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Abstract

The anaerobic digestion model No. 1 (ADM1) developed by the international water association (IWA) task group for mathematical modelling
of anaerobic digestion processes is the most sophisticated model established for full-scale industrial plants design, systems operational analysis
and control, assisting technology transfer from research to industry and a common basis for further model development and validation studies. In
this work the original ADM1, implemented in the simulation software package MATLAB/Simulink, was adapted and applied to replicate with
reasonable degree of accuracy the thermophilic anaerobic co-digestion of olive mill wastewater (OMW) with olive mill solid waste (OMSW) in a
semi-continuous tubular digester. The data set from lab-scale experiments described in our previous work was used to calibrate and validate the
model. The simulations results indicated that the modified ADM1 was able to predict reasonably well the steady-state results of gas flows, methane
and carbon dioxide contents, pH and total volatile fatty acids (TVFA) observed with all influents concentrations (43, 67 and 130 g COD/1) digested
at the hydraulic retention times (HRTs) of 24 and 36 days. Also the reactor failure observed at a HRT of 12 days for an influent concentration of

67 g COD/1 was predicted and well justified by the modified ADM1.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Treatment and disposal of olive mill wastes and espe-
cially olive mill wastewaters (OMWSs) represent one of the
main environmental concerns of olive oil producing countries.
These liquid wastes are acid influents containing low amount
of ammonium nitrogen and heavily loaded with pollutants
than ordinary domestic wastewaters (pH =4.9; TCOD =202 g/
and NH4*-N =100 mg N/1) [1]. The high polluting activity of
OMW is linked with high content of dissolved and particu-
late organic compounds such as sugars, carbohydrates, lipids,
proteins, volatile fatty acids (VFA) and phenolic compounds
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(carbohydrates = 13.79 g/l; proteins = 3.95 g/1; lipids = 18 g/l and
TVFA =0.3 g/l) [2]. Furthermore OMW contains high concen-
tration of potassium, calcium, magnesium, phosphate, chloride
and other salts [3]. Applying anaerobic digestion either at
mesophilic or thermophilic temperature to treat OMW without
previous treatment is failed due to the previous mentioned char-
acteristics of OMW. But, the co-digestion of OMW with other
organic wastes containing high level of ammonium nitrogen
such as piggery effluents and dairy wastewaters [2,4] or cattle
manures [5] or olive mill solid wastes (OMSWs) [6], to compen-
sate the lack in OMW, has proven their success in treating OMW
by anaerobic digestion process because it does not require any
addition of chemical substances which are not economically and
environmentally desirable. Subsequently two multistep dynamic
models have been developed to predict accurately gas flow,
pH and VFA under different feed concentrations, to provide a
guide line for operation and optimisation of anaerobic reactors
and to improve understanding of the difficulties observed when
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Nomenclature

COD  chemical oxygen demand

CHy4 methane (%)

CO, carbon dioxide (%)

DE differential equations

HRT  hydraulic retention time (days)
LCFA long chain fatty acids

NH4*-N total ammonium nitrogen (mg N/I)
OMW  olive mill wastewater

OMSW olive mill solid waste

OLR  organic loading rate (g COD/l/day)
ODE  ordinary differential equations
PO4>~—P total mineral phosphate (mg P/I)
SCOD  soluble chemical oxygen demand (g COD/1)
TS total solids (g/1)

TVS total volatile solids (g/1)

TCOD total chemical oxygen demand (g COD/1)
TVFA total volatile fatty acids (g COD/1)

TK-N total kjeldahl nitrogen (g/1) or (g/kg TS)
VFA  volatile fatty acids

co-digesting OMW with other wastes. The first model is
developed by Gavala et al. for the co-digestion of OMW, pig-
gery effluents and dairy wastewaters in a continuous stirred
tank (CSTR) and batch digesters [2,4]. This model considers
four steps of degradation processes (hydrolysis, acidogenesis,
acetogenesis and methanogenesis) and three bacterial groups
(the acidogens, the acetogens and the acetoclastic methano-
gens).

It is assumed that OMW, piggery effluents and dairy
wastewaters are mainly consisted of carbohydrates (soluble
and insoluble), proteins (soluble and insoluble) and VFA.
Besides, this model is based on batch kinetic experiments
and is capable of predicting adequately the COD and VFA.
But, it neither predicts pH and biogas composition nor takes
into account the inhibitory effect by low pH values, high
concentration of VFA and shortage in ammonium nitrogen.
The second model, which is more sophisticated than the pre-
vious, is developed by Angelidaki et al. for the anaerobic
co-digestion of OMW and cattle manures in a continuous stirred
tank (CSTR) at thermophilic temperature [S]. The substrates
(OMW and cattle manures) are described by their composition
of basic organic components: carbohydrates, lipids, proteins,
long chain fatty acids (LCFA), VFA and important inorganic
components (ammonium, phosphate, cations and anions). Also,
it is assumed that insoluble proteins and carbohydrates are
lumped together and are stoichiometrically represented as glu-
cose units with an amount of ammonia attached. The model
considers four steps of degradation processes (hydrolysis, aci-
dogenesis, acetogenesis and methanogenesis) and six bacterial
groups (the glucose fermenting acidogens, lipolytic bacteria,
LCFA degrading acetogens, propionate and butyrate degrading
acetogens and acetoclastic methanogens). Equilibrium relation-
ships of ammonia, carbon dioxide, and pH, as well as gas

phase dynamics and temperature effects are included in the
model. Furthermore, free ammonia inhibition of the acetoclastic
step and acetate inhibition of the acetogenic steps are con-
sidered in the model. Volatile fatty acids (VFA) inhibition of
the initial enzymatic hydrolytic step and inhibition caused by
LCFA are also considered. This model is capable of predict-
ing pH, VFA, methane flow and effluent NH4* content and
is used later as a basis to develop more sophisticated models
[7].

Consequently, and to respond the increasing need for accurate
modelling of anaerobic degradation of mixed complex wastes,
in recent years, an intensive and fruitful collaboration between
a number of international experts in anaerobic process analy-
sis, modelling and simulation has succeeded in developing the
most sophisticated dynamic model known as anaerobic diges-
tion model No. 1 (ADM1) [8]. This model describes complex
substrates by their general composition (carbohydrates, lipids,
proteins, inerts, sugars, amino acids, LCFA, VFA, CO,, NH4,
cations and anions). It predicts so many dynamic species (gas
flow, CHy, CO,, Hp, NH4*, VFA, COD, alkalinity, etc.) and
can serve as a tool to design full-scale industrial plants, to
assist their operational management and to predict their pro-
cess performance and behaviour over a range of design and
operating conditions. Besides, it can be used either as a com-
mon basis for further development or as a common platform
for dynamic simulation for a variety of anaerobic processes.
Afterwards, many implementations of this powerful tool have
been tested and proved their success in simulating the anaerobic
digestion of several organic wastes such as: industrial wastew-
aters [9]; sludge from wastewater treatment plants [10,11];
sewage sludge [12]; black water from vacuum toilet [13]; olive
mill solid wastes [14]. However, the ADM1 has never been
applied by any researcher to simulate the anaerobic diges-
tion of OMW either alone nor mixed with other solid wastes
and mainly OMSW. So, taking into account the ADM1 poten-
tial advantages in modelling and continuing the research of
ADMI1 implementations for simulating the anaerobic digestion
of more complex organic mixed substrates such as the mix-
ture of OMW with OMSW, the main objective of the present
work is to develop and implement the ADM1 for simulating the
thermophilic anaerobic co-digestion of OMW with OMSW in a
semi-continuous tubular reactor working under different oper-
ating conditions. Then, it will be calibrated and validated using
some lab-scale data and experimental results from our previous
work [6].

2. ADM1 theoretical background
2.1. Description and basic concepts

The ADMI is a structured model that reflects the major pro-
cesses that are involved in the conversion of complex organic
substrates (polymers) into methane and carbon dioxide and
inert by products. The model includes disintegration of com-
plex solids (non biological step) into carbohydrates, proteins,
lipids and inert substances (soluble and particulate inerts).
Then, the first three products of disintegration are hydrolysed



B. Fezzani, R.B. Cheikh / Chemical Engineering Journal 141 (2008) 75-88 77

(enzymatic step) to sugars, amino acids and LCFA, respec-
tively. Afterwards, sugars and amino acids are fermented to
produce VFA, hydrogen and carbon dioxide (acidogenesis).
LCFA, propionate, butyrate and valerate are oxidized anaer-
obically to produce acetate, carbon dioxide and hydrogen
(acetogenesis). Finally, methane is produced by both cleav-
age of acetate to methane (acetoclastic methanogenesis) and
reduction of carbon dioxide by molecular hydrogen to pro-
duce methane (hydrogenotrophic methanogenesis). To address
these mechanisms, the model employs state variables to describe
the behaviour of soluble and particulate components submit-
ted to anaerobic digestion. All organic species and molecular
hydrogen are described in terms of chemical oxygen demand
(COD). Nitrogenous species and inorganic carbon species
are described in terms of their molar concentrations. Solu-
ble components are those that can pass through microbial
cellular walls and include the monomers of complex poly-
mers (sugars, amino acids, LCFA), VFA (propionate, butyrate,
valerate, acetate), hydrogen, methane and CO,. Whereas, par-
ticulate species consist of either active biomass species or
particulate substances that are incapable of directly passing
through bacterial cell walls [11]. The microbial species that
are considered in the model include sugar fermenters, amino
acid fermenters, LCFA oxidizers, butyrate and valerate oxi-
dizers, propionate oxidizers, acetoclastic methanogens and
hydrogenotrophic methanogens.

Non-microbial particulate species include complex organics
that either enter the process in the influent or that result from
the death and decay of microbial species and the products of
disintegration of the complex organics. This latter group consists
of carbohydrates, proteins and lipids [11]. In addition to the
organic species, the model addresses inorganic carbon (carbon
dioxide and bicarbonate), nitrogenous species (ammonia and
ammonium), anions and cations.

Table 1

2.2. Growth kinetics

Substrates conversion processes are described by a number of
kinetic expressions that describe the conversion rates in terms of
substrate concentrations and rate constants. The disintegration of
composite substrates and hydrolysis of carbohydrates, proteins
and lipids are described by first order rate expressions. Monod-
type growth kinetic expressions, with pH inhibition and non
competitive inhibition by TVFA, free ammonia and hydrogen,
are used as basis for all inter-cell biochemical reactions of sub-
strates uptake in acidogenic and acetogenic steps. Endogenous
decay processes are represented by first order kinetic expres-
sions and dead biomass is maintained in the system as composite
particulate material [8].

2.3. Basic equations

The original ADM1 is a set of 32 differential equations (DE)
for modelling the rate change of concentrations of different
species contained in liquid and gas phases as follows: 10 (DE) for
soluble matter degradation processes and 2 (DE) for inorganic
carbon (IC) and inorganic nitrogen (IN) modelling; 4 (DE) for
particulate matter degradation processes; 8 (DE) for biomass
concentrations modelling; 2 (DE) for cations and anions mod-
elling and an additional 6 (DE) for acid—base reactions in order to
describe the effect of physicochemical states, such as pH, upon
the biochemical reactions. More details about the elaboration of
these DE are presented in the IWA-ADM1 report of Batstone et
al. [8] that was updated later by Rosen and Jeppsson [15].

