
Bioresource Technology 194 (2015) 83–90
Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier .com/locate /bior tech
Development of simple-to-apply biogas kinetic models
for the co-digestion of food waste and maize husk
http://dx.doi.org/10.1016/j.biortech.2015.06.136
0960-8524/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +234 8035705814.
E-mail addresses: owamah.hilary@lmu.edu.ng, dahilla222@yahoo.com

(H.I. Owamah), izinyon2006@yahoo.com (O.C. Izinyon).
1 Tel.: +234 35038239.
H.I. Owamah a,⇑, O.C. Izinyon b,1

a Department of Civil Engineering, College of Science and Engineering, Landmark University, P.M.B. 1001, Omu-Aran, Kwara State, Nigeria
b Department of Civil Engineering, Faculty of Engineering, University of Benin, Benin, Edo State, Nigeria

h i g h l i g h t s

�Many existing biogas kinetic models are complex and substrate specific.
� BIK and MBPPSA models were hence developed in this study.
� BIK model was used for estimation of first order reaction rate constant (k).
� MBPPSA model was used for prediction of maximum biogas production potential (A) and digesters’ stability.
� Developed MBPPSA and BIK models would be useful for feasibility studies and plant design.
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Biogas kinetic models are often used to characterize substrate degradation and prediction of biogas produc-
tion potential. Most of these existing models are however difficult to apply to substrates they were not
developed for since their applications are usually substrate specific. Biodegradability kinetic (BIK) model
and maximum biogas production potential and stability assessment (MBPPSA) model were therefore devel-
oped in this study for better understanding of the anaerobic co-digestion of food waste and maize husk for
biogas production. Biodegradability constant (k) was estimated as 0.11 d�1 using the BIK model. The results
of maximum biogas production potential (A) obtained using the MBPPSA model were found to be in good
correspondence, both in value and trend with the results obtained using the popular but complex modified
Gompertz model for digesters B-1, B-2, B-3, B-4, and B-5. The (If) value of MBPPSA model also showed that
digesters B-3, B-4, and B-5 were stable, while B-1 and B-2 were inhibited/unstable. Similar stability obser-
vation was also obtained using the modified Gompertz model. The MBPPSA model can therefore be used as
an alternative model for anaerobic digestion feasibility studies and plant design.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction (1998) has estimated that about 4.11 million tonnes of maize resi-
According to the Food and Agriculture Organization of the United
Nations, over 30% of all food processed/manufactured for human
consumption ultimately ends up as waste to give about 1.3 � 103 bil-
lion kg (Nathan and Pragasen, 2012). This large amount of food waste
is evenly distributed between the developed and the developing
countries. A huge amount of maize is produced annually in Nigeria
and many other African countries, resulting in the generation of
large quantities of maize husks (MH) as wastes. Though at the
moment, there is no easily accessible documented information on
the actual amount of maize husk generated in Nigeria, the FMAWR
dues are generated annually in Nigeria alone. These maize residues
comprise mainly straw, husks, skin and trimmings, and cobs.
Maize husks are usually burnt in open places or used as fire starter
for cooking purposes in rural African communities. These disposal
methods are wasteful and impacts negatively on climate.

Globally, the high dependence on fossil energy fuels for indus-
trial, commercial and domestic energy needs has resulted in cli-
mate change, many environmental destructions and related
human health problems (Budiyono et al., 2010; Owamah, 2014).
The challenge posed by global pollution and depletion of fossil
fuels has motivated the search for development and utilization of
renewable energy, among which is biogas (Gueguim et al., 2012;
Owamah et al., 2014a). For proper enhancement of biogas produc-
tion from anaerobic digestion, adequate quantity of active inocu-
lum is necessary. Inoculum comprises complex community of
microbes that are capable of accelerating anaerobic biochemical
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processes (Boulanger et al., 2012). The effect of inoculum to sub-
strate (I/S) ratio is therefore necessary for the determination of
the efficiency of biogas production from anaerobic digestion
(Boulanger et al., 2012). Addition of inoculum to substrate could
help to overcome the inhibition of digesters (Moreno-Andrede
and Buitron, 2003). Increase in I/S ratio was reported to increase
methane production from the anaerobic digestion of sun oil flower
cakes (Raposo et al., 2009). Recently, Boulanger et al. (2012)
reported that I/S ratio 2 was the best for optimum production of
biogas from the anaerobic digestion of municipal solid waste.

Several biogas kinetic models based on kinetics of growth of
microorganisms and biogas yield have been developed for describ-
ing the degradation of substrates, substrate selection, digester sizing
and stability assessment (Gerber and Span, 2008; Momoh et al.,
2013). These kinetic models are relatively different from one another
because of their varied objectives and levels of complexity (Gerber
and Span, 2008). Also, because the growth rate of microorganisms
is dependent on the nature of substrates, many of the existing mod-
els are obviously applicable to unique substrates or a limited number
of substrates; it therefore becomes very difficult to apply some of
these models to substrates they were not originally developed for,
without experimental confirmation (Gerber and Span, 2008).

Furthermore, majority of the biogas kinetic models in literature
were developed for low energy substrates such as wastewater and
as such cannot be properly utilized for complex and high energy sub-
strates (Linke, 2006; Momoh et al., 2013), like food waste and maize
husk. The application of many of the existing models is also very dif-
ficult as the equations are usually complex and require special com-
puting skill and software, not too convenient at the moment for
existing and emerging renewable energy researchers in developing
countries. Following this, simple-to-apply biodegradability kinetic
(BIK) model and maximum biogas production potential and stability
assessment (MBPPSA) model were developed in this study for better
understanding of biogas production from food waste and maize
husk. Results obtained were validated though a comparison with
the results from the popular but complex modified Gompertz model.

2. Method

2.1. Collection of materials

Food waste used for this study was collected from the Waste
bins of the Cafeteria at Landmark University, Omu-Aran, Kwara
State. The collections were done on daily basis, within five working
days of a week, from Monday 24th March to Friday 28th March,
2014. In accordance with the procedure in Owamah et al.
(2014b), the food waste was collected at 12 noon and 7 pm of each
day, to coincide with students’ time of peak consumption and
waste generation. The purpose of collecting food waste over
5-working days was to reduce nutritional variations in the food
waste collected. The maize husks were obtained from Landmark
University Farm, Omu-Aran, Kwara State. It was initially kept dry
in a sack, in the Environmental Engineering Laboratory of
Landmark University, prior to the commencement of the anaerobic
Table 1
Feeding (influent) substrate characteristics.

Parameters Digester B-1 Dige

FW: MH(%) (w/w), based on total weight (g) 75:25 75:2
Total weight of sample (g) 30 30
Weight of FW (g) 22.5 22.5
Weight of MH (g) 7.5 7.5
VS (g/L) 3.5 3.5
C/N ratio 23.4 23.4
pH 7.2 6.9
I/S 0.25 0.5
digestion experiment. Similar approach was recently used by the
Authors (Owamah and Izinyon, 2015).

2.2. Substrates preparations

2.2.1. Food waste
Following the procedures used in Zhang et al. (2006), El-Mashad

and Zhang (2010) and Owamah and Izinyon (2015), bones and
inorganic materials in the food waste were sorted out within
24 h of collection. This was followed by the crushing and homoge-
nization of the food waste using a mini electric blender. The
blended food waste was then kept in a freezer at approximately
4 �C, before the commencement of the anaerobic digestion experi-
ment in April 10, 2014.

2.2.2. Maize husks
Following the procedure in Zhu et al.(2014), Owamah and

Izinyon (2015), the collected maize husks were ground to powdery
form using a grinder. Ground maize husk was then kept in a con-
tainer that was air tight until it was used for the experiment.

2.3. Analysis of chