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ABSTRACT 

Activated sludge model (ASM) is now widely used for wastewater treatment plant design, 
optimization and operation. Values for parameters to be used are vital for the accuracy of the 
modeling approach. This study aims to establish the scientific link between typical treatment and 
biodegradability of different chemical oxygen demand (COD) fractionation of palm oil mill effluent 
(POME), by means of respirometric analysis and model evaluation. Typical treatment processes are 
determined by the characteristics and process optimization carried out during POME treatment. 
POME treatment is operated under dynamic conditions, where the microbial response can include, 
besides bacterial growth, several COD removal mechanisms, and particularly the storage in the form 
of polymers. Biodegradability-related COD fractionation was characterized as the availability of 
readily biodegradable (Ss), slowly biodegradable, storage polymer, inert organic matter, and yield of 
heterotrophic organism. To verify the experimental results, modeling studies have been conducted 
using the ASM models, ASM1 and ASM3. The models require characterization of POME using 
COD-fractionation. The characteristics of fermented POME for anaerobic treatment using COD-
fractionation indicates the presence of up to 35% Ss and COD-fractions due to availability of free 
fatty acids in POME. However, the percentage of Ss is higher compared to the raw POME, which 
represents only 10% of the total COD. ASM3 proved to be a better framework to model all 
experimental results compared to ASM1. 
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INTRODUCTION 
 
Activated sludge modeling has gained a new 

perspective with the introduction of substrate storage 
into activated sludge models. Substantial researches 
have shown that storage mechanism plays an impor-
tant role under dynamic substrate conditions experi-
enced in treatment plants. Activated sludge model 
(ASM) No. 1 (ASM1) was primarily developed to 
yield a good description of the sludge production and 
consumption patterns of electron acceptors [1]. Stor-
age phenomena have been encountered in modeling 
enhanced biological nitrogen removal and carbon re-
moval processes in ASM3 [2]. 

Storage of excess substrate available under feast 

conditions allows microorganisms capable of substrate 
storage to survive on the accumulated substrate re-
serves when no external substrate is present (famine 
conditions). These microorganisms have the benefit of 
a more balanced growth and an advantage in competi-
tion [3]. 

The mixed culture process from activated sludge 
is able to store poly-β-hydroxybutyrate (PHB). PHB 
production using a mixed culture is feasible due to the 
role of polyhydroxyalkanoates (PHA) as metabolite 
intermediate of wastewater treatment. Using only 
conventional Monod-type kinetics to predict competi-
tion (between storage of substrate and balanced 
growth) is obviously not enough to accurately de-
scribe what happens in wastewater treatment proc-
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esses. 
A better knowledge of substrate removal mecha-

nism in activated sludge plants is particularly needed 
for modeling purpose. Growth and other substrate re-
moval mechanism such as storage yield as defined in 
ASM3, accumulation and sorption are several phe-
nomena of microbial response to dynamic conditions 
[4]. Experimental work carried out on the activated 
sludge processes would give some understanding of 
the microbial behavior as well as the substrate re-
moval performances. Empirical model could be de-
veloped based on the study. Hopefully the model is 
able to simulate the behavior of organisms in dynami-
cally fed systems. In addition, parameter estimation 
for activated sludge modeling of palm oil mill effluent 
(POME) is important in order to find a model that can 
served as a basis for design and optimization of the 
process especially during POME treatment. 

 
MATERIALS AND METHODS 

 
1. Reactor 

 
A continuous stirred tank reactor (CSTR) labora-

tory was filled with raw, diluted and fermented POME 
as substrate. The CSTR system was operated without 
sludge recirculation, leading to a solids retention time 
equal to the hydraulic retention time (HRT). Each ex-
periment was operated in three phases as shown in 
Table 1. The CSTR was equipped with a foam breaker 
working during the aerobic phases and fine bubble dif-
fusers with aeration rate 1.1 L min-1. A stirrer was 
used to mix the POME at a speed of 120 rpm. Seed 
biomass from sludge POME aerobic treatment plant 
was added at the start of the test. Respirometric tests 
were performed using an oxygen utilization rate (OUR) 
according to Din [5]. The schematic diagram of the 
reactor used in this experiment is shown in Fig. 1. 

The OUR vessel was fabricated to ensure good 
monitoring of ‘endogenous respiration’ of microor-
ganisms. A fabricated respirometer of 25 mL 
equipped with a dissolved oxygen (DO) probe and a 
magnetic stirring bar was connected to the reactor. 
The biomass was pumped directly from the aerobic 
reactor to the vessel and after 3 min the recirculation 
pump was switched off. The decrease in DO concen-
tration during 1 min was then measured and electroni-
cally recorded using DAPS software (ISTEK, Korea). 
In the feast phase, the biological activity was high and 
the DO concentration decreased rapidly. In order to 
have more measurements in a relatively short feast 
phase, the DO concentration was measured and re-
corded for every 30 s. The DO values against time for 
each minute were plotted on a graph. A straight line 
was drawn so that it passes through the greatest num-
ber of plotted points (curve of “best fit”) and the slope 
of this line was calculated. The slopes represent the 
OUR of the biomass for a certain time during one 

Table 1. Experimental phase of CSTR with raw, diluted 
and fermented POME as substrate 

No Phase 
Duration 

(h) 
Flow rate 

(mL min-1) 
1 Lag  7 – 
2 Feed of substrate 14 2 
3 Stop feed 96 – 

 
Aeration

Oxygen electrode

Reactor  

pH control

Temperature 

Control 

Stirrer

Flowrate control OUR vessel

DO recording 

  
Fig. 1.  Schematic representation of OUR measurement 

set-up. 
 
cycle. Once OUR was determined, the oxygen transfer 
coefficient (KLa) can be calculated using the following 
formula:  

C)-(C K  OUR sLa=  (1) 

where OUR = oxygen uptake rate (mg O2 L-1 min-1),  

KLa
 
= oxygen transfer coefficient (min-1) 

Cs
 
= oxygen saturation concentration in water at 20 °C 

(mg O2 L-1) 

C = dissolved oxygen concentration in the reactor (mg 
O2 L-1)  
Feeding was stopped in the third phase and the 

process was operated for the next 4 d to observe the 
OUR trends. When the CSTR reached steady-state 
conditions and after the OUR dropped to approxi-
mately zero after the sixth day, characterization of the 
effluent was conducted.  

 
2. Analytical Method 

 
For soluble COD determination, samples were 

filtered using Millipore membrane filters with a pore 
size of 0.2 µm. Calculation procedures for COD-
fractionation is shown in Table 2. 

Respirometric test is a tool for rapid characteri-
zation of wastewater and activated sludge. Biodegrad-
ability-related COD fractionation was determined at 
each substrate by model evaluation of the correspond-
ing OUR profiles. The COD-value covers a number of 
organic materials of varying biological qualities. This 
helps to determine the availability of readily biode-
gradable (SS), slowly biodegradable (Xs), storage 
polymer (XSTO), inert organic matter (SI and XI), and 
yield of heterotrophic organism (YH). The calculation  
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Table 2. Calculation procedures for COD-fractionation  
Parameters Equation 
Total COD, TCOD 
 
 

Soluble COD, SCOD 

ASM1 
TCOD = SS + XS + SI + XI  
 
ASM3 
Total COD, TCOD = SS + XS + SI + XI  + XSTO 

 SCOD = SS + SI + aXS,  a < 1 

Heterotrophic yield coefficients, YH 
COD  Soluble 

COD  Cell YH Δ
Δ

=  

where Cell COD = Total COD – Soluble COD 

Readily biodegradable substrate, SS 
)Y(1Q

V)OUR(S
H

s −
Δ

=  

Inert soluble organic matter, SI SI,effluent = SI,influent = SCODeffluent 

Inert particulate organic matter, XI XI = TCOD – SS – SI - XS 

Active heterotrophic biomass, XH XH = b XS + c XI,  fractions b,c < 1 
Xs: slowly biodegradable COD 
XSTO: storage polymer COD 
 
Table 3. Comparison concentration of COD fractionation 

COD fractionation (g L-1) Influent COD total (g L-1) 
Ss Xs XSTO XH SI + XI 

Raw POMEa 50.40 (100%) 9.58 (20%) 22.9 (45%) – – 17.95 (35%)
Diluted POMEb 18.89 (100%) 3.56 (19%) 9.2 (48%) – – 6.13 (33%)
Fermented POMEc 10.14 (100%) 3.55 (35%) 3.8 (38%) – – 2.77 (27%)

acollected from initial discharge,  
bin fed-batch reactor [5,6],  
cin fed batch reactor collected from fermented POME as substrate; XSTO is additional cell internal storage of PHA excluding XH in 
ASM3. 

 
models were based on literature [7,8]. 

 
RESULTS AND DISCUSSION 

 
Table 3 and Fig. 2 show the comparison of 

COD-fractionation in a typical treatment of POME as 
substrate. It indicated that raw POME in fed-batch 
gives a higher value for all COD-fractionations as 
compared to other typical POME treatment. In addi-
tion, the diluted POME was prepared by collecting 
65% of supernatant from raw POME to be filled-up 
with 6 L, whereas the fermented POME was carried 
out from the anaerobic reactor that hydrolyzes long 
chain fatty acids in POME. From the trend shown in 
Fig. 2, the higher value of the total COD was not in-
fluenced by the COD-fractionation (especially SS), but 
it is in accordance with the typical treatment in POME. 
It clearly shows that the fermented POME, Ss gives a 
higher value for COD-fractionation as compared to 
raw POME. From Ss value, fermented POME has 
been characterized containing a considerable amount 
of volatile fatty acids (VFAs). VFAs can be stored as 
PHAs by bacteria under dynamic conditions and re-
cent studies have shown that substrate storage phe-
nomena play an important role on the biochemical  
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Fig. 2. Trends of the COD fraction in typical treatment 

in POME. 
 
transformations involved in the biological treatment of 
POME. 

In this study, the SS was recorded at high value, 
about 35% of the total COD compared to the raw and 
diluted POME, both SS values were about 18-20% of 
the total COD as shown in Table 3. This is in agree-
ment with other studies [9] and it can be concluded  
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Fig. 3. OUR data and the model simulation results for 

the proposed model ASM1 and ASM3. 
 
that SS can be increased up to 31% of the total COD if 
the substrate contains a mixture of sludge and bulking 
agent, as observed in this study. For example, inert 
particulate represents a large part of the total COD but 
is much less biodegradable than the sludge, according 
to the considered process time scale. Therefore, as ob-
served in this study, XS

 
was always higher than SS, 

which indicated that a third of the influent (fermented, 
fed-batch and raw POME) contained high amounts of 
XS, even through pre-treatment. This may be the re-
sidual solids or separate oil in the POME which is still 
difficult to digest. The total inert organic matters (SI

 plus XI) were detected at a range of 20-30% of the to-
tal COD. 

The correct assessment of the SS
 
is important be-

cause this fraction is conceived as the rate limiting 
substrate component for XH. It is also related to the 
OUR measurement as observed in this study. The bio-
degradable fraction of the present study (SS

 
and XS) is 

recorded at more than 50% of the total COD. Thus, 
this POME is considered as a rich-substrate for PHA 
production. This study utilized the ASM3, which in-
cludes cell XSTO, which requires the biomass to be 
modeled with cell internal structure. Therefore, XSTO

 is provided to compare the degree of fraction inside 
the heterotrophic organisms. The availability fraction 
of XSTO in the medium indicates that the PHA produc-
tion occurred in the biomass component. Table 3 
shows the storage of PHA in the inclusion body of the 
bacteria. 

Table 4 depicts the wastewater biological frac-
tionation using a respirometric analysis after the 
treatment. Samples were prepared from fermented 
POME. The goal of this experiment was to identify 
the biological fractions in the fed-batch systems. The 
COD removal obtained from this system was above 
50% from fermented POME. The removal of COD 
could be considered acceptable since the study was 
conducted for only 4-6 h.  

In this study, fermented POME has been charac-
terized to include SS, which contains a considerable 
amount of VFA. In addition, fermented POME also 
has particulates which are of the XS. However, some 
XS may actually be soluble in SS [8,10]. The amended 
model suggests that the SS is utilized and converted to 
XSTO. It is assumed that the SS fraction is first con-
verted to the storage polymers and growth on these 
polymer starts after the total depletion of all readily 
biodegradable COD in the bulk solution [11].  

In general, the SS has been reduced from 3.55 g 
L-1 (fermented POME) to 0.14-0.32 g L-1 for the varia-
tion feeding. Meanwhile, the XS is between 0.92 to 
2.03 g L-1. Since the SS is still present in the medium 
after the accumulation stage, a modification of the 
fed-batch system must be considered to accelerate the 
biodegradation process. In addition, a significant re-
duction of slowly XS at approximately 40% of the ini-
tial concentration indicates that the hydrolysis prod-
ucts (VFAs) will be degraded in a shorter period.  

Respirometry has been extensively used for the 
experimental assessment of activated sludge models. 
In this context, an OUR profile obtained from the re-
actor was a useful tool to differentiate ASM1 and 
ASM3 from its modified version including direct 
growth on primary substrate competing with storage. 
These OUR profiles were used to investigate model-fit 
performance and identifiability for ASM1 and ASM3 
and show the trend of the substrate concentration if 
the same substrate (VFAs) were added. The differ-
ences observed among the OUR profiles were proba-
bly linked to the operational conditions of the treat-
ment (i.e. SRT or alternating feed and famine condi-
tions).  

The fittings of the models (ASM1 and ASM3) 
are depicted in Fig. 3. The parameter estimation errors 
obtained are quite small, in part because the method 
used is known to give too optimistic results due to 

 
Table 4. COD-fractionation after the treatment of the fermented POME 

COD fractionation (g L-1) Experiment COD total (g L-1) 
Ss Xs XSTO XH SI + XI 

Fermented POME a 10.14 3.55 3.82 – – 2.770 
50% substrate 6.13 0.32 2.03 1.92 0.32 1.54 
25% substrate 2.79 0.14 0.92 0.81 0.21 0.71 

ain fed batch reactor collected from An-BioRec2.  
bfeeding 3 L in the Ae-BioRec2.  
cfeeding 1.5 L in the Ae-BioRec2. 
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autocorrelation in the OUR data [12]. The substrate 
utilization and the OUR response of the system under 
feast conditions were equally well simulated with both 
models, however ASM1 could not cope with the de-
crease of the OUR level in the famine phase. In other 
words, a first glance at Fig. 3 shows that ASM1 is not 
able to describe the tail observed, where the storage 
effect emphasized. Many respirograms can be found 
in the literature with this tail, and many criticisms that 
ASM1 may receive is that this tail is not predicted 
when the feed solely contains readily biodegradable 
substrate. However, it was different for ASM3, the tail 
of the model was a smooth line for the famine phase. 
The result from this study was similar to those ob-
served by others [10,11].  

ASM1 with only one growth process can neither 
predict the amount of sludge produced, nor simulate 
lower electron acceptor utilization rate in the famine 
phase. The proposed model with the addition of the 
growth process on primary substrate resulted in two 
different specific growth rates, where the specific 
growth rate in the famine phase was 23% of the feast 
phase. ASM3 generates a lower growth rate through-
out the experiment which gives a lower biomass yield. 
The OUR response of the system and the results of 
model simulation performed for ASM1 and ASM3 
with the kinetic and stoichiometric coefficients are 
given in Table 5 and Fig. 3. Hence, the clearer the 
storage effect is, the higher the improvement of using 
ASM3 instead of ASM1. This improvement is even 
observed in this experiment, where less storage can be 
appreciated. However, once a good fitting is obtained, 
an analysis on the mechanistic meaning of the pa-
rameter estimation results is required. 

According to ASM1, the direct growth on exter-
nal substrate is the cause of the first shoulder, whereas 
ASM3 model links the first consumption to the stor-
age of substrate into internal polymer. These proc-
esses have different default values: 0.69 d-1 for the 
growth rate in ASM1 and 1.88 d-1 for the storage yield 
in ASM3, because less energy is required to store ex-
ternal substrate than the produced new cells.  

High values of the ASM3 growth yield, YH,STO, 
were also observed in the literature when fitting 
ASM3 to experimental data [13,14]. These high val-
ues contradicted the conceptual basis of ASM3 since 
the predicted growth yield values did not have any 
mechanistic meaning. On the other hand, ASM1 was 
not able to predict the tail often observed in OUR ob-
tained from the experiments.  

In general, more reliable parameter values would 
be obtained if the ASM3 model could describe that 
part of the VFAs which was used directly for growth. 
In this case, the model would predict less PHA pro-
duction and the predicted tail would be lower and, 
then closer to the experimental data. Moreover, a de-
crease on the values of bH and YH, YSTO would be nec- 

Table 5. Kinetic and stoichiometric coefficients obtained 
for the aerobic reactor system fed with 
fermented POME 

Model coefficient ASM1 ASM3 
µH (d-1) 0.69 1.88 
KS (mg COD L-1) 0.92 1.79 
YSTO (g COD g-1 COD) – 0.56 
YH (g cell COD g-1 COD) 0.42 0.89 
bH (d-1) – 0.2 
XH (mg COD L-1) – 1400 

 
essary to describe the tail. The reduction of the tail 
(i.e.the reduction of the oxygen consumption due to 
the storage process) as a function of a percentage of 
the substrate used directly for growth is as depicted in 
Fig. 3. This observation of simultaneous growth and 
storage on the external substrate has already been de-
veloped in some metabolic model such as that of van 
Aalast-van Leeuwen et al. [15] and recently in the 
work of van Loosdrecht and Heijnen [16] and Kara-
han et al. [11,17]. Apart from a more reliable descrip-
tion of reality, considering the growth on external sub-
strate can help overcome another described failure of 
ASM3.  

The proposed procedure calculates YSTO in ac-
cordance with ASM3, with the assumption that avail-
able SS is entirely converted into internal storage 
products. There is experimental evidence however for 
partial storage allowing for simultaneous growth both 
competing for the same pool of external substrate 
[4,18,19]. It could then be argued that limiting exter-
nal substrate at low F/M ratios would allow simulta-
neous microbial growth, as in conventionally operated 
activated sludge systems, whereas a sudden increase 
of external substrate with high F/M ratios after a fam-
ine period would highlight internal storage as the 
dominant mechanism. Since growth and storage are 
commonly defined by significantly different yield co-
efficients, the resulting weighted average yield value 
reflected by overall OUR measurements would exhibit 
a changing pattern parallel to adopted F/M values. The 
experimental results in this study provided a reliable 
indication that this was not the case for acetate utiliza-
tion, which was best interpreted with total storage. 

Two runs were conducted on VFAs (different 
value of substrate) with initial F/M ratios of 0.025 and 
0.035 d-1. As indicated in Table 6, the yield YSTO is 
0.82 g COD g-1 COD for 0.035 d-1, a value signifi-
cantly higher than for 0.025 d-1. This value agrees well 
with a YSTO of 0.9 and 0.82 g COD g-1 COD assumed 
by Karahan et al. [20] and with the experimental re-
sults of Dircks et al. [19] for smaller volume, with 
consideration that the formation of glycogen from 
small substrate requires less energy as compared to 
PHB accumulation from a higher concentration of 
substrate. It is stated that the maximum yield is 30% 
greater. 
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Table 6. Experimental assessment of YSTO for different concentration of substrate 
Set No. Reactor volume 

(L) 
Composition 
(substrate %) 

Biomass 
concentration 
(mg COD L-1) 

Substrate 
concentration 
(mg COD L-1) 

F/M Ratio 
(COD/COD, d-1) 

YSTO 

Set 1 6.0 25 2500 1300 0.052 0.56 
Set 2 6.0 50 3500 2900 0.035 0.82 

 
CONCLUSIONS 

 
The characteristics of fermented POME for  

anaerobic reactor using COD-fractionation, indicates 
the presence of up to 35% Ss COD-fractions due to 
availability of free fatty acids in POME. However, the 
percentage of Ss is higher compared to the raw POME, 
which represents only 10% of the total COD. ASM3 
proved to be a better framework to model all experi-
mental results compared to ASM1. However, it has to 
be taken into account that seven parameters are esti-
mated in this model in contrast with ASM1, where 
only five parameters are estimated. In experiments 
with storage capability bacterial cells, ASM1 was not 
able to predict the tail observed due to the internal 
polymer consumption. In contrast, ASM3 could de-
scribe this tail accurately. 
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