2.4. Inhibition functions

In the ADM1 report of Batstone et al. [8], different inhibition
functions were suggested with emphasis in modelling the effects

Characteristics of the OMW and the sludge used in ADM1 as input main influent and initial conditions, respectively

Parameters Units OMW initial characteristics Sludge (initial characteristics) Sludge after batch mode fermentation
pH - 75+£03 75 +0.2 7.5+0.1
TCOD gCOD/I 130 £ 3.5 375 £ 0.5 20.56 0.7
SCOD gCOD/1 80 £ 2.5 0.04 £ 0.005 1.72+0.4
Total carbohydrates g COD/1 35+ 15 10.05 £ 0.3 0.7

Total proteins g COD/1 14+15 84 £0.2 0.8

Total Lipids gCOD/I 25+ 1.5 2.03 £ 0.005 0.3

Total Inerts g COD/1 26 £ 1.5 17 £ 0.25 19

Sugars (monosaccharide) g COD/1 18 £ 1.5 0.015 £ 0.01 0.08
Amino acids g COD/1 6.5+ 15 0.0015 £ 0.001 0.05
LCFA gCOD/1 10+ 1.5 0.0 £ 0.0 0.03
Soluble inerts gCOD/1 8+ 1.5 0.0 £ 0.0 1.5
Acetic acid gCOD/I 75 £0.5 0.0 £ 0.0 0.02
Propionic acid g COD/1 375 £ 0.5 0.0 £ 0.0 0.01
Butyric acid gCOD/I 485+ 0.5 0.01 £ 0.002 0.01
Valeric acid g COD/1 1.85 £ 0.5 0.01 £ 0.008 0.02
Alkalinity gCaCOs/1 38+£03 3.8 £0.35 34412
Inorganic nitrogen (IN) gN/1 750 £ 55 1.3 £ 0.05 1.6 +0.15
Inorganic carbon (IC) mol/l 0.074 £ 0.006 0.062 £ 0.006 0.054
Anions mol/l 0.073 £ 0.003 0.091 + 0.002 0.091
Cations mol/l 0.464 £+ 0.018 0.027 £ 0.004 0.027

(*) Each value is an average of three replicates. = shows standard deviations among replicates.
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of pH, insufficient nitrogen inhibition, hydrogen and free ammo-
nia inhibition. The implemented inhibition functions used in the
ADMI Kkinetic rate equations for this work were those updated
by Rosen and Jeppsson [15].

3. ADM1 implementation
3.1. Substrates definitions and hypothesis

According to the original ADM1 structure sludge, OMW
and OMSW were represented by their main components. OMW
(primary organic substrate) and the sludge (substrate used as
inoculums at initial conditions) were represented as soluble sub-
strates (sugars, amioacids, LCFA, VFA, soluble inerts, inorganic
carbon, inorganic nitrogen, anions and cations) and particu-
lates substrates (carbohydrates, proteins, lipids and particulate
inerts) while the dry OMSW was represented as composites sub-
strates. Phenol compounds and others contained in OMW and
OMSW were assumed negligible due to the fact that they were
not taken into account by the original ADM1. Tables 1 and 2
show the characteristics of OMW, OMSW and the sludge (before
and after batch mode period) used to determine the steady-
state input variables values and the the initial values of ADM1
steady-state variables respectively, for the ADM1 simulations of
OMW mixed with OMSW. The concentrations of main cations
(sodium, potassium, calcium, magnesium and manganese) and
main anions (phosphate, chloride, sulphate and nitrate) con-
tained in OMW and sludge are given in Table 3.

3.2. Suggested modification to ADM 1

The inhibition factor I5 applied to the rate of acetate uptake
of the original ADM1 updated by Rosen and Jeppsson [15] was
modified as follows:

Is = IpH,ac /1N lim INH; ITVEA (1)
Instead of its original expression:
Is = IpH,ac fIN,1im INH; 2

where ITyga is a non competitive function added to take into
account the inhibition of methanogenic steps by TVFA and

Table 2

Characteristics of OMSW used as co-substrate

Parameters Units OMSW Average values
TS % 97 £2
TVS g/kg TS 970 £ 0.5
TCOD g/kg TS 1180 £ 2
Carbohydrates g/kg TS 365 £ 10
Total Lignin g/kg TS 450 £ 10
Total Proteins g/kg TS 125 £ 5
Total Lipids g/kg TS 110 £ 5
Total polyphenols g/kg TS 23+5
TK-N gN/kg TS 20+ 1.5

(*) Each value is an average of three replicates. &= shows standard deviations
among replicates.

Table 3

Concentrations of main anions and cations in OMW and sludge

Mineral Elements Units OMW Sludge
Phosphate (PO437) mg/l 980 £ 20 1050 £ 5
Chloride (C17) mg/1 2230 + 80 2000 + 50
Sulphate (S0427) mg/1 20+ 5 2200 £ 70
Nitrate (NO3 ™) mg/1 10£5 20£6
Total anions mol/l 0.073 £ 0.003 0.091 + 0.002
Sodium (Na™) mg/1 450 + 20 210 + 30
Potassium (K*) mg/l 3750 £+ 500 240 £+ 50
Calcium (Ca?*) mg/1 12950 + 100 205 + 25
Magnesium (Mg2*) mg/1 575 £ 40 125 £ 15
Manganese (Mn*) mg/1 80 + 30 50 + 10
Total cations mol/l 0.464 £ 0.018 0.027 + 0.004

(*) Each value is an average of three replicates. = shows standard deviations
among replicates.

expressed as follows:

1
ITves = 3)
I + Stvea/ K1 TvEA

This inhibition term was added to take into account and pre-
dict effectively the inhibition of methanogenic process by high
TVFA concentration mainly at low HRT which is not predicted
quite well by the original ADMI.

3.3. ADM1 parameters

ADMI parameters values (stoichiometric, physicochemical
and kinetic parameters) were taken from the literature relative to
the original ADMI1 [8,15]. All physicochemical parameters val-
ues, such as equilibrium coefficients and constants were those of
the original ADM1 without any modification. Also, most of the
kinetic parameters and stoichiometric coefficients implied in the
rate equation matrix were those of the original ADM1 without
any modification due to the fact that they were considered fixed
since they were generally known to have limited variability in
anaerobic systems [8]. The modified stoichiometric parameters
were determined according to the OMSW chemical composi-
tion as presented in Table 5. Whereas, the modified kinetic
parameters were determined using optimisation methods after
calibration with the experimental results of the thermophilic
anaerobic co-digestion of OMW with OMSW.

3.4. Computational implementation

The set of ordinary differential equations of the ADM1 model
was coded and implemented using Matlab 7.0 and integrated
with the ODEI1S5s solvers which solves stiff ODE systems as
recommended by Rosen et al. [16].

3.5. Lab-scale experimental data

The experimental data against which the ADM1 simulations
were compared were obtained from our previous work [6].

In fact, the anaerobic co-digestion experiments of OMW with
OMSW under thermophilic conditions (55 °C) were carried out
using three different influent concentrations composed of OMW
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Table 4

Initial and estimated values of kinetic parameters

Kinetic parameters Names Units Initial values Estimated values
kdis Disintegration constant day’1 0.115 0.03
khyd, Ch Carbohydrate hydrolysis constant day~! 0.35 0.35
khyd, Pr Proteins hydrolysis constant day’1 0.20 0.20
khyd, Li Lipids hydrolysis constant day™! 0.063 0.063
km, ac Maximum uptake rate for acetate utilisers day’l 8 21.31
km, pro Maximum uptake rate for propionate utilisers day™! 13 11

km, But Maximum uptake rate for butyrate utilisers day_l 20 20

ks, ac Half saturation constant for acetate utilisers kg COD/m? 0.15 0.96

ks, pro Half saturation constant for propionate utilisers kg COD/m? 0.1 0.1

ks, But Half saturation constant for butyrate utilisers kg COD/m? 0.2 0.2

k1, TVFA TVFA inhibition constant for acetate utilisers kg COD/m? - 1.932
k1, NH; Ammonia inhibition constant for acetate utilisers kmol/m? 0.0018 0.00247

(43, 67 and 130 g COD/I) and OMSW in semi-continuous tubu-
lar digesters of 22 L volume. The amount of the dry OMSW was
56 g TS per litre of OMW. Alkalinity in the form of Ca(OH),
was added to all influents (5-25 g/l of OMW) to ensure a neutral
medium (pH=7.0-8.0) for the methanogenic bacteria growth.
At the beginning of each run all the digesters were inoculated
with 18 L of sludge from aerobic urban wastewaters plant (initial
characteristics was given in Table 1) and set in batch mode with
gradual increase of temperature from 37 to 55 °C (2 °C per day)
during 10-15 days until the start-up of biogas production from
the sludge. Then, in the run R1 to run R3 each digester was fed
with an influent substrate concentration of 43 g COD/1 at a HRT
of 36, 24 and 12 days, respectively. In the run R4 to run R6,
each digester was fed with an influent substrate concentration of
67 g COD/1 at a HRT of 36, 24 and 12 days, respectively. Finally,
in the run R7 to run R9 each digester was fed with an influent
substrate concentration of 130 g COD/1 at a HRT of 36, 24 and
12 days, respectively.

4. Results and discussion
4.1. Model calibration

Experimental results of the thermophilic anaerobic co-
digestion of OMW (TCOD =67g/l) and OMSW at a HRT of
36 days (corresponding to the run R4) were used to assist the
model calibration. Initial values of hydrolysis parameters for car-
bohydrates, proteins and lipids were those suggested by Gavala
and co-workers [14,17]. Whereas, all the other initial values of
ADMI1 parameters were those suggested by Batstone et al. [§]

Table 5
Initial and estimated values of stoichiometric parameters

and Rosen and Jeppson [15]. Initial values of the model state
variables were taken from the composition of sludge which was
presented in Table 1.

Most of these initial values were obtained from simulating
the inoculum sludge in batch mode during 10 days using the
ADMI. The estimation procedure to identify the most sensitive
parameters in this work (disintegration and hydrolysis constants;
maximum specific uptake rates; half saturation values; inhibi-
tion factor to uptake and decay constants) to fit the model outputs
to the set of experimental results was as following: the first step
was to set the initial values to all the model parameters. Then
an iterative method was applied in adjusting the most sensitive
parameters until fitting the ADMI1 outputs to the experimental
results and especially gas flow, pH and TVFA because these
parameters have great impact upon these frequently measured
variables. In fact, disintegration rate constant was set initially
to 0.115day~! and the hydrolysis rate constants for carbohy-
drates, proteins and lipids were set initially to 0.35, 0.2 and
0.063 day~!, respectively, as determined previously by Stamate-
latou et al. who studied the anaerobic digestion of OMSW under
mesophilic and thermophilic conditions [14]. Then an iterative
procedure was applied in adjusting especially disintegration rate
constant trough fitting the predicted gas flow to measured gas
flow. Whereas the hydrolysis rate constants were let without
change. The correlated parameters: maximum specific uptake
rates (Kp,) and half saturation values (K;) for acetate, propionate
and butyrate were estimated through ADMI1 fitting to TVFA
experimental data. TVFA and ammonia inhibition parameters
for acetate bacteria were adjusted to predict the digester fail-
ure at short HRT. The modified stoichiometric parameters were

Stoichiometric parameters Names Units Original ADM1 suggested values Estimated values
fsixe Soluble inert fraction in OMSW - 0.1 0

Sxixe Particulate inert fraction in OMSW - 0.2 0.36

JfehXe Carbohydrates fraction in OMSW - 0.2 0.37

Sorxe Proteins fraction in OMSW - 0.2 0.13

fixe Lipids fraction in OMSW - 0.3 0.11

Nxec Nitrogen content in OMSW kmole N/kg COD 0.0376/14 0.0167/14

Ni Nitrogen content in inert substrates of OMSW kmole N/kg COD 0.06/14 0.00
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determined according to the OMSW chemical composition.
Many other parameters were applied without any optimisa-
tion. Estimated parameters values having the greatest impact
upon the model outputs and fitting better the experimen-
tal results are given in Tables 4 and 5. Fig. 1 shows the
measured and simulated results of gas flow, methane and
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carbon dioxide contents, pH and TVFA after model calibra-
tion.

