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MODELLING OF TWO-STAGE ANAEROBIC
TREATING WASTEWATER FROM A

MovLAasses-Basep ETHANOL DISTILLERY
wiTH THE IWA ANAEROBIC DIGESTION
MODEL No.1

ABSTRACT

The Objective of this paper is to present the application of the Modified ADM1
model to simulate the dynamic behaviour of a two-stage anaerobic treatment
process treating the wastewater generated from the ethanol distillery process.
The laboratory-scale process comprised an anaerobic continuous stirred tank
reactor (CSTR) and an upflow anaerobic sludge blanket (UASB) connecting in
series, was used to treat wastewater from the ethanol distillery process. The
CSTR and UASB hydraulic retention times (HRT) were 12 and 70 hours,
respectively. The model was developed based on ADM1 basic structure and
implemented with the simulation software AQUASIM. The simulated results
were compared with measured data obtained from using the laboratory-scale
two-stage anaerobic treatment process to treat wastewater. The sensitivity
analysis identified maximum specific uptake rate (k,) and half-saturation
constant (Kg) of acetate degrader and sulfate reducing bacteria as the kinetic
parameters which highly affected the process behaviour, which were further
estimated. The study concluded that the model could predict the dynamic
behaviour of a two-stage anaerobic treatment process treating the ethanol
distillery process wastewater with varying strength of influents with reasonable
accuracy.
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| . Introduction

Molasses-Based ethanol distillery is one of the industries generating the most polluted
wastewater. The generated wastewater is both high strength and large in volume. The
wastewater has high concentration of chemical oxygen demand (COD) and biochemical
oxygen demand (BOD), low pH, odorous, blackish brown colour, and contains substances
such as nitrogen, phosphorous, potassium, sulfate, chloride etc which would severely affect
the environment if discharged directly. Since the ethanol distillery process wastewater is of
high strength, the most suitable treatment process of interest is the anaerobic treatment
process which is capable of handling high organic loading rate and low sludge production.
Furthermore, the process has the positive net energy production in the form of biogas which
can replace fossil fuel [1]. The anaerobic digestion process has two main biochemical
stages; the acidogenesis and methanogenesis stages. Since acidogenic and methanogenic
organisms require different kinetic parameters and optimum pH for growth, two reactors
were used to create suitable environment for each group of organisms. Hence, the process
is called two-stage anaerobic process. There are only a few studies available on the
modelling of two-stage anaerobic process. The application of model will enable the study of
the effect of operating variables on the performance of the two-stage anaerobic process, and
can be used as a tool for the design, evaluation and operation of the system.

The anaerobic digestion model no.l1 (ADM1) had been developed recently by an
International Water Association (IWA) Task Group [1]. ADM1 comprises steps in biochemical
and physico-chemical processes [2]. The stages in biochemical process include substrate
disintegration, hydrolysis, acidogenesis, acetogenesis and methanogensis, respectively. This
model takes into account seven bacterial groups. The steps in physico-chemical process
include ion association / dissociation and gas-liquid transfer. The objectives of ADM1
development were to build a common platform for anaerobic process modelling and
simulation, and to encourage the application in anaerobic research, development, operation
and optimization. [1]. ADM1 has been widely used for dynamic simulation of different
anaerobic treatment processes such as for black water wastewater [3], olive mill wastewater
[4], chinese medicine wastewater [5], evaporator condensate from a sulphite pulp mill [6],
organic waste and wasted activated sludge [7].

The application of ADM 1 with the simulation of two-stage anaerobic treatment process of
ethanol distillery wastewater had not been undertaken before. The objective of this study
was to apply ADM 1 to build a model to simulate the dynamic behaviour of a two-stage
anaerobic treatment process treating ethanol distillery wastewater. The modified ADM 1
model was calibrated with the first set of data obtained from laboratory-scale CSTR and
UASB reactors treating wastewater from ethanol distillery, and validated with the second set
of data from the experiment.

II. Materials and Methods

2.1 Experimental setup

The laboratory-scale system used in the study comprised an anaerobic continuous
stirred tank reactor (CSTR) and an upflow anaerobic sludge blanket (UASB)
connecting in series (Figurel). The CSTR was maintained in the acidogenic condition
and had the total liquid volume approximately 1.7 L with an internal diameter of 0.10 m
and a water depth of 0.22 m., an agitator was installed to provide mixing inside the
reactor. The UASB was maintained in the methanogenic condition and had the total
liquid volume approximately 10 L with an internal diameter of 0.08 m and a height of
1.50 m. A three-phase separator was installed at the top of the reactor to separate gas
from liquid and to prevent biomass washout. The CSTR and UASB hydraulic retention
times (HRT) were 12 and 70 hours, respectively. The reactors operated at the ambient
temperature
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2.2 Feed

The wastewater was obtained from a molasses-based ethanol distillery in Thailand.
The wastewater was diluted with tap water to obtain desired concentrations, and pH
adjusted by adding NaHCO3; to maintain the pH in CSTR reactor at the controlled
value. The experimental operating conditions were shown in Table 1. Conditions
from data sets C1-C3 were used for model calibration, while conditions from data
sets V1-V5 were used for model validation.

Data Feed flow Recycled flow pHin Influent COD Influent sulfate ~ Organic load

set (md™ (m3d™ CSTR (g9.m?3 (9S.m?) (kgCOD.m)

Cl 0.0034 - 6.0 12,600 309 3.8

Cc2 0.0034 - 6.0 23,250 346 7.0

C3 0.0034 - 6.0 33,250 783 10.0

V1 0.0034 0.0034 5.5 6,650 221 2

V2 0.0034 0.0034 5.5 13,300 311 4

V3 0.0034 0.0034 5.5 19,950 510 6
Table 1
T e V4 0.0034 0.0034 55 26,600 617 8
conditions V5 0.0034 0.0034 5.5 13,300 312 4

2.3 Sampling and analysis

The effluent pH of CSTR and UASB, and biogas production rate were measured daily.
Samples were collected three times per week and analysed for COD, volatile fatty
acids (VFA) and alkalinity. Total suspended solids (TSS), volatile suspended solids
(VSS), and sulfate were collected and analysed when steady state was achieved. All
samplings and analyses of variables were in accordance with APHA-AWWA standard
analytical procedures.
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Mathematical Model

Model description

Anaerobic digestion model no.1 (ADM1) was presented by the IWA Task Group for
mathematical modelling of anaerobic digestion process. ADM 1 model consists of
several steps such as disintegration, hydrolysis, acidogenesis, acetogenesis and
methanogenesis steps. Disintegration and hydrolysis are non-biological extracellular
solubilization step. Disintegration step will convert composite particulate substrate to
inerts, particulate carbohydrates, proteins and lipids. The enzymatic hydrolysis which is
the following step will convert particulate carbohydrates, proteins and lipids to
monosaccharides, amino acids and long chain fatty acids (LCFA), respectively. Both
disintegration and hydrolysis processes are described by the first order kinetics [2].
There are seven bacterial groups in the biochemical conversion step.

Monosaccharides and amino acid will be converted by two groups of acidogenic to
mixed organic acids, hydrogen and carbon dioxide. Subsequently, LCFA, butyrate and
valerate, and propionate will be converted by three groups of acetogenic to acetate,
hydrogen and carbon dioxide. Hydrogen and acetate generated by steps described will
be used by hydrogen-utilising methanogenic group and aceticlastic methanogenic
group, respectively. Every step of intracellular biochemical reactions is described by
substrate-based uptake Monod-type kinetics. Death of biomass is described by the first
order kinetics [2]. The dead biomass is maintained in the system as composite
particulates. Inhibition functions include pH (all bacterial groups), hydrogen (acetogenic
groups) and free ammonia (aceticlastic methanogenic group) [1]. Mechanisms
describing physico-chemical processes are acid-base reactions for identifying
hydrogen ions concentration, free ammonia and carbon dioxide and non-equilibrium
liquid-gas transfer.

The ethanol distillery wastewater has high concentration of sulfate, however, the ADM1
does not include sulfate reduction simulation [1]. Therefore, the construction of ethanol
distillery wastewater simulation model in this study needed to include an extension to
allow for sulfate reduction within the biochemical and physico-chemical structures and
kinetics of ADM1 model. Previous study shows that when the S:COD ratio is less than
0.1 gSgCOD'l, sulfate reduction will first use only the existing h¥drogen in the system
[8]. In this study, the S:COD ratio was less than 0.033 gSgCOD™. Therefore, the study
had added an extension to the ADM1 for sulfate reduction using a method
recommended by Batstone et al. [1], [8]. This method is to assess sulfate reduction by
oxidation of available hydrogen. The matrix of this extension is shown in Table 2 and
Table 3. The physico-chemical process required this extension to describe H,S/HS

acid-base equilibrium, H,S stripping and the effect of SO i_ ion on the charge balance.
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Biochemical rate coefficients (vi i ) and kinetic equations (pj ) for soluble components of Modified ADM1
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Table 3
Modified ADM 1
for particulate

graders
)

Valerate and butyrate
degraders (kgCOD.m)
Propionate degraders
(kgcoD.m™)

Hydrofen degraders

(kgCcoD.m*)
Particulate inerts

Sulfate Reducers
(kgCcOD.m*)

Composites
(kgCOD.m)
Carbohydrates
(kgcoD.m™)
Sugar degraders
(kgcoD.m™)
Acetate de
(kgCOD.m
(kgCcOD.m™)
Cation

(k mole .m?)

anion

(k mole .m?)

components

3.2 Mass balance equations
The CSTR was used to simulate the operation of an acid tank and UASB reactor as
wastewater was recycled from UASB to the acid tank. Equations of soluble substrate
and particulate substrate components in liquid state in the acid tank are shown in
Equations (1) and (2), and those in the UASB are shown in Equations (3) and (4).
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When, S;; and S;,is concentration of soluble substrate component in the acid tank and
UASB, respectively. X;; and X;,are concentration of paticulate substrate component or
biomass in the acid tank and UASB, respectively. Viy; and Vg, are liquid reactor
volume of the acid tank and UASB, respectively. Qi, and Q. are influent flow rate and

recycle flow rate, respectively. . ijij is the sum of specific kinetic rates for

j=1-20
process j multiplied by the stoichiometric coeffeicients as shown in Table 2. and Table
3. L1 x is the solid residence time above hydraulic retention time.

3.3 Model implementation

The ADM1 was implemented with the simulation software AQUASIM. [10]-[11].
AQUASIM is a computer program for data analysis and simulation of aquatic
systems. Apart from the simulation, AQUASIM also provided linear sensitivity
analysis and parameter estimation tools. For this study the ADM1 was implemented
as a differential and algebraic equation (DAE) and used an ideal CSTR compartment
(Figure2) Ammonia and ammonium, volatile acids, hydroxide and hydrogen ions
were implemented as equilibrium state variables. Other variables such as cations,
anions, carbon dioxide and bicarbonate ion were implemented as dynamic state
variables. All initial values of model parameters used values recommended by
ADML1.

¥ ®
INFLUENT
4 ©) 4 ® 4 ©
> e 3T EFFLUENT
RECIRCULATION
RECYCLE
@ CSTR (® UASB ® SETTLER (® HEADSPACE

3.4  Sensitivity analysis and parameter estimation

The sensitivity analysis allowed the identification of the most important parameters
which needed to be adjusted during model calibration which depended on the
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sensitivity of parameters to the model output. The sensitivity analysis was performed
by AQUASIM. AQUASIM is able to perform linear sensitivity analysis with respect to
a set of selected parameters [11]. The calculated sensitivity functions allow the user
to detect and interpret parameter identifiability problems [12]. The absolute-relative
sensitivity function is used as shown in Equation (6) [13].

a, I 8y
5 =P 6)

Where 5ya’pr is the sensitivity function, y is an arbitrary variable calculated by

AQUASIM and p is a model parameter. The absolute-relative sensitivity function
measures the absolute change in y for a 100% change in p [13]. The positive sign of
the sensitivity function indicates y will increase when p is increased. And the
negative sign indicates y will decrease when p is increased.

AQUASIM is able to perform parameter estimations of the user-defined model using
measured data. The parameters are estimated by using the weighted least squares
method [12].

V. Results and Discussions

4.1 Model salibration

The sensitivity analysis identified parameters with high sensitivity that required

parameter estimation. These parameters are k _ ,k K. ,K

ao Ko son ' K e Their sensitivity

S, S04
functions of SCOD and sulfate concentration in UASB reactor are shown in Figure 3 and
4 The parameter estimation used values from ADM 1 as initial values for sensitive
parameters, and used ADM 1 values as constants for parameters with low sensitivity.
The simulations were performed in iteration with changing values for sensitive
parameters until the simulated results were best fitted with the laboratory results. The
model estimated parameter values are shown in Table 3. The comparisons between
simulated and measured values for soluble chemical oxygen demand (SCOD), total
volatile fatty acids (TVFA), gas flow rate and effluent pH, after the model calibration are
shown in Figureb.

Sensitivity Functions for soluble COD
30 -
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(km.ac‘ km‘SOA‘ KS‘ac’ KS.SOd’ KS,ShZ’ .
Kyos) Time (days)
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4.2 Model validation
The calibrated model was then validated with the second set of experimental data
using the estimated parameters obtained from the calibration stage. The model
validation results are as follows.
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4.2.1 The simulation results of soluble chemical oxygen demand (SCOD)

Figure 6(a) shows the simulated results and experimental data for SCOD. It can
be observed that the model accurately predicted the SCOD in CSTR whilst

closely predicted SCOD in UASB.

4.2.2 The simulation results of total volatile fatty acid (TVFA)

Figure 6(b) shows the simulated results and experimental data for TVFA. It can
be observed that for CSTR the predicted TVFA were accurate. In the case of
TVFA in UASB, the predicted values closely matched the experimental data.

4.2.3 The simulation result of sulfate

Figure 6(c) shows the simulated results and experimental data for sulfate. The

model could accurately predict the sulfate in UASB.

4.2.4 The simulation

Figure 6(d) shows the simulated results and experimental data for gas flow rate.

result of gas flow rate

The predicted values were lower than the experimental data.

4.2.5 The simulation result of effluent pH

Figure 6(e) shows the simulated results and experimental data for effluent pH.
The model accurately predicted the pH in CSTR effluent but the predicted pH in

UASB effluent were lower than the experimental data.
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Figure 6
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V. Conclusions

The study results show that the ADM1 was successfully implemented to simulate the
dynamic behaviour of two-stage anaerobic process treating wastewater generated from
molasses-based ethanol distillery process. It can be concluded from the simulation results
that the model could accurately predict soluble COD and pH in CSTR reactor, but
overpredicted total VFA at high organic loading. For UASB reactor, the model could
accurately predict soluble COD, total VFA and sulfate in the effluent but underpredicted
effluent pH and gas flow rate. Therefore, it can be concluded that the fundamentals of the
model are generally valid and sufficient for the application in the design and operation of the

full-scale system under various operating conditions. However, further studies are required

5 1o 15 20 25 30
Time (days)

to improve the model performance on the prediction of gas flow rate, and pH.
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