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Abstract

Free oxygen effects in bio-gasification are not well known, apart from the common understanding of
oxygen being toxic and inhibitory for anaerobic micro-organisms. Some studies have, however, revealed
increased solubilisation of organic matter in the presence of some free oxygen in anaerobic digestion.
This article analyses these counterbalancing phenomena with a mathematical modelling approach using
the widely accepted biochemical model ADM 1. Aerobic oxidation of soluble carbon and inhibition of
obligatory anaerobic organisms are modelled using standard saturation type kinetics. Biomass dependent
first order hydrolysis kinetics is used to relate the increased hydrolysis rate with oxygen induced increase
in biomass growth. The amended model, ADM 1-Ox (oxygen), has 25 state variables and 22 biochemical
processes, presented in matrix form. The computer aided simulation tool AQUASIM 2.1 is used to
simulate the developed model. Simulation predictions are evaluated against experimental data obtained
using a laboratory batch test array comprising miniature anaerobic bio-reactors of 100 ml total volume
each, operated under different initial air headspaces giving rise to the different oxygen loading conditions.
The reactors were initially fed with a glucose solution and incubated at 35 � for 563 hours. Under the
oxygen load conditions of 22, 44 and 88 mg/L, the ADM1-Ox model simulations predicted the experimental
methane potentials quite adequately. Both the experimental data and the simulations suggest a linear
reduction of methane potential with respect to the increase in oxygen load within this range.
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1 Introduction

Conventionally the anaerobic digestion (AD) process
should occur in a strict anaerobic environment with
no free oxygen available. It is however not realistic to
avoid all supply of free oxygen into anaerobic digester
systems, and hence they can be exposed to consider-
able oxygen loads (Liden et al., 1994). Such aerobic
invasions can deteriorate the performance of digestion
systems (Hedrick et al., 1991); but the experience also
shows the possibility of maintaining high methane gen-
eration activity with significant aerobic loads (Botheju
et al., 2010). Improved performances under mild aero-
bic conditions in AD are also observed (Pirt and Lee,
1983; Gerritse et al., 1990; Johansen and Bakke, 2006;
Zhou et al., 2007; Polanco et al., 2009). According

to the study by Pirt and Lee (1983), higher methane
yield was observed in the digestion of algal biomass un-
der oxygen limiting conditions. A similar observation
was reported by Gerritse et al. (1990). Johansen and
Bakke (2006) reported 50 % higher hydrolysis under
micro-aerated anaerobic conditions. Successful use of
limited aeration for toxic sulfide removal in anaerobic
digesters fed with S containing wastes was confirmed
by Zhou et al. (2007) and Polanco et al. (2009).

This study is an attempt to explain the dynamics of
free oxygen in AD with a mathematical modeling ap-
proach. The aim is to develop a model basis for analyz-
ing these aerobic-anaerobic interactions by exploiting
the latest knowledge base on biochemical reactions re-
lated to aerobic and anaerobic wastewater treatment.
The model predictions are further compared against
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experimental data obtained in a laboratory batch test
array where the variation of methane potential due to
different air headspaces is observed.

2 Oxygen effects – theoretical and
experimental basis

Anaerobic digestion is the totality of the collective in-
teraction of at least three main microbial groups which
are known as acidogens (acid generating biomass), ace-
togens (acetate generating biomass) and methanogens
(methane generating biomass). Acidogenic organ-
isms are the commonly known fermentative organisms
which can ferment simple organic substrates in the ab-
sence of oxygen. The vast majority of this group of
organisms are, however, facultative organisms (i.e. can
thrive under either anaerobic or aerobic environments),
implying that they can also use oxygen as electron ac-
ceptor. They tend to prefer oxygen and do aerobic res-
piration whenever oxygen is available, as it is energet-
ically favourable. When the oxygen level is sufficiently
low they may switch back to their normal fermentation
mode for energy needs. The consumption of oxygen
and readily available carbon sources, growth rates and
conversion into carbon dioxide and other products are
well studied and standard kinetic and stoichiometric
parameters are available (Henze et al., 1995, 2002).

Macromolecular complex organic matter such as car-
bohydrates, proteins and fatty acids (the three main
feed categories in AD) must be broken down into
smaller soluble molecules to be consumed by acido-
genic organisms. This process is commonly known as
hydrolysis (solubilization) and is carried out by aci-
dogenic microorganisms using their extra cellular en-
zymes. Hydrolysis can occur under both aerobic and
anaerobic conditions. Hydrolysis rates are observed to
be significantly higher under aerobic conditions, prob-
ably due to higher production of enzymes.

Acetogenic and methanogenic organisms are collec-
tively responsible for the final conversion of acidogene-
sis products (volatile fatty acids) into a mixture of car-
bon dioxide and methane (biogas). These two groups
of organisms are obligate anaerobes (i.e. can only sur-
vive under anaerobic conditions) and hence free oxygen
can inhibit their functioning and can even lead to rapid
cell lysis (annihilation of biomass).

An experimental series testing oxygen effects in
AD (Johansen and Bakke, 2006) found that oxygen
can enhance the hydrolysis stage, while higher oxygen
levels cause more of the available soluble carbon to
be oxidized into carbon dioxide (catalyzed by faculta-
tive acidogens), reducing the methane potential of the
system. These observations suggest that an optimized

level of oxygen can enhance the digester performance
by enhancing hydrolysis while minimizing inhibition of
obligate anaerobes.

The model development described below is based on
the above mentioned main facts and findings regarding
oxygen effects in anaerobic digestion.

3 Model development

The model is developed using the generally accepted
anaerobic digestion model ADM 1 structure (Batstone
et al., 2002) which is developed by the Mathematical
Modelling Task Group of the International Water As-
sociation (IWA). The ADM 1 contains 19 processes and
12 soluble components and 12 particulate components
(i.e. 24 states). The ADM 1-Ox extension proposed in-
cludes the incorporation of oxygen as one extra soluble
component, three additional aerobic uptake processes
and oxygen effects on process kinetics.

3.1 Stoichiometric matrix and rate
equations

The stoichiometric matrix for soluble components of
the proposed ADM 1-Ox model is shown in Table 1.
The new processes j8, j9 and j10 represent the aero-
bic uptake of monosaccharides, amino acids and long
chain fatty acids (LCFA), respectively. Note that ADM
1-Ox does not introduce any new microbial groups in
addition to the 7 groups already present in ADM 1.
All three aerobic uptake processes are associated with
the existing three acidogenic groups namely monosac-
charide degraders (Xsu), amino acid degraders (Xaa)
and LCFA degraders (Xfa). It has been found that
small aeration effects induce negligible impact on the
phylogenetic diversity (diversity of species) of anaero-
bic digesters (Tang et al., 2004). Dissolved oxygen con-
centration (SO2) is introduced as a new soluble compo-
nent (i12). The selected unit for oxygen in the model is
kgO2/m3. The aerobic uptake rates are described using
Monod saturation type (Monod, 1949) kinetic equa-
tions shown in Equations (1-3). Other biochemical rate
expressions in ADM 1-Ox also utilize Monod type ki-
netics.

raer, su = km,su

(
Ssu

Ks,su,aer + Ssu

)(
So2

Ko2 + So2

)
XsuI1

(1)

raer, aa = km,aa

(
Saa

Ks,aa,aer + Saa

)(
So2

Ko2 + So2

)
XaaI1

(2)
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raer, fa = km,fa

(
Sfa

Ks,fa,aer + Sfa

)(
So2

Ko2 + So2

)
XfaI2

(3)
Integrated inhibition term I1 includes 2 inhibition

type terms used in ADM 1 for describing microbial
inhibition due to extreme pH conditions and limita-
tion of soluble inorganic nitrogen. Inhibition term I2
in Equation (3) is the resultant of multiplying I1 with
one more inhibition term representing the hydrogen in-
hibition of LCFA degrading organisms. An additional
inhibition term, IO2, is introduced in ADM 1-Ox to ac-
count for oxygen inhibition effects on the strictly anaer-
obic acetogens and methanogens. A generally accepted
non-competitive type inhibition function was used as a
gradual oxygen switch (Equation (4)). The same oxy-
gen inhibition function was also used to account for
negative effects of oxygen on fermentation / acidogen-
esis rates (Table 1).

IO2 =
KO2

KO2
+ S

(4)

3.2 Oxygen stoichiometry

Stoichiometric coefficients for oxygen under aerobic
uptake processes were approximated using represen-
tative chemical formula for 3 basic substrates (car-
bohydrates – C10H18O9; lipids – C8H6O2; protein –
C14H12O7N2) (Henze et al., 2002). Three new yield
coefficients were introduced to represent the additional
biomass growth under oxygen respiration. Then the
total yields of three acidogenic biomass groups are
the additions of anaerobic and aerobic yields (stoichio-
metric matrix for the particulate components is not
shown here). Aerobic growth of 3 acidogenic groups
lead to additional inorganic nitrogen assimilation and
is taken into account by the products of their aero-
bic yields and biomass nitrogen content. Different to
the fermentation processes which can produce multi-
ple products, aerobic uptake results in oxidation of
substrates into the single product of carbon dioxide
(besides cell growth). Hence the averaged carbon con-
tent values (as kmol carbon per kg Chemical Oxygen
Demand, kmolC/kg COD) of the three substrate groups
(C1 = 0.03125 for sugars, C2 = 0.030 for amino acids
and C3 = 0.0217 for LCFAs) can directly be used to-
gether with respective aerobic yield coefficients as the
stoichiometric coefficients under inorganic carbon (IC)
balance (component i10, Table 1).

3.3 Hydrolysis rates

Standard ADM 1 uses first order rate expressions of
the form in Equation (5) to represent hydrolysis, not

taking the effect of acidogenic biomass concentration
on hydrolysis into account. Oxygen can, however, be
expected to enhance hydrolysis through aerobic growth
and higher biomass concentration. This effect but not
this mechanism can be included by just increasing the
hydrolysis rate constant (Khyd). A more mechanis-
tic hydrolysis model is chosen in ADM 1-Ox by using
the modified first order rate expressions which include
biomass concentration terms. The kinetic expressions
for hydrolysis of carbohydrates (ch), proteins (pr) and
lipids (li), in processes j2, j3 and j4, are modified ac-
cordingly (Equations (6 -8)). Note that the hydrolysis
of ch, pr and li are catalysed by respective acidogenic
biomass groups Xsu, Xaa and Xfa which utilize the
relevant hydrolytic products.

rhyd,x = khyd,xXx (5)

rhyd,ch = khyd,chXchXsu (6)

rhyd,pr = khyd,prXprXaa (7)

rhyd,li = khyd,liXliXfa (8)

3.4 Kinetic and stoichiometric parameters

The simulations carried out with ADM 1-Ox use a typi-
cal set of kinetic parameters suggested in the standard
ADM 1 model (Batstone et al., 2002). The few new
oxygen related kinetic constants in ADM 1-Ox are es-
timated or chosen by comparing mainly three sources:
ADM 1 kinetics parameter list (Batstone et al., 2002),
ASM 2 kinetic parameter list (Henze et al., 1995)
and Henze et al. (2002). Accordingly the three aerobic
yield coefficients are given the values of Ysu, aer = 0.5;
Yfa, aer = 0.3; Yaa, aer = 0.4 (in kg COD biomass per
kg COD substrate metabolized).

Saturation coefficients (Ks) under aerobic condition
are set to be one fifth of the values used under anaer-
obic conditions in ADM 1. This is in agreement with
the used Ks values in the ASM 2 model under aerobic
and anaerobic conditions. Therefore the used values
are Ks,aa,aer = 0.06; Ks,fa,aer = 0.08; Ks,su,aer = 0.1
(in the units of kg COD/m3).

A calculation based on the formula, Km = µmax
/Y

shows that the ratio of Km values under aerobic and
anaerobic (fermentative) conditions is close to 0.9 (or
∼ 1). Then by considering also the uncertainty of these
parameters it is decided to use the same values under
both conditions.

The oxygen inhibition parameter KO2 in Equation
(4) is given the same value as the half saturation con-
stant for oxygen in aerobic uptake processes, as in the
ASM 2 model (Henze et al., 1995). All three hydroly-
sis rate constants (Khyd) are adjusted by one order of
magnitude in order to compensate for the modification
done to the hydrolysis rate equations.
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Table 1: Stoichiometric matrix of the ADM1-Ox Model for soluble components.
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4 Methodology

4.1 Experimental

An experimental test array was established to test the
methane potential under different initial oxygen load-
ing conditions. BDPlastipak 100ml polypropylene sy-
ringes (supplied by VWR International), transformed
into miniature bio-reactors, were used to carry out the
experimentation for 563 hours duration (23.5 days) in-
cubated at 35 � . After filling the syringes with the
inoculum together with the substrate up to the 50ml
volume mark, hypodermic needles were attached. Each
needle was then inserted into a rubber stopper to close
and isolate the system. As gas is produced the piston
is displaced outwards and the produced biogas volume
is read on the scale. After 563 hours, the observed gas
generation had stopped. The reactors were initially
provided with different air headspace displacements of
0, 4, 8, and 16ml to introduce different oxygen load-
ing conditions. Triplicates of reactors were used for
each test condition and the measurement and analysis
results were averaged for final evaluation. The test re-
actors were fed with 1ml of 0.5M glucose solution at
the start up of the experiment (equivalent to an initial
substrate concentration of 1.92 kg COD/m3). Control
reactors without feeding were also included in order to
quantify the gas generation potential of the inoculum
alone.

The inoculum used here was taken from an ac-
tive municipal anaerobic digester treating wastewater
sludge (Knarrdalstrand municipal wastewater treat-
ment facility, Porsgrunn, Norway). This digester is
a completely mixed reactor operated at 35 � and fed
chemically precipitated primary sludge from munici-
pal wastewater. The digester is preceded by a micro-
aerobic contactor with a short hydraulic retention time
(< 24h). The inoculum was stored at room temper-
ature for 30 days in order to deplete the remaining
degradable substrate from the wastewater before used
in the experiment. This ensures minimum gas gen-
eration due to remaining substrate in the inoculum
(Fig. 1a), making it easier to distinguish the most rele-
vant experimental results and also simulate the process.
Prior to being used in the batch test array, the inocu-
lum was filtered through a 0.5mm sieve to remove the
larger particulate material. While filling the miniature
reactors, the inoculum vessel was constantly mixed and
de-aerated by nitrogen purging. The dissolved oxygen
reading was below 0.35mg/L.

4.2 Analytical methods

Measurements and analyses were conducted to deter-
mine gas generation, gas composition, soluble and total

COD, pH, V FA (volatile fatty acids including acetic,
propionic, butyric and valeric), NH+

4 , TSS/V SS (to-
tal/volatile suspended solids) , TS/V S (total/volatile
solids) and alkalinity. The total gas generation is mea-
sured daily (or twice a day at the beginning) by taking
readings on the volumetrically labeled piston displace-
ment. Gas composition analysis is carried out at three
different occasions (140 hrs., 299 hrs. and 563 hrs.)
during the course of the experiment using a Gas Chro-
matograph (HewlettPackard P series, micro GC) with
helium as the carrier gas. Compositions of methane,
carbon dioxide, nitrogen and oxygen were determined
accordingly. Then the amount of methane gas gen-
erated was calculated based on the total gas volume.
Liquid phase analyses were carried out according to
the established standard test methods (APHA et al.,
1995).

4.3 Oxygen loads

Table 2 summarizes the different oxygen loading condi-
tions tested. Supplied oxygen mass in moles indicated
in column 3 is obtained using the ideal gas law rela-
tion (n = pv/RT ) at 298K temperature (filling tem-
perature of the headspaces) and 1 atm. pressure. The
rightmost column indicates the corresponding oxygen
load provided in the 50ml reactor mixed liquor. These
oxygen load values (g O2/m

3 = mgO2/L reactor con-
tent) are consistently used here to describe the reactor
oxygen loading conditions while elaborating the exper-
imental and simulation results.

4.4 Oxygen transfer coefficients (kLa)

The following analysis is carried out to estimate the
equivalent oxygen transfer coefficients (kLa) corre-
sponding to the oxygen loads indicated in Table 2.

The rate of aeration can be expressed as,

dC

dt
= kLa (C∗ − C) (9)

Here, C is the oxygen concentration and C∗ represents
the saturation oxygen concentration in the system. As-
suming that the free oxygen concentration in the liquid
phase is near zero due to rapid oxygen consumption by
facultative biomass (Botheju et al., 2009), then Equa-
tion (9) can be re-arranged to give the oxygen mass
transfer rate into the reactor,

dM

dt
= V kLaC

∗ (10)

Here V is the liquid volume of the reactor and M is
the oxygen mass. It follows that,ˆ

dM = V kLaC
∗
ˆ
dt+ ko (11)
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Table 2: Oxygen loading conditions tested in experiments and in simulations.

Initial air
head space
vol. (mL)

Initial O2

vol. (mL)
Initial O2

mass (mol)
×105

Initial O2

mass (mg)
Equivalent
O2 load
(mg/L)

0 0 0 0 0
4 0.8 3.4 1.10 22
8 1.7 6.9 2.2 44
16 3.4 13.7 4.4 88

⇒M = V kLaC
∗t+ ko (12)

Neglecting the initial oxygen content in the liquid
phase, ko = 0; hence,

kLa =
M

VC∗t
(13)

The M values are given in the 4th column of Table
2, and V = 0.05L (reactor liquid volume). For the
approximation of “uniform aeration” of reactor liquor
due to initial headspace, t may be taken as 23.5 days
(experiment duration). It can be reasonably assumed
that all the oxygen supplied through the headspaces is
depleted during this time period.

Saturation oxygen concentration C∗ is calculated ac-
cording to the empirical formula by Weiss (1970). For
zero salinity solutions,

ln(C∗) = A1 +A2

(
100

T

)
+A3ln

(
100

T

)
+A4

(
100

T

)

(14)
Here, T is the absolute temperature and the C∗ is
given in ml/L. The empirical constants have the val-
ues, A1 = −173.4292; A2 = 249.6339; A3 = 143.3483;
A4 = −21.8492. From Equation (14), C∗ = 6.95mg/L
at 308K (operating temperature).

The equivalent kLa values (d−1) corresponding to
the different air headspaces are calculated according to
Equation (13) and are given in Table 3. These kLa val-
ues were used in the ADM 1-Ox model simulations to
represent the different oxygen loading conditions tested
in the experiment.

Table 3: Estimated kLa values.

Equivalent O2

load (mg/L)
Equivalent
kLa(d−1)

0 0
22 0.14
44 0.27
88 0.54

4.5 Simulation method

The computer aided simulation tool AQUASIM
2.1 (Reichert, 1998) is used to simulate the developed
ADM 1-Ox model under the operating conditions of
the experimental trials described above. According to
the preliminary simulations carried out before (Both-
eju et al., 2009), it is observed that the low oxygen
loading conditions such as oxygenated influent streams
cannot cause significant detrimental effects in anaero-
bic digesters, primarily due to the rapid oxygen con-
suming ability of facultative acidogenic biomass. In or-
der to include the prolonged aeration effect due to the
air headspaces provided in the experimental trials ana-
lyzed here, a continuous aeration process is introduced
in the model as an additional dynamic process. The
aeration rate is described using an equivalent oxygen
transfer coefficient (kLa) and the oxygen concentration
driving force (C∗−C). Each experimental oxygen load-
ing condition is then simulated using a corresponding
equivalent kLa value (Table 3). The applied glucose
feed concentration (1.92 kg COD/m3) is specified as
the initial condition of the monosaccharide concentra-
tion in the simulation program. Initial conditions for
the other degradable substrates were given diminutive
values (putting them as zeros hinder the initialization
of the simulator).

In order to simulate the cumulative gas generation
in the AQUASIM built ADM 1-Ox model, the reactor
headspace is defined as a variable volume completely
mixed reactor. No kinetic parameters are modified
or optimized from their values given in the original
sources.

5 Results and discussion

5.1 Total cumulative gas generation

Total cumulative biogas generation measured and sim-
ulated under the operating conditions investigated, are
shown in Fig. 1a and Fig. 1b, respectively.

The experimental curves exhibit three distinguish-
able phases having markedly different gas generation
rates (Fig. 1a): An initial high generation of short
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Figure 1: Experimental (a) and simulated (b) total cu-
mulative gas generation for the control and
for different oxygen loading conditions.

duration, an extended period of an approximately con-
stant production rate, and eventually a final period of
very low gas production. Simulation curves display a
similar behavior (Fig. 1b) with the general order and
the magnitudes of gas generation. Simulations, though
somewhat over-predicts the total gas generation, still
substantiate the experimentally shown exhaustion of
gas generation within 20 days. The final total bio-
gas production is on average approximately the same
with and without oxygen loads. This can be expected,
as the possible reduction in methane yield due to oxy-
gen is compensated by increased CO2 production. The
oxygen appears to speed up the initial biogas produc-
tion rate, observed both in the experiments and in the
simulations.Oxygenation in AD can lead to reduced ini-
tial accumulation of volatile fatty acids (Botheju et al.,
2010), due to aerobic VFA degradation. High VFA con-
centration inhibits and slows down the methanogenic
phase of the digestion, a problem that can therefore
be avoided with micro-aeration. This, together with
increased CO2 production, can lead to higher initial
biogas generation rates observed under aerated condi-

tions. Nguyen et al. (2007) observed that pre-aerated
anaerobic reactors reached the active methane phase
(> 50 % CH4 in the biogas) quicker than completely
anaerobic reactors.

The experimental curves are not as congregated as
the simulated ones. These deviations suggest that the
standard model parameters applied do not fully ac-
count for all effects of oxygen in such processes.

5.2 Methane generation potential

The methane fractions of the produced biogas un-
der different oxygen loading conditions, simulated and
measured, are presented in Figures 2 and 3. The mea-
sured methane generations for different oxygen load-
ing conditions are quite closely predicted by the model
simulations (Figs. 3a – 3e).
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Figure 2: Relative placement of methane generation
curves under different oxygen loading condi-
tions according to the experimental data and
the simulation predictions.

According to the experimental data (Fig. 2a),
22mg/L oxygen load only induce a minor (not statis-
tically significant) impact on the methane generation
potential, while 44 and 88mg/L loads induced increas-
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Figure 3: Cumulative methane generation measured in the control and in different air headspace experiments
compared against simulation predictions.
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ingly negative impacts on the methane potential. Sim-
ulations predict distinguishable and increasingly neg-
ative impacts on the methane generation potential at
increasing oxygen loads (Fig. 2b).The deviations be-
tween the model predicted and experimental methane
generation implies that the standard model parame-
ters applied over-predict the negative impact of oxy-
gen and/or underestimate the positive effects. It is
also conceivable that some un-known oxygen effect has
an impact. Further, observed over-prediction at zero
oxygen condition could have been caused by the initial
inoculum conditions which were not fully character-
ized.

Figure 4 displays experimental and model predicted
ultimate methane generation against different oxygen
loads. Though the model somewhat over-predicted
the methane potential at zero oxygen load, it quite
closely predicted the methane potential under the oxy-
gen loads of 22, 44 and 88mg/L cases.
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Figure 4: Experimentally determined and simulation
predicted ultimate methane generation vs.
oxygen load.

5.3 Linear reduction of methane potential

The experimental and simulated methane generation
data at 22, 44 and 88mg/L oxygen loads demonstrate
a near linear decrease of methane potential with in-
creasing oxygen load (Figure 5). The coefficients of
determination (R2) values for the experimental data
(0.908) and simulated data (0.995) indicate above 90 %
confidence in linearity. The data point for zero oxygen
condition does not fall within this linear region. Ap-
parently, there is a certain non-linear behavior when
the condition changes from fully anaerobic to oxygen
affected methane generation. Both the experimental
and simulated data suggest the existence of such a
non-linearity at this transition region. If not for this
initial non-linearity, then interestingly enough, the ex-
perimental and simulation lines have a similar intercept

on the ordinate axis suggesting the exact same value
of methane potential at zero oxygen load (31.1mL).
This value is 16.4 % below the simulation prediction
for the zero oxygen condition and 9.5 % above the ex-
perimentally determined value for zero oxygen load.
The higher slope of the simulation line (0.15) compared
to the experimental line (0.076) causes the simulation
data to increasingly over-predict the negative impacts
of increasing oxygen loads. This is consistent with, and
explained in the section 5.2. Simulation curve fit to the
experimental data can be improved by parameter es-
timation (including and perhaps especially the oxygen
inhibition coefficient); but that is beyond the scope of
this study.

exp.
y = -0.0765x + 31.09

R2 = 0.908

sim.
y = -0.151x + 31.15

R2 = 0.995
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Figure 5: Analysis of linearity for experimental and
simulated data in the 22 – 88 mg/L oxygen
load range.

5.4 Rationale

The reduction of methane potential observed in ex-
periments and in simulations can be attributed to
the substrate oxidation by facultative acidogenic or-
ganisms and the partial inhibition of the activity of
strictly anaerobic biomass. Since a soluble substrate is
used (glucose), an increase in hydrolysis due to aer-
obic activity of facultative organisms cannot be ex-
pected. Previous studies indicated that even with the
increased hydrolysis (∼ 50 % increase) due to micro-
aeration, the ultimate methane yield has been reduced
(by ∼ 50 %) (Johansen and Bakke, 2006). The effect of
the enhanced hydrolysis can apparently be undermined
by the rapid aerobic oxidation of hydrolytic products,
caused by increased level of aeration.

Reduced methane yield under limited aeration con-
ditions associated with substrate oxidation by aerobic
respiration has also been observed by O’Keefe and
Chynoweth (2000) in an experimental study on aera-
tion effects in simulated landfill cells and by Mshan-
dete et al. (2005) for digestion of sisal pulp waste. Aer-
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obic substrate oxidation can also explain observations
made by Botheju et al. (2010) where reduced soluble
organic matter contents (measured as VFA and soluble
COD) and reduced methane generation were observed
in a semi-continuous digester fed a mixture of peptone,
starch and yeast extract. The reduction in methane
generation was linear with oxygen load. The methane
generation was quickly resumed with reduced oxygen
loads. These observations suggest that oxygen inhibi-
tion of methanogens was not a dominant factor causing
reduced methane generation, while aerobic substrate
consumption was. Oxygen inhibition was avoided due
to the rapid oxygen consumption by facultative organ-
isms under excess substrate conditions, thus effectively
shielding obligatory anaerobes from oxygen exposure
(Kato et al., 1997).

The use of simulation and experimental data dis-
cussed here are restricted to the specific operating con-
ditions and oxygen load levels tested. However the gen-
eral ability of the developed ADM 1-Ox model to pre-
dict oxygen impacts in anaerobic digestion is demon-
strated based on this experimental study.

6 Conclusions

Effects of free oxygen in anaerobic digestion is modelled
by expanding the standard ADM 1 model to also ac-
count for some known biochemical interactions of oxy-
gen in an anaerobic/methanogenic environment.

The developed ADM 1-Ox model is successfully im-
plemented and simulated in the AQUASIM 2.1 simu-
lation tool. The developed model is evaluated based
on laboratory batch test data. Under the experimen-
tal conditions tested (batch condition of 23.5 days,
1.92 kg COD/m3 initial glucose feed concentration, 35 �
operating temperature, 0 – 88mg/L equivalent oxygen
loading range), the developed ADM 1-Ox model can
be used to predict the oxygen impact on anaerobic di-
gestion with satisfactory results.

Experimental and simulation data suggest a linear
decrease of methane potential at increasing oxygen
loads under these operating conditions.

The proposed modeling approach can be utilized to
understand and quantify oxygen impacts on anaero-
bic bio-gasification processes. It will be used to op-
timize aeration, to enhance the digestibility of recalci-
trant and particulate organic matter through increased
solubilization, while minimizing the observed negative
impacts on methane generation.
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Nomenclature

aa amino acids
ac/act/acet acetic, acetate
bu/buty butyric, butyrate
ch carbohydrates
C oxygen concentration (mg/L)
C∗ saturation concentration (mg/L)
conc concentration
d days (time unit)
DO dissolved oxygen
a/Fa/lcfa fatty acids /LCFA
khyd first order hydrolysis rate constant
km uptake rate constant
ks half saturation constant (Monod)
kLa oxygen transfer coefficient (d−1)
LCFA long chain fatty acids
li lipids
M oxygen mass (mg)
pr protein
pro/prop propionate, propionic
r reaction rate
rhyd hydrolysis rate
S conc. of a soluble component
su/ms sugar/monosaccharides
T absolute temperature (K)
t time (days)
V reactor liquid volume (LormL)
va/val valeric, valerate
V FA volatile fatty acids
x,X conc. of a particulate component
Xaa amino acids degraders (biomass

conc.)
Xac acetoclastic methanogens
Xc4 butyrate and valerate degraders
Xfa LCFA degraders
Xh2 hydrogenotrophic methanogens
Xprop propionate degraders
Xsu sugar (monosaccharide) degraders
µmax maximum specific growth rate
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