As can be seen the biogas flow was predicted quite well at
steady-state period while at the transient sate period we observe
some deviations between measurements and simulation which
may due to cumulative errors in estimating initial steady-state
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Fig. 1. Comparison between the simulations and the experimental results of the run R4 after the parameters calibration: (A) gas flow; (B) CH4 and CO;; (C) effluent

pH and (D) effluent TVFA.
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variables and input feed data of the ADMI1. Also to the simpli-
fying assumptions made on basic organic composition of OMW
and OMSW. As well as to some structural weak points of ADM1
that have been recently addressed by some researchers [18,19].
For methane and carbon dioxide contents the model predictions

were much accurate in transient state period than in steady-
state period which presented some deviations about 7% with
experimental results. Finally pH and TVFA measurements were
well replicated by the ADMI in both transient and steady-state
periods.
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Fig. 2. Validation of simulations with the experimental results of the run R5: (A) gas flow; (B) CH4 and CO»; (C) effluent pH and (D) effluent TVFA.



82 B. Fezzani, R.B. Cheikh / Chemical Engineering Journal 141 (2008) 75-88

4.2. Model validation

To asses the quality of the optimised parameters and their
applicability, the calibrated model was validated on three quite
different scenarios by comparison with some experimental
results of our previous work [6] applying the same previously
optimised parameters to achieve reasonable predictions under
variable experimental conditions. In the first scenario the model

was validated with the experiments R5 and R6 corresponded
to an influent TCOD concentration of 67 g COD/I digested at a
HRT of 24 and 12 days, respectively. In the second scenario the
model was validated further with the experiments R1 and R2
corresponded to an influent TCOD concentration of 43 g COD/1
digested at a HRT of 36 and 24 days, respectively. Finally in
the third scenario the model was validated with the experiments
R7 and R8 corresponded to an influent TCOD concentration
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of 130 g COD/I digested at a HRT of 36 and 24 days, respec-
tively. The developed model could simulate the performance and
the behaviour of tubular digester treating in co-digestion OMW
with OMSW under different thermophilic conditions and simu-
lations results were comparable to the measurements, as shown
below.

4.2.1. Simulation results of scenario one: medium feed
concentration

Figs. 2 and 3 show measured and simulated results of gas
flows, methane and carbon dioxide percentages, pH and TVFA
of the runs R5 and R6, respectively. As can be seen from
Fig. 2: pH, methane and carbon dioxide contents were predicted
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with high accuracy at both transient and steady-states periods.
Also, TVFA were predicted accurately at transient state period
but they showed some deviations at steady-state period (about
2 g COD/1). However, gas flow was over predicted at transient
sate period and under predicted at steady-state period. Devia-

tions between simulation and gas flow measurements were about
20 L/day at transient state period and about 2 L/day at the end of
steady-state period. From Fig. 3 it can be seen that pH, methane
and carbon dioxide contents were well predicted at transient
state period but they revealed some deviations with experimen-
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tal results at the decline period of biogas production. Besides, the
model failed to predict the pick of gas flow and succeeded in pre-
dicting biogas decline. In fact, gas flow was over predicted at the
beginning of transient state period and under predicted from 10th
to 35th day, whereas, the decline of biogas production observed
from the 35th day was well predicted by the model. Also, TVFA
were over predicted with an average deviation about 6 g COD/1
at transient state period and under predicted with deviation about
3 g COD/1 at digester failure period. These last results were due

to the weakness of the ADMI1 in predicting gas flow and TVFA
at short HRT and digester failure as mentioned by Parker Wayne
[L1].

4.2.2. Simulation results of scenario two: low feed
concentration

Figs. 4 and 5 show measured and simulated results of gas
flows, methane and carbon dioxide percentages, pH and TVFA
for low feed concentration of the runs R1 and R2, respectively.
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As can be seen experimental results of pH and TVFA were
predicted accurately by the ADM1 for the two runs R1 and R2.

Whereas, methane and carbon dioxide contents were well
predicted in run R2 at both transient and steady-states periods
than in run R1 which presented some deviations of about 10%
at steady-state period. Finally, gas flows in both runs R1 and R2
were replicated with reasonable accuracy at steady-state periods
while at the transient periods they were predicted with some
deviations about 7 L/day.

4.2.3. Simulation results of scenario three: high feed
concentration

Figs. 6 and 7 show measured and simulated results of gas
flows, methane and carbon dioxide percentages, pH and TVFA
for high feed concentration fermented at HRTs of 36 and 24
days (Runs R7 and R8). As can be seen experimental results of
methane and carbon dioxide contents were quite well predicted
at both transient and steady-state periods for the two runs R7
and R8. Also, TVFA measurements were well predicted in the
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both runs R7 and RS but for the run R8 the prediction revealed
minor deviations about 0.2-0.5 g COD/1 at transient state period.
Whereas, gas flow values at steady-state period were under pre-
dicted in the run R7 (with deviation about 5L/day) and over
predicted in the run R8 (with deviation about 7 L/day). Finally,
pH measurements in both runs of this scenario were predicted
with slight deviations about 0.2—0.5 at both transient and steady-
state periods. The inconsistencies between simulations of gas
flow and experimental results especially for the run R8 may
due to the drawbacks of the ADMI1 in taking into account the
correlation of the most sensitive parameters such as hydroly-
sis constants with feed concentration and HRT as mentioned
by Gavala et al. in their work [17]. Moreover, the discrepancy
between pH simulations and pH measurements at both runs R7
and R8 were due to the limitations of this model in taking into
account the possible increasing of both cations and anions con-
centrations inside the reactor especially by the hydrolysis of
OMSW.

5. Conclusions

This study has demonstrated that the modified ADM1 model
could adequately simulate the steady-state behaviour of anaer-
obic semi-continuous tubular digesters treating in co-digestion
OMW with OMSW under different operating conditions at ther-
mophilic temperature and could tolerate the change in both feed
concentrations and HRTs with the same calibrated parameters.
In fact, gas flow was predicted quite well at steady-state periods
for different feed concentrations digested at HRTs of 24 and 36
days. While, for methane and carbon dioxide the predictions of
experimental trials in most cases were with reasonable accuracy
at both steady-state and transient periods. Besides, pH mea-
surements were predicted with high accuracy for different feed
concentrations digested at HRTs of 36, 24 and 12 days which
may due to a good estimation of influent cations and anions
concentrations. Nevertheless and despite the reasonable accu-
racy in predicting the most experimental results with different
feed concentrations at HRTs of 36 and 24 days, some remarkable
deviations between measurements and model simulations were
observed firstly with gas flows at transient periods of all runs
also with feed concentration of 130 g COD/1 digested at a HRT
of 24 days and with feed concentration of 67 g COD/1 digested
at a HRT of 12 days; secondly with TVFA, pH, CH4 and CO,
contents at digester failure period at a HRT of 12 days. These
inconsistencies between simulations and experimental results
were due to the identification difficulties and validity of all the
most sensitive ADM1 parameters for different OLRs which were
the major drawbacks for ADM1 applications. In fact, ADMI1
differential equations were non linear equations and it was com-
plicated to optimise all the sensitive parameters by adjusting
ADMI1 outputs with all main experimental results simultane-
ously without making some discrepancy by any parameters
identification method as mentioned by previous researchers that
have implemented the ADM1 with other wastes such as: Parker
Wayne [11], who found several discrepancies between simu-
lations and measurements; Shang et al. [12] who found good
agreement between ADM1 output and measured data but with

a 10% over prediction of gas flow. Furthermore, some parame-
ters such as gas transfer coefficient may correlate with reactor
configuration [10] and other parameters such as hydrolysis con-
stants may correlate with feed concentrations and HRTs but
this dependency was not taken into account by the ADMI.
Finally, the fundamentals of the model are generally valid and it
can be used for designing full-scale industrial plant to manage
the thermophilic anaerobic co-digestion of OMW with OMSW
and to assist its behaviour under different operating condi-
tions.
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