
ests. Once the assays were finished, the main parameters
ere analyzed to evaluate the effectiveness of the process,

aking into account the removal results.
All the results were submitted to a modeling process in

rder to confirm the accuracy of the data obtained, and to com-
are the necessary parameters of a model equation made to
t with this kind of substrate.

.7.  Statistical  analysis

he BMP  tests were carried out in triplicate. The deviation of
ach assay from the average was considered and represented
ith the methane curves to indicate the consistency of the
MP  experiments. In addition, to determine and compare the
ccuracy of the experimental results with different models,

 regression coefficient and the relative error were calculated
Eq. (6)) by comparing the experimental and prediction pro-
uctivities for each model, in order to select the optimum
odel equation. Statistical methods were performed using

xcel software.

rror = BMPexp − BMPth

BMPth
(6)

.  Results  and  discussion

.1.  Test  modeling

he experimental results of the BMP  tests were submitted to
he previously explained models (Table 2) to determine the
ptimum fitting of the BMP  tests to a specific model equa-
ion and to examine the methane curves through the kinetic
arameters presented in Table 3.

The Gaussian model could give a slight approach of the
roductivity, but generally does not fit with the experimental
ata, with values of r2 below 0.90 in all cases. Neverthe-

ess, substrates such as garden, paper or meat/fish, with a
low increase in biogas, fit better than other substrates with

igher kinetics at the start of the assay. The first order model,
odified Gompertz equation and logistic function offer some
information through kinetic parameters and methane poten-
tials to the results obtained, such as the growing speed of
microorganisms (�) or a period of lag phase (�) which is only
in evidence in some substrates. Meat/fish and paper, whose
methane curves show slower kinetics during the first days,
fit better with the Gompertz or logistic model (regression
coefficients of 0.99). This indicates the need for an additional
parameter in the equation (�) to achieve the perfect adjust-
ment for some of the substrates that could have a lag phase
or an adaptation period. Observing the specific rate constant
(K) in both the Gompertz and logistic models, it is clear that
the kinetics are equivalent in both equations, and that there
is correspondence between the higher biodegradability kinet-
ics with OF and fruit/veg which obtain half of their methane
production in the first days. Similar behaviors patterns are
obtained for simplified models for these two substrates with
higher values for �. This data validates the accuracy of the
application of the model equation to the experimental results.
Even though the final production is higher for wastes such as
meat/fish or paper, they have a lag phase period that slows
down the process.

Looking at the consistency of the two models GM and FO for
BMP  results these two models are represented in the following
Fig. 1, indicating the experimental (dots) and modeling (solid
line) data in order to compare the main kinetic parameters and
methane potentials. The standard deviation calculated from
the results of the triplicates is also represented showing the
consistency of the experiments.

Generally there is an overall agreement between the mod-
els and the experimental data. Even in comparison with the r2

results, the first order model obtains slightly better results,
reaching the highest regression coefficients in most of the
cases (results over 0.96). This means that this model might
explain the 96% of the total variation in the experimental data
as it is represented in Fig. 1. Due to the mixed culture of several
microbial species, there will be different specific growth rates
(�) between substrates and, as a consequence, the relative pro-
portion of the different species can vary with time. This is the
case of fruit/vegetable or OF that obtain higher values of �

(0.39 d−1 and 0.47 d−1 respectively) when analyzed alone than
in the final mixture of OFMSW with values of 0.24 d−1 for �.

Looking at the shape of the modeled curves for the Gom-

pertz equation, it is observed initial values for P distinct to 0
have been observed in substrates with imperceptible or null
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Table 3 – Parameter estimation for the applied models. Values in bold and italic indicate optimal and pessimal data
respectively.

MODEL � (mlCH4/gVS) � (d) � (d−1) K (mlCH4/gVS/d) � (d) r2

OFMSW

GE  90 20.52 – – – 0.80
FO 140 – 0.24 – – 0.99
GM 135 – – 26.23 0.37 0.98
LF 133 – – 28.23 0.65 0.97

OF

GE 118 23.10 – – – 0.75
FO 183 – 0.47 – – 0.98
GM 179 – – 47.94 0.00 0.97
LF 178 – – 48.32 0.12 0.96

Fruit/veg

GE 94 22.96 – – – 0.73
FO 148 – 0.39 –  – 0.98
GM 150 – – 43.79 0.00 0.97
LF 149 – – 44.93 0.17 0.96

Meat/fish

GE 310 16.83 – – – 0.89
FO 367 – 0.06 –  – 0.95
GM 299 – – 21.42 2.54 1.00
LF 292 – – 21.74 3.14 0.99

Cereal

GE 108 18.90 – – – 0.88
FO 166 – 0.2 – – 0.98
GM 158 – – 24.59 0.13 0.96
LF 155 – – 25.62 0.38 0.94

Garden

GE 57 17.24 – – – 0.95
FO 75 – 0.12 – – 0.98
GM 57 – – 2.68 0.00 0.91
LF 68 – – 5.85 0.00 0.92

Paper

GE 185 17.29 – – – 0.86
FO 235 – 0.1 – – 0.98
GM 216 – – 17.98 0.68 0.99
LF 211 – – 18.36 1.16 0.98

Fig. 1 – Model comparison. First-order model left and Gompertz model right. Experimental results are represented by dots
while modeling results are indicated by lines.
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Table 4 – Synergistic and competitive effects of the final
mixtures.

Experimental production Theoretical production ˛

OFMSW 145 ± 12 156 0.93
OF 194 ± 3 185 1.05
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able with the exception of meat/fish, even though it makes a
alues of �, such as OF with initial values of 11.82 mlCH4/gVS.
here is also a notable difference among models for substrates
ith low biodegradability such as garden, whose progressive

urves are difficult to model with Gompertz and logistic equa-
ions, although first-order model obtains regression values
f 0.98. A comparison between four models was also done
y Donoso-Bravo et al. (2010), who used Gompertz, transfer,
ogistical and first order equations applied to the biogas pro-
uction from anaerobic batch tests for primary and secondary
re-treated sludge.

In spite of the results obtained, Gaussian equation, Gom-
ertz model and logistic function showed worse agreements
ith the experimental data than the first order model which,

s the r2 indicates, is more  consistent and describes better the
volution with time in the AD process. Besides, by using this
odel, the maximum biogas production rate can be calculated

ccurately for batch AD being also useful as prediction tool.

.2.  Study  of  the  fractions  of  OFMSW

he following study is established taking into account the
odeling results of Gompertz and first order models depend-

ng on the fitting of each substrate. Then, substrates such as
eat/fish are represented better by GM while the rest of sub-

trates can be explained by FO.
The BMP  results indicate that wastes as meat/fish or paper

btain the highest productivities (291 and 216 mlCH4/gVS
espectively) although the mixture with other wastes reduces
he methane potential, obtaining lower values for OFMSW
194 mlCH4/gVS) and OF (145 mlCH4/gVS).

The mixture of different substrates could produce changes
n the final production due to synergistic effects, which would
xplain its behavior (Table 4). The theoretical production is cal-
ulated considering that the volatile solids of the substrates
nvolved in each mixture worked independently, and their
ndividual production rates are maintained constant in the
nal mixtures. Then, considering the previous equation, the
esults of  ̨ indicate that the mixtures have a competitive
ffect in the final production of the total mixture (OFMSW)
hile in the OF a slight positive synergistic effect is produced
ith the mixture of the organic material, obtaining also better
xperimental productivity.

Table 5 – Statistical results for the applying models. Reliability 

modeling results for each substrate are indicated in bold.

� exp (mlCH4/gVS) � model (mlCH4/gVS) 

GE FO GM LF 

OFMSW 145 ± 12 90 140 135 133 

OF 194 ± 3 118 183 179 178 

Fruit/veg 163 ± 2 94 148 150 149 

Meat/fish 291 ± 3 310 367 299 292 

Cereal 175 ± 3 108 166 158 155 

Garden 77 ± 7 57 75 57 68 

Paper 217 ± 5 185 235 216 211 
The synergy of the OF is due only to the mixture of food
fractions. The high productivity of meat/fish is supported by
its composition of lipids (28.04 g/kg) and proteins (876.12 g/kg),
however this substrate also has slower kinetics due to its lipid
content. The kinetics for meat/fish indicate a slow biodegrad-
ability during the first ten days while other food fractions such
as fruit/vegetable or cereal had obtained half of their produc-
tivity on the third day of experiment. The lipid material that
this substrate contains makes it biodegradable slowly, with
an adaptability period for the inoculum of three days, as is
indicated in the Gompertz model, after which the increase of
the productivity begins. Nevertheless, its slight contribution
to the final OF (12.6%VS) does not play a part in enhancing the
final production, while other substrates with lower produc-
tivities such as fruit/vegetable or cereal have more  influence
(57%VS and 31%VS respectively). The cereal fraction reaches
greater productions than that of fruit/vegetable since it has
higher CODt, although the specific growing rate is 40% better
in fruit/vegetable. Meat/fish achieves also good methane per-
centages of 70% while the rest of the organic substrates and
the final mixture OF get only reach 60%. Other fractions such as
paper also obtain higher productivities, the high VS (731 g/kg)
and CODt (843 g/kg) that contains enhance its methane poten-
tial, although the kinetic is also slow due to the high fiber
content (662.66 g/kg) which is scarcely a biodegradable com-
pound. This substrate presents also a lag phase (0.68 d) less
marked than meat/fish. Its contribution to the final mixture is
relatively high with 52%VS in OFMSW, nevertheless the final
productivity is lower due to the other fractions and the com-
petitive effects produced by the mixture of substrates with
different properties. The garden fraction is basically com-
posed of fiber, it has a higher CODt and VS, however the
final productivity and kinetics of this substrate are lower
than the others. The high ammonium content of the gar-
den fraction (4 g/kg) could be the cause of inhibition problems
in the biodegradability process and low methane production.
Methane percentages of around 60% are obtained for paper,
whereas the garden fraction barely achieves 55%. As result the
final mixture of OFMSW achieve percentages of under 56%.

The lower productivity of the OFMSW compared with OF
indicates that the more  highly organic material is supported
manly part by food fractions (fruit/veg, meat/fish and cereal)
and also some materials such as paper whose higher pro-
ductivity could enhance the final production, while garden or
plastic wastes could decrease the final methane production.
Kinetic parameters based on the first order model show faster
biodegradability for fruit/vegetable and OF (0.39 and 0.47 d−1

respectively). All the components of OF are easily biodegrad-
slight contribution within the mixture.

and reproducibility for each mathematical model. Best

Error % r2

GE FO GM LF GE FO GM LF

61 3 7 9 0.80 0.99 0.98 0.97
64 6 8 9 0.75 0.98 0.97 0.96
74 11 9 10 0.73 0.98 0.97 0.96
−6 −21 −3 −1 0.89 0.95 1.00 0.99
61 5 10 12 0.88 0.98 0.96 0.94
34 2 35 12 0.95 0.98 0.91 0.92
17 −8 0 3 0.86 0.98 0.99 0.98
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Fig. 2 – Removal % for all substrates.
The fact that substrates produce more  biogas by them-
selves than in the final mixture led to the idea of a more
specific segregation of the OFMSW, at least inert and low
biodegradable wastes such as plastic or garden matter should
be rejected to the maximum in the process while the addi-
tion of highly biodegradable material such as paper could also
enhance de productivity and make the process more  advan-
tageous.

3.3.  Statistical  analysis

The four models were compared in order to analyze the most
significant parameters in each case and to determine the opti-
mum model for the prediction of the methane potential of this
kind of wastes. The prediction capacity (error) and the ability
to reproduce the methane curves (r2) were studied from the
experimental BMP  results (Table 5). For the prediction capacity
the relative error was calculated (Eq. (6)) using the experi-
mental and model values for the final productions, while the
regression coefficient of each method was considered in order
to evaluate their reliability.

In terms of reproducibility FO is the model that best adjusts
to the methanogenic curves except for meat/fish or paper
which fit with complex models such as GM or LF. However in
some cases there are some models that are not reproducible,
although they can predict with an error of below 10% the final
production of some substrates. This is the case of GE or LF for
meat/fish, with GM being the model that best represents the
methane curve of this substrate. Similar behavior occurs for
FO and LF in the degradation of paper.

3.4.  Removal  efficiency
The removal percentages of each substrate were obtained at
the end of the experiment. All the parameters (TS, VS, and
CODt) were analyzed and compared to the initial data in order
to evaluate the removal percentages. For the estimation of the
equivalent removal of each substrate the efficiency produced
by the inoculum in the blanks assays were considered in order
to obtain the final results (Fig. 2).

Removal percentages of over 30% for TS and 40% for VS
were obtained for most of the substrates. The highest removal
results were obtained for the food fractions due to their com-
position and high biodegradability, achieving 34% TS and 50%
VS for meat/fish which also represents the highest productiv-
ity.

4.  Conclusions

The methane productivity results of separate fractions indi-
cate that organic substrates such as meat/fish have the higher
productivities, although their contribution to the OFMSW
(2.5%VS) is minimal, while other poorly biodegradable sub-
strates such as garden or fruit/vegetable with percentages
of 9% and 11% (VS) respectively in the final mixture, could
decrease the methane potential of OFMSW. The use of four
simple models in the anaerobic digestion of OFMSW and its
components showed to be an appropriate tool used to obtain
performance parameters, allowing for a more  reliable com-
parison between the digestion of different substrates. Food
organic substrates are characterized by their quick biodegrad-
ability due to their composition and high VS content. The
kinetic curves of some substrates such as meat/fish or paper
are explained by a period of adaptation or lag phase due to
their high lipid content for meat/fish and fiber in the case
of paper, although their productivities are the highest ones.
The adjustment of models shows the need for more  than two
parameters to explain the kinetics of these two substrates.

Otherwise the first-order model fits almost perfectly with the
rest of the substrates with regression coefficients above 0.96.
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