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Abstract - The IWA Anaerobic Digestion Model No. 1 (ADM1) was chosen to simulate a two-stage anaerobic
digestion lab-scale plant treating domestic wastewater. Initially, the model was preliminary tested using
synthetic wastewater. The simulation results were satisfactorily compared to NH," and chemical oxygen
demand (COD) data for the first and second stages, respectively. A transformation method was then applied to
estimate from the domestic wastewater composition the input variables to the ADM1. After proper calibration
and further validation, the model was able to successfully predict the COD degradation from a varying
influent, showing its practical applicability. Finally, a standalone application based on the validated model was
developed to be used for monitoring purposes at the treatment plant. The developed application is suitable for
direct implementation at a full-scale plant without the need of additional software or specialized assistance.
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INTRODUCTION

Although in the past anaerobic treatment was
considered to be suitable only for high-strength
wastewater, the anaerobic treatment of domestic
wastewater is nowadays an emerging technology.
The use of anaerobic treatment as the main process
for domestic wastewater can help to improve sus-
tainability due to low energy consumption, produc-
tion of methane gas, and the opportunity for recovery
of compounds of interest (e.g., nitrogen and phos-
phorous) during post-treatment (Foresti et al., 20006).
For this purpose, a two-stage anaerobic digestion
process can be suitable. The splitting of the process
into two different reactors (acidogenic and methano-
genic) can be more advantageous than maintaining a

*To whom correspondence should be addressed

single reactor since the different groups of microor-
ganisms involved in the degradation process perform
better under different operating conditions (e.g., pH,
reactor type) (Anderson et al., 2003). Nevertheless,
some disadvantages are also to be expected. Anaero-
bic digestion is a complex process that involves mi-
croorganisms which are highly sensitive to overloads
or disturbances of the process (Olsson et al., 2005).
Due to this complex nature, the use of mathematical
modeling is recommended since a well defined math-
ematical model can be highly effective for assess-
ment, optimization and design of existing or sug-
gested processes (Batstone and Keller, 2003). How-
ever, despite the fact that modeling of anaerobic
wastewater treatment is an established field, anaero-
bic digesters are usually designed on a combination
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of hydraulic and chemical oxygen demand (COD)
mass loading (Batstone, 2006). Moreover, control
applied in most anaerobic treatment plants is re-
stricted to local strategies such as keeping pH and
temperature constant (Murnleitner ef al., 2002).

In the specific case of anaerobic treatment of do-
mestic wastewater, published modeling studies are
limited in number when compared to primary, acti-
vated sludge and industrial wastewater, but are well
directed at specific issues (Batstone, 2006). Exam-
ples are the work of Zakkour ef al. (2001), where
modeling was used to perform an analysis of the
design of a low-temperature and low-strength two-
stage anaerobic treatment; or the work of Zaiat et al.
(2000), where a mathematical model was imple-
mented to design a horizontal-flow anaerobic immo-
bilized biomass reactor. As in the previous examples,
most of these studies have concentrated on design,
with a general use of first-order models and steady
state solutions. However, modeling for operational
analysis and technology development requires more
complex models such as the Anaerobic Digestion
Model No. 1 (ADM1) (Batstone, 2006).

The ADMI1 is a comprehensive well-structured
model published by the International Water Associa-
tion (IWA) that describes the anaerobic digestion
process in a continuous stirred-tank reactor (CSTR)
(Batstone et al., 2002). The model applicability has
been successfully proven by several authors under
different operating conditions, including complex
reactor configurations such as re- actors with bio-
films (Ramirez et al., 2009; Chen et al., 2009; Dereli
et al., 2010) and two-stage systems (Blumensaat and
Keller, 2005; Chen et al., 2009; Muha et al., 2013).
Moreover, Bensmann et al. (2013) carried out a simu-
lation analysis applying the ADM1 to different reac-
tor configurations while fixing conditions such as
substrate composition and microbial community.
Nevertheless, most of the published studies refer to
the treatment of high-strength wastewater (Blumen-
saat and Keller, 2005; Fezzani and Cheikh, 2008;
Wichern et al., 2008; Chen et al., 2009; Dereli et al.,
2010). For a comprehensive review regarding the
current status of anaerobic digestion modeling, the
reader is directed to the analysis made by Lauwers et
al. (2013).

On the other hand, the implementation of com-
plex models such as the ADM1 usually requires spe-
cialized mathematical software and the engagement
of experts in the subject. Consequently, applications
directly in the control system of a treatment plant are
hard to achieve. This can be seen as a disadvantage
since the use of mathematical modeling not only for
simulation but also for control purposes is related to

the further optimization of anaerobic digestion tech-
nology (Lauwers et al., 2013). A modeling applica-
tion able to provide an integral view of the processes
beforehand can help to improve the plant perfor-
mance.

In the present study, the ADM1 was chosen to
simulate the COD degradation during treatment of
domestic wastewater in a two-stage anaerobic diges-
tion lab-scale plant. Additionally, an application
based on the implemented model was developed to
be used for monitoring purposes at a full-scale plant.
The developed application must be suitable for direct
implementation in the control system of the treat-
ment plant without the need of additional software
(standalone) or specialized assistance. Overall, the
following objectives were defined:

1 Since the components in domestic wastewater
can be highly fluctuating (e.g. seasonal variations),
the model was preliminarily tested using synthetic
wastewater.

i1 A method to estimate the input variables to the
ADMI1 from the domestic wastewater composition
was selected and the resulting model calibrated.

iii The calibrated model was further validated
with a new set of experimental data.

iv Finally, the standalone application was de-
veloped.

MATERIALS AND METHODS
Two-Stage Anaerobic Digestion Plant

A two-stage anaerobic lab-scale plant was used as
the object of study. The lab-scale plant consisted of
two separate reactors to carry out the anaerobic diges-
tion process. A general scheme is given in Figure 1.

The first reactor (R1), or acidogenic reactor, was
a sequencing batch reactor (SBR) with mechanical
stirring, a total volume of 13 L and temperature and
pH control (Benning et al., 2012). The reactor was
stirred at 300 rpm. The set-points of the temperature
and pH were set to 35 °C and 5.5, respectively. The
reactor was inoculated with 4 L of sludge taken from
the acidogenic reactor of a two-stage anaerobic di-
gestion plant in Obermichelbach, Germany. The SBR
was operated in batch mode and fed with 7 L of in-
fluent (11 L of reaction volume). The treatment time
was 24 hours. Once the treatment time had been
reached, the stirring was deactivated and a settling
period of 0.25 hours was established to allow the bi-
omass to settle. Afterwards, the effluent was pumped
to the middle tank.
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Figure 1: General scheme of the two-stage anaerobic digestion lab-scale plant.

The second reactor (R2), or methanogenic reac-
tor, was a fixed bed reactor (FBR) with a coconut
fiber mat as carrier, mechanical stirring, recirculation
pump, total volume of 26 L and temperature and pH
control (Benning et al., 2012). Additional to the re-
circulation flow, the stirring was included to assure a
rapid mixing in the lower part of the FBR where the
dosage system of the pH control was located. The
reactor was stirred at 250 rpm and the recirculation
flow had a flow rate of 400 mL/min.

The set-points of the temperature and pH were set
to 35 °C and 7.0, respectively. The reactor was

inoculated with 5 L of sludge coming from the
methanogenic reactor of the previously mentioned
plant in Obermichelbach, Germany. The FBR was
operated in batch mode and fed with 14 L of the
effluent of R1 coming from the middle tank (19 L of
reaction volume). The outlet of the middle tank was
located at the bottom and the content mixed before
emptying it to R2. The treatment time in R2 was 48
hours (double of R1).

Experimental Measurements

In order to validate the model, NH," and COD
measurements were taken from the lab-scale plant.

The COD measurements were performed for sam-
ples taken from R1 and R2 using the analyzer

QuickTOC® from the company LAR AG, Berlin,
Germany.

The NH,  measurements were taken from RI
using an NH4Dsc1000 ammonium sensor from the
company Hach Lange GmbH, Du"sseldorf, Germany.

Wastewater Characteristics

Before operating the lab-scale treatment plant
with domestic wastewater, during the start-up pro-
cess of the plant the reactors were fed with synthetic
wastewater. This was done for the following two
reasons: 1) to ensure the adaptation and enrichment
of the inoculated sludge and 2) to test the perfor-
mance of the model since the components in the
synthetic wastewater could be well characterized and
controlled.

Synthetic Wastewater Characteristics

For the preparation of the synthetic wastewater, a
suitable mix for the microorganisms present in each
reactor was accordingly prepared. The synthetic
wastewater for R1 was prepared by adding sucrose
(carbohydrate) and peptone (protein) as COD sources
and a mix of trace elements as follows (g/L): NaHCOs
0.326, NH4Cl 0.175, (NH4),HPO4 0.04, KH,PO,
0.0072, CoCl,-6H,0 0.0012, Na,MoO,4-2H,0 0.001,
FeCl; 0.005, CuSO45H,O 0.005, MgSO47H,0
0.039, MnSO4-4H,0 0.0139, CaCl,-2H,0 0.0368 and
Na,SOy4 0.2 (Singh et al., 1995). The amounts of su-
crose and peptone added accounted for a COD range
between 750-2333 mg COD/L.

The synthetic mix for R2 was prepared according
to Kuba et al. (1990) adding acetic, propionic and
butyric acid as COD sources in a fixed ratio of 2:1:1
together with the following trace elements (g/L):
(NH4),HPO, 0.7, KC1 0.75, NH4CI 0.85, FeCl;-6H20
0.42, MgCl,-6H,0O 0.81, MgSO47H,0 0.25, CoCl,

Brazilian Journal of Chemical Engineering Vol. 33, No. 04, pp. 801 - 815, October - December, 2016



804 M. Vega De Lille, J. Forstner, F. GroB3, R. Benning and A. Delgado

6H,0 0.018, CaCl,'6H,O 0.15, yeast extract 0.01,
NaHCO; 0.14 and K,HPO, 0.14. The resulting me-
dium ranged between 800-1000 mg COD/L.

Domestic Wastewater Characteristics

After testing the model with synthetic waste-
water, the feeding of the plant was changed to the
target wastewater, i.e., domestic wastewater. The
wastewater was periodically collected from a sewage
treatment plant in Erlangen, Germany, and preserved
in a storage tank under 4 °C. Its characteristics are
presented in Table 1. These values were taken from
the laboratory analysis made weekly at the sewage
plant and only recorded once after the wastewater
was collected to reproduce full-scale “real life” con-
ditions, where the monitoring parameters are only
periodically measured.

Table 1: Characteristics of the raw domestic waste-
water.

Parameter "Average STD Units
COD 484.36 +177.58 mg COD/L
BOD;s 244.64 +83.91 mg BOD/L
Norg 7.67 +2.77 mg N/L
TAN 31.86 +5.07 mg N/L
TP-orthoP 7.58 +3.12 mg P/L
TIC 106.37 +63.52 mg C/L

STD standard deviation, BODs biochemical oxygen demand, N,
organic nitrogen, TAN total ammonia-nitrogen, TP-orthoP total
phosphorus, TIC total inorganic carbon.

" Average of 11 samples taken over a period of 105 days.

Model Description

The model implemented in this study is the
ADMI1 (Batstone et al., 2002). The ADM1 is a COD
basis structured model that describes the anaerobic
digestion process through a set of biochemical and
physicochemical processes in a CSTR. The biochemi-
cal processes included in the model are:

= disintegration of composites (X¢) to carbohy-
drates (X.), proteins (X,.), lipids (X;) and inerts
(soluble, S; ; particulate, Xj),

* hydrolysis of carbohydrates, proteins and li-
pids to sugars (S,,), amino acids (S,,) and long chain
fatty acids (LCFA) (Sy,), respectively,

= acidogenesis from sugars and amino acids to
volatile fatty acids (VFA) (valerate, S, butyrate,

* Sy propionate, S,,,) and hydrogen,

= acetogenesis from LCFA and VFA to acetate
(Sac)a

= separate methanogenesis from acetate and hy-
drogen/CO,, and

= the corresponding biomass decay processes (for
sugars degraders, X;,; amino acids degraders, X,;
LCFA degraders, Xj,; valerate and butyrate degrad-
ers, X.4; propionate degraders, X,,,; acetate degrad-
ers, X,.; and hydrogen degraders, X),).

These biochemical processes are described either
by first-order rate equations or Monod-type growth
kinetic equations. First-order rate equations are used
to model disintegration, hydrolysis and decay pro-
cesses. Monod-type growth kinetic equations are used
to model substrate uptake in the acidogenic, aceto-
genic and methanogenic steps. The ADM1 stoichio-
metric matrices for the biochemical processes and
their corresponding kinetic rate equations are pre-
sented in the Appendix.

On the other hand, the physicochemical processes
included are non-biological processes that include
six acid-base reactions and three liquid-gas transfer
processes. The acid-base reactions are NH,/NHj,
COyaq/HCO5', acetic acid/acetate, propionic acid/pro-
pionate, butyric acid/butyrate and valeric acid/val-
erate. Through the acid/base reactions the pH can be
predicted by determining the hydrogen ion concen-
tration. In the liquid-gas transfer processes CH,, CO,
and H, are considered. Additionally, the model in-
cludes different inhibition functions for the biomass
groups regarding pH, hydrogen, free ammonia and a
secondary Monod kinetics function to prevent
growth when nitrogen is limited.

Model Implementation

The ADM1 was implemented as a differential
equations (DE) system (Batstone et al., 2002). The
derived model consisted of a set of 32 dynamic con-
centration state variables. The mass balance equation
for each dynamic state variable in the liquid phase is
expressed as (Batstone ef al., 2002):

19
as; 4Sn; 4qS;
L Tl p'Vi,' (1)
dt Vliq Vliq le s

where S; is the concentration of soluble component i,

Sini its input concentration, ¢ the flow in and out of

the reactor, Vj, the liquid reactor volume, and the
19

term Z PiVi; refers to the sum (for all processes ;)
j=1
of the kinetic rate equation p; multiplied by the stoi-
chiometric coefficient v;;.
In a DE system implementation, the inorganic car-
bon and the inorganic nitrogen states are divided into
two variables each (CO,/HCO; and NH,/NHs, re-
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spectively). As recommended by Blumensaat and
Keller (2005) in the case of inorganic nitrogen, the
biochemical rate equation terms were applied to am-
monium rather than ammonia since ammonium is the
quantitatively dominant form (see Table A.1).

The state variable for composite material is used
in ADMI as a sink for decayed biomass. However,
the carbon content of composites (Cc) and the carbon
content of biomass (Cp,) vary significantly. The
same is found again in the case of nitrogen content
of composites and biomass (Nc and Np,., respec-
tively) (Blumensaat and Keller, 2005). Therefore, as
suggested in Blumensaat and Keller (2005), new
balance terms were added in order to close the car-
bon and nitrogen balances. The stoichiometric term
Cpaee —Cc was added to each of the biomass decay
processes for bicarbonate (inorganic carbon) (see
Table A.1). Similarly, the stoichiometric term Ny, —
Nc¢ was added for ammonium (inorganic nitrogen) to
all biomass decay processes (see Table A.1).

The software used for the model implementation
was MATLAB/Simulink. Models like ADM1, which
have a large range of time constants are considered
to be stiff models (Rosen et al., 2006). Hence, the
variable-step solver from MATLAB odel5s specifi-
cally recommended for this type of DE systems was
chosen.

Model Modifications

Some modifications were made to the imple-
mented ADM1 in order to make it suitable for the
two-stage anaerobic digestion plant under study.
First, since the anaerobic digestion process to be
modeled was carried out in two distinct reactors, two
separate models were implemented. In each model,
the concentration of specific biomass groups was
varied according to the processes taking place in the
corresponding reactors. In the case of R1 (acidogenic
reactor), it was assumed that mainly hydrolysis and
acidogenesis took place. On the other hand, it was
assumed that only acetogenesis and methanogenesis
took place in R2 (methanogenic reactor) (Anderson
et al., 2003). The resulting models were joined to-
gether and the output products from the acidogenesis
in R1 (valerate, butyrate, propionate and acetate),
together with the output HCO;™ (Spcos) and NH,"
(Snuq), were linked as input to the processes taking
place in R2.

As mentioned before, the two-stage lab-scale
plant consisted of a SBR and a FBR operated in
batch mode. Although the ADM1 was developed to
be implemented for continuous operation in a CSTR,
it is suggested in the original report (Batstone et al.,

2002) that the biomass mass balance equations can
be adjusted to account for a difference between the
hydraulic retention time and the solids retention time
when dealing with different reactor configurations.
In the present study, no sludge was removed from the
reactors during the collection of experimental data.
Therefore, washout was only considered for any bio-
mass being pumped out from R1 during the decant
step due to excess sludge production or suspended
biomass and, in the case of R2, for any detachment
from the fixed bed. Since this was a batch operated
process, no flow rate was applied (g = 0) and new
initial conditions were calculated at the beginning
of each batch period as indicated in the following
equation:

Xi |t:a=X'

in,i

li=a FXi g1 (1= F) )

where ¢ = a represents the integration time step at
which the batch process is initiated, .X; the concentra-
tion of the particulate biomass component #, X, ; the
input concentration (only # 0 at £ = 0) and F the
washout factor. This factor was deliberately set to
consider only a 5% washout for both reactors.

On the other hand, the reactors were equipped
with a pH-controller specially developed for the
plant’s concept (Benning et al., 2012). Due to this
fact, a simplification made to the original ADM1 was
establishing a fixed pH. The pH is a faster state vari-
able compared to most of the other variables in the
ADMI1 which contributes, together with the hydro-
gen state, to the stiffness of the model (Rosen et al.,
2006). According to the operating conditions, the
simulated pH of R1 and R2 were fixed to 5.5 and
7.0, respectively.

In order to assure that the storage time in the mid-
dle tank when feeding domestic wastewater had no
influence on the overall process, COD measurements
were taken from the effluent of R1 and com- pared to
the measurements taken from the middle tank before
feeding R2. The average difference

between these values was equal to 4.3% (£0.03).
Therefore, it was assumed that the treatment time

in R1 was long enough so that no further degrada-
tion could occur during storage. As a result, no addi-
tional changes were realized to the implemented
model, since the minimal degradation that might
have taken place in the middle tank did not justify
increasing the model complexity.

Finally, an additional transformation method was
implemented in order to be able to properly charac-
terize the domestic wastewater for the input compo-
nents required by the ADMI1. The procedure fol-
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lowed is described in the section below.
The simulated COD results compared to the ex-
perimental measurements to evaluate the perfor-
mance of the model corresponded to the sum of the
COD basis variables in ADM1 excluding the particu-
late biomass components. This was calculated for
each reactor as follows:
SCOD = Ssu + Saa + Sfa + Sva + Sbu + Spro + Sa

C

3)
+Xch+Xp,+X,i+XC+S]+X]

Transformation Method for Domestic Wastewater

A proper characterization of the influent substrate
is necessary for the successful application of the
ADMI1 (Zaher et al., 2009; Kleerebezem and Van
Loosdrecht, 2006; Lu'bken et al., 2007). For this
purpose, practical measurements of the wastes can be
used for characterization and estimation to give more
detailed input to the model (Zaher et al., 2009; Kleer-
ebezem and Van Loosdrecht, 2006). The transfor-
mation method to be applied in the present study
must not add any additional costs to the treatment
process (e.g., elaborate laboratory analysis). There-
fore, only a minimum number of practical measure-
ments were chosen as sources for the estimations.
Furthermore, more importance was given to the esti-
mation of the reported main components in domestic
wastewater. According to Schlegel and Fuchs (2007),
the organic fraction in domestic wastewater is mainly
composed of 50% carbohydrates, 40% proteins and
10% lipids. As a result, the practical measurement
COD was selected to be partitioned into the initial
concentration of carbohydrates, proteins and lipids
according to these proportions. Additionally, the prac-
tical measurements total ammonia-nitrogen (TAN)
and total inorganic carbon (TIC) were chosen for the
direct estimation of the initial concentrations of inor-
ganic nitrogen (as NH,") and inorganic carbon (as
HCOy), respectively, by simply adjusting the units.

Parameter Estimation

All the stoichiometric coefficients, physicochemi-
cal and most of the kinetic parameters were taken
without any modifications from the original ADM1
(Batstone et al., 2002). Only a set of 5 kinetic param-
eters were tested for calibration as they have been
identified in several studies as the most sensitive
parameters (Blumensaat and Keller, 2005; Fezzani
and Cheikh, 2008; Feng et al., 2006; Wichern et al.,
2008). These parameters are: disintegration constant
(ksis), maximum uptake rate for acetate degraders

(km.qac), maximum uptake rate for propionate degrad-
ers (kupro), ammonia inhibition constant for acetate
degraders (K nym3.4c) and hydrogen inhibition constant
for propionate degraders (K 12 pr0).

The iterative method followed for parameter cali-
bration is presented in Figure 2. First, an initial model
run was executed using the default values taken from
the literature. Subsequently, the simulated results
regarding COD (S.,; see Eq. (3)) were compared
with the experimental COD measured from R2. After
comparison, the parameters were manually adjusted.
This process was repeated until achieving the best
fit. The results of the parameter calibration including
the initial and calibrated values for both synthetic
and domestic wastewater are presented in Table 2.

Default parameters
from literature

y
Optimized Model simulation ODE Solver
parameters run
A
Comparison with Experimental
experimental data data

yes
Model Validation

no

Manual adjustment of
sensitive parameters

Figure 2: Iterative method used for parameter cali-
bration.

Table 2: Initial and calibrated kinetic parameters
for synthetic wastewater (SWW) and domestic
wastewater (DWW) (35 °C).

Parameter Name “Initial | Calibrated | Calibrated Unit
value value value
SWW) | (DWW)
Kmac Maximum 8 0.8 11 d’

uptake rate
for acetate
degraders

kmpro | Maximum | 13 1.3 15 d!
uptake rate
for

propionate
degraders

Kimpro | Hydrogen |3.5x10°| 3.5x10° | 3.5x10° |{kgCOD/m’
inhibition
constant for
propionate

degraders

" Initial values taken from Batstone e al. (2002).
i K 12,pro calibrated value for DWW modified to the one recommended
by Blumensaat and Keller (2005).

Brazilian Journal of Chemical Engineering



Modeling the Two-Stage Anaerobic Digestion of Domestic Wastewater with the Development of a Monitoring Application

In the case of synthetic wastewater, the estimated
parameters £k, .. and k,,,, had to be set one order of
magnitude smaller than the ones recommended in
Batstone et al. (2002). However, these values are
similar to the ones reported by Kuba er al. (1990)
(kmae = 0.26 day " and k,,,, = 0.19 day) when treating
the same synthetic mix.

RESULTS AND DISCUSSION
Synthetic Wastewater

The implemented model was initially tested using
the experimental data obtained when treating syn-
thetic wastewater. As described before, each reactor
was fed with a specific synthetic mix. More im-
portance was given to monitor the COD in R2
where the methanogenesis took place and, as a re-
sult, most of the degradation occurred. Therefore,
COD measurements were used to evaluate the simu-
lation results of R2. On the other hand, NH," meas-
urements were chosen to evaluate the simulation

55

807

results of R1. This was done since monitoring the
ammonium concentration can be particularly inter-
esting for systems with a considerable nitrogen load
such as domestic wastewater plants (arising from
the decomposition of proteins and urea). The per-
formance of the simulations was evaluated after
proper parameter calibration of the most sensitive
parameters (see Table 2). The comparisons between
measured and simulated values are shown in Figure
3 for both reactors.

The model predicted with good accuracy the
changes in NH," concentration (Figure 3a) from vary-
ing input data. These changes derived mainly from
the increase or decrease of the input peptone (protein
source) since the synthetic mix was made with a
fixed NH, " concentration.

On the other hand, the model predicted very well
the COD degradation in R2 (Figure 3b) after feeding
of a relatively constant influent. Feeding a synthetic
medium to R2 (instead of the effluent from R1) fa-
cilitated the preliminary evaluation of the model
performance by allowing an accurate characteriza-
tion of the input variables.

50F
55
7450
= - v S0
2 2 * pneoiie’ s
2 40 g ey
\E/ -g L]
w
=
€ 35
2.
%5 55
300 measured
_NH4 simulated
3 NH4 measured
5 . . L . .
50 50 100 150 200 250 300 350 400
Time (hours)
—COD simulated
1200{ + COD measured
1300
< o o
5 2 537 °
g 2
(o)) ‘.g .l )
1S » 3
OO 1300
measured
0

0 20 40 60 _80 100 120
Time (hours)

140

160 180

Figure 3: Comparison between measured and simulated results during treatment of synthetic wastewater after
parameter calibration: (a)NH, - R1; (b) COD - R2. Error bars according to STD.
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Domestic Wastewater
Model Calibration

Once the preliminary model was successfully
evaluated with synthetic wastewater, the modified
model for the two-stage anaerobic digestion of do-
mestic wastewater was calibrated after treatment of
the domestic wastewater with the characteristics
presented in Table 1. For the model calibration, COD
measurements taken from R2 were used. The initial
results were much higher in comparison with the
measured input COD (data not shown). This higher
prediction was due to the fact that a significant part
of the COD was diffused in the fixed-bed immedi-
ately after filling R2 with the effluent of R1. There-
fore, the further degradation of the diffused COD
could no longer be quantified during sampling. Fur-
ther experiments were made to determine the per-
centage of diffused COD. These experiments in-
volved comparing the value measured from the efflu-
ent of R1 with the value of the sample taken immedi-
ately after R2 had been filled (time zero of a batch
period for R2). The results showed an average reduc-
tion in COD to 46% (0.08 STD).

Since the diffusion phenomenon occurred at a
high rate, the process velocity was assumed to be
mainly controlled by the biochemical rates. As a
result, new equations to account for diffusion rates
were not included to the model. However, in order to
account for the reduction in COD without signifi-
cantly increasing the model complexity, the input
COD basis variables to R2 (simulated output of R1
concerning valerate, butyrate, propionate and ace-
tate) were divided into fixed and non-fixed compo-
nents. This partitioning was performed using the
experimentally calculated factor of 46% as follows:

—i= 4-7 @)
InS; g fivea =0-54*S; gy

where S;z; is the simulated output from R1 of com-
ponent i, and InS;x, and InS; g, fixed the simulated
input for the second stage of the anaerobic digestion
process to take place in R2. The resulting fixed com-
ponents (S;z»ivea) Were considered as independent
from their non-fixed counterparts (S;z;) with their
own mass balance and kinetic rate equations. The
kinetic parameters used for the additional equations
were the same as the ones used for the corresponding
non-fixed variables.

It can occur that the reduction factor changes over
time due to factors such as clogging of the biomass

in the fixed-bed. If necessary, this factor can be eas-
ily adjusted for further simulations by measuring the
influent and effluent COD of R2 in a small series of
experiments. However, the effect of clogging is ex-
pected to be minimal as a result of biomass detach-
ment caused by the hydrodynamic stress (Escudie et
al., 2005), if the operating conditions regarding stir-
ring and recirculation are maintained. Moreover, the
reduction factor assures model flexibility since the
equations can be easily adjusted in the case of new
conditions such as a change of the fixed-bed or plant
scale-up.

After the modifications were applied, the measured
COD from R2 was used for parameter calibration (see
Table 2). The comparison between the measured and
the simulated COD is shown in Figure 4. The simu-
lated results adjusted well to the measured values
after proper parameter calibration. However, some
deviations in the initial COD (first measured value in
a batch period) were occasionally observed. These
deviations may mainly come from the fact that the
practical measurements of the domestic wastewater
(model input) were only recorded once after the
wastewater had been collected from the local sewage
plant. This was done to evaluate if the model could
adequately simulate the degradation process in the
lab-scale plant following “real life” conditions,
where the monitoring parameters are only periodi-
cally measured. Therefore, some of the characteris-
tics of the domestic wastewater may have changed
during storage since new wastewater was collected
approximately every two weeks. Even so, the model
was able to yield satisfactory results, showing its
practical applicability.

Model Validation

After successful calibration of the model, the op-
timized parameters and a new set of experimental
data were used for model validation. Again, COD
measurements taken from R2 when treating the do-
mestic wastewater were compared to the simulation
results. The comparison between the measured and
the simulated COD is shown in Figure 5. The model
successfully predicted the degradation of COD in R2
from a varying influent without the need for further
parameter optimization. Similar to Figure 4, some
occasional deviations in the initial COD were ob-
served. However, these deviations were neglected as
more importance was given to the practical applica-
bility of the model (as explained in the previous sec-
tion), which was able to yield satisfactory results
even though the input parameters were only periodi-
cally recorded.
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Figure 4: Comparison between measured and simulated COD of R2 when treating domestic wastewater after
parameter calibration. Error bars according to STD.
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Additionally, the comparison between measured biomass in the samples taken from R1, since the
and simulated effluent COD from R1 is presented in measured effluent COD was repeatedly even higher
Figure 6 together with the influent COD (measured than the measured influent. Nevertheless, the simula-
from the domestic wastewater). The deviations ob- tion results followed a congruent tendency when
served between the measured and simulated effluent compared to the measured input COD since only a
data were mainly due to the presence of suspended minimal degradation was expected to occur in R1.
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STANDALONE APPLICATION

One of the objectives behind the implementation
and validation of the ADM1 was to develop an appli-
cation that could be used for process monitoring of a
two-stage anaerobic full-scale plant treating domes-
tic wastewater without the necessity of additional
software. This standalone application was conceptu-
alized to cover a complete process cycle of the two-
stage plant within each model run. A cycle was de-
fined as two serial feedings of R1 and the successive
feeding of R2 where the treatment time of R2 dou-
bles the one of R1.

In order to develop the application, the Real-Time
Workshop (RTW from MATLAB/Simulink was
used. The RTW is a code generator that automati-
cally generates C/C++ code from Simulink models.
Additionally, the Visual Studio 2010 Professional
Software was chosen to further develop the applica-
tion. By selecting the Generic Real-Time (GRT)
system target file in the RTW, a Visual Studio Solu-
tion including the generated C++ model code was
automatically created. However, the GRT target can-
not be used with a variable-step solver such as the
previously applied odelSs. Therefore, the odel4x
fixed-step solver from MATLAB was evaluated be-
forehand. The odel4x is an implicit fixed-step solver
recommended as first choice when changing from a
variable-step solver (Mathworks, 2013).

Consequently, before moving forward with the
code generation, an analysis was made to determine
if the solver odel4x could yield equivalent results to
the solver odel5s. The simulation time for the com-
parison analysis matched a complete plant process
cycle as the standalone application was conceptual-
ized to cover. Two sets of practical measurements
(model input) were given to comprise the process
cycle. The input parameters were:

= Input 1: COD =309 mg COD/L; TAN = 17 mg
N/L; TIC = 74 mg C/L.

* Input 2: COD = 806 mg COD/L; TAN = 32 mg
N/L; TIC =49 mg C/L.

The simulation results of the COD degradation in
R1 and R2 after applying the two different solvers
are shown in Figure 7. The results did not differ sig-
nificantly in both cases. Low mean absolute errors
(MAE) of 1.23x10™* and 4.49x10™* were found for
the simulated COD in R1 and R2, respectively.
Hence, the solver odel4x was considered suitable for
simulating one process cycle.

After successfully testing the fixed-step solver,
the generated C++ code was further modified and an
executable file (“.exe”) was created. The computing
time of the program takes in total only a fraction of a

second for a process cycle simulation time up to 10
days.
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Figure 7: Comparison between the simulation re-
sults using the variable-step solver odel5s, the fixed-
step solver odel4x and from the standalone applica-
tion: (a) COD - R1; (b) COD - R2.

Finally, a user-friendly platform was developed
using again the Visual Studio software. From the
interface the user is able to enter the practical meas-
urements of the domestic wastewater, set the process
cycle simulation time and run the model. After the
model has been executed, the user obtains the graphs
of the COD degradation in R1 and R2 displayed
directly on the interface screen. Additionally, the
output data is simultaneously stored into text files.

Once the application was fully terminated and run-
ning, its final output was compared to the results
obtained during the previous analysis. As can be seen
in Figure 7, no significant difference was found be-
tween the simulation results of the different imple-
mentations of the model and the results basically
overlapped each other. As for the initial analysis, low
MAE of 5.97x10™ and 4.62x10™ were found for the
simulated COD in R1 and R2, respectively, when
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comparing the application output (using solver
odel4x) with the results yielded by the original
model implemented in MATLAB/Simulink (using
the odel5s solver). Therefore, the standalone appli-
cation was considered to be suitable for simulation of
the plant process cycle.

CONCLUSIONS

The modified ADM1 applied in the present study
was able to accurately predict the COD degradation
process in the two-stage anaerobic digestion lab-
scale plant. During the preliminary test with syn-
thetic wastewater, the simulation results were satis-
factorily compared to experimental data of NH4" and
COD concentrations for R1 and R2, respectively.
The further modified model for the anaerobic diges-
tion of domestic wastewater was subsequently cali-
brated and validated using COD measurements taken
from R2. The input given to the model was a set of
practical measurements usually used for process
monitoring at full-scale treatment plants. The model
was able to success- fully predict the COD degrada-
tion from a varying influent proving its practical ap-
plicability, as the input measurements were only peri-
odically recorded to simulate “real life” conditions.

Finally, a standalone application for process moni-
toring of a two-stage anaerobic digestion plant treat-
ing domestic wastewater was developed and will be
tested in future work in a full-scale plant. Since the
application was conceptualized to cover one process
cycle with each model run, its implementation is
thought to be suitable for plants working with stable
conditions (with a stabilized biomass population).
The application requires no additional software and
the computing time can be considered minimum
since it requires only a fraction of a second for a
process cycle simulation time up to 10 days. Moreo-
ver, the user-friendly interface can be easily operated
by untrained personal. This application represents a
first attempt to make the implemented mathematical
model accessible in the daily operation of a full-scale
domestic wastewater treatment plant for control pur-
poses. In future studies, it could be further modified
according to the end-user’s requirements to include
any other desired variables from the wide range avail-
able in ADMI1. For example, for systems with a
significant nitrogen load such as in domestic waste-
water treatment, the prediction of the NH;  con-
centration throughout the process could be included.
Further improvements could include a data exchange
package that would allow the standalone application
to work as an on-line estimator.

The modified ADM1 implemented in this study
can be used for design and start-up of a new plant as
well as for the optimization of existing plants. On the
other hand, the developed standalone application can
be used for process monitoring of an established plant.
Together, these tools represent different strategies of
how mathematical modeling can help to improve bio-
technological processes in general.
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NOMENCLATURE
Abbreviations
ADMI1 anaerobic digestion model no. 1
BOD;s biochemical oxygen demand
COD chemical oxygen demand
CSTR continuous stirred tank reactor
DE differential equations
DWW domestic wastewater
FBR fixed bed reactor
GRT generic real-time
LCFA long chain fatty acids
MAE mean absolute error
N, organic nitrogen
R1 reactor 1
R2 reactor 2
RTW real-time workshop
SBR sequencing batch reactor
SWW synthetic wastewater
TAN total ammonia-nitrogen
TIC total inorganic carbon
TP-orthoP total phosphorus
VFA volatile fatty acids
Symbols
P, kinetic rate equation
Choe carbon content of biomass
(kmole C/kg COD)
Ce carbon content of composites
(kmole C/kg COD)
F washout factor
kg disintegration constant (d ")
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hydrogen inhibition constant for
propionate degraders (kg COD/m’)
ammonia inhibition constant for acetate
degraders (M)

maximum uptake rate for acetate
degraders (d7")

maximum uptake rate for propionate
degraders (d ")

nitrogen content of biomass

(kmole N/kg COD)

nitrogen content of composites
(kmole N/kg COD)

reactor flow

amino acids (kg COD/m”)

acetate (kg COD/m?)

butyrate (kg COD/m’)

dissolved methane (kg COD/m”)
total chemical oxygen demand

(kg COD/m’)

fatty acids (kg COD/m’)

dissolved hydrogen (kg COD/m’)
bicarbonate (kmole C/m?)
concentration of soluble component i in
reactor 1 (kg COD/m’)
concentration of fixed soluble
component 7 in reactor 2 (kg COD/m’)
concentration of non-fixed soluble
component i in (kg COD/m’)

reactor 2 input concentration of soluble
component i

soluble inerts (kg COD/m’)
concentration of soluble component i
ammonium (kmole N/m?)

propionate (kg COD/m’)

sugars (kg COD/m’)

valerate (kg COD/m’)

stoichiometric coefficient

liquid reactor volume

amino acids degraders (kg COD/m’)
acetate degraders (kg COD/m’)
valerate and butyrate degraders

(kg COD/m’)

carbohydrates (kg COD/m’)
composites (kg COD/m’)

long chain fatty acids degraders

(kg COD/m’)

hydrogen degraders (kg COD/m”)
input concentration of particulate
component i

particulate inerts (kg COD/m’)
concentration of particulate component i

X, lipids (kg COD/m”)

. 3
X proplpnate degraders3 (kg COD/m”)
X, proteins (kg COD/m”)
X, sugars degraders (kg COD/m”)
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Table A.1: ADMI1 stoichiometric matrix for the biochemical reactions for soluble components (Batstone et

al., 2002).
1 2 3 4 5 6 7 8 9 10 11 12
Component — i Mono- Amino LCFA Valerate | Butyrate |Propionate| Acetate | Dissolved |Dissolved | Bicarbonate | Ammonium | Soluble
saccharides| acids hydrogen | methane inerts
Sou Sua St Sva Shu Spro Suc Sz Sens Sheos "Suns Si
J Process | kg COD | kg COD | kg COD | kg COD | kgCOD | kgCOD | kgCOD | kgCOD |kgCOD | kmoleC | kmoleN |kgCOD
m? m’ m? m? m’ m? m? m? m’ m? m? m?
1. Disintegration Sfotxe
2. Hydrolysis of X, 1
3. Hydrolysis of X, 1
4. Hydrolysis of Xj; 1-faui 1-fu i
5. Uptake of S, -1 A=Yalousu | A=Yslprosu | (1=Ysfaesu | (1=Yalizsu —2Civi,s ~Y5uNpac
i=1-9,11-24
6. Uptake of S, -1 (=Yl vaaa | (1=Yoalfbuaa | (1=Yaalproaa | (1=Yaalacaa | (1= Yaalfi2,aa Y Civi6 | NaoYauVpae
i=1-9,11-24
7. Uptake of S s, -1 (1-Y,)0.7 | (1-Y,)0.3 —YulNpae
8. Uptake of S, -1 (1-Y.4)0.54 | (1-Y4)0.31 | (1-Y4)0.15 ~YeiNpae
9. Uptake of S, -1 (1-Y.4)0.8 | (1-Y.4)0.2 ~YeuNpae
10. Uptake of S,,,, -1 (1=Y0)0.57|(1-Y,,,,)0.43 =>Civi, 10 ~=YproNpac
i=1-9,11-24
11. Uptake of S, -1 1-Y,e =Y Civi,11 —YuelNpae
i=1-9,11-24
12. Uptake of S, -1 =Y =Y. Civi,12 ~Y1oNpac
i=1-9,11-24
13. Decay of X, =Y Civi,13 | —YNivi,3
i=13,17-23 i=13,17-23
14. Decay of X, —>Civi,14 | —YNivi,l4
I=13,17-23 1=13,17-23
15. Decay of Xy, —>Civi,15 | —Y.Nivi,15
i=13,17-23 i=13,17-23
16. Decay of X4 —>Civi,16 | —Y.Nivi,16
i=13,17-23 i=13,17-23
17. Decay of X,,,, =Y Civi,17 | —Y.Nivi,17
i=13,17-23 i=13,17-23
18. Decay of X, —>Civi,18 | —Y.Nivi,18
i=13,17-23 i=13,17-23
19. Decay of X), =YCivi,19 | —Y.Nivi,19
i=13,17-23 i=13,17-23

*Biochemical rate equation terms applied to ammonium rather than ammonia as recommended in Blumensaat and Keller (2005).
Stoichiometric coefficients vig3.19 and vyy 1319 included as recommended by Blumensaat and Keller (2005).

Table A.2: ADMI stoichiometric matrix for the biochemical reactions for particulate components (Batstone

et al., 2002).
13 14 15 16 17 18 19 20 21 22 23 24
Component — i Composites| Carbohydrates | Proteins | Lipids Sugars Am'ino LCFA | Valerate and | Propionate | Acetate | Hydrogen Particulate
degraders acid degraders| butyrate degraders | degraders | degraders inerts
degraders degraders
X, Xon X, X; X Xua X7 X Xoro Xoe Xin X
J Process | kg COD kg COD kg COD | kg COD | kg COD | kg COD | kg COD kg COD kg COD kg COD kg COD kg COD
m’ m’ m’ m’ m m’ m m’ m’ m’ m’ m’
1. Disintegration -1 Senxe Jorae Siixe Setse
2. Hydrolysis of X, -1
3. Hydrolysis of X,,, -1
4. Hydrolysis of Xj; -1
5. Uptake of Sy, Yo
6. Uptake of S, Yo
7. Uptake of S 7, Yia
8. Uptake of S,, Y.
9. Uptake of Sy, Yoy
10. Uptake of S,,,, Yoo
11. Uptake of S, Yoe
12. Uptake of S, Yin
13. Decay of Xj, 1 -1
14. Decay of X, 1 -1
15. Decay of X;, 1 -1
16. Decay of X.4 1 -1
17. Decay of X,,,, 1 -1
18. Decay of X, 1 -1
19. Decay of X)» 1 -1
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Table A.3: ADMI kinetic rate equations (Batstone ef al., 2002).

Modeling the Two-Stage Anaerobic Digestion of Domestic Wastewater with the Development of a Monitoring Application

13. Decay of X,
14. Decay of X,
15. Decay of Xfa
16. Decay of X,
17. Decay of X ro
18. Decay of X,
19. Decay of X,

Process j Kinetic rate equation (p,)
1. Disintegration kg X ¢
2. Hydrolisis of X, Kyya,cnX e
3. Hydrolisis of X, Knya, pr X pr
4. Hydrolisis of X, Kyya 1 X
5. Uptake of § S
p su m,su $Xsull
KS,su + Ssu
6. Uptake of
P Saa m,aa%)(aall
KS,aa + Saa
7. Uptake of S» ra L
m, fa Xf”IZ
K. fat S fa
8. Uptake of S, Sy Sva
m,c4 XC412
KS,c4 + Sva Sva + Sbu
9. Uptake of S, Shy Shu I
m,c4 c4t2
KS c4t Sbu Sbu + Sva
10. Uptake of Spro k % X0
m,pro 7o
P KS,pm +Spm g
11. Uptake of § S,
p ac km’gc$Xacl3
KS,ac + Sac
12. Uptake of S, Sha

mi2 e Xy
§,h2 T On2

kdec,Xsu Xsu
kdec,Xaa X aa
kdec,XfaXfa
kdec,Xc4X c4
kdec,Xpm Xpra
kdec,XacX ac

Kaee xn2Xn2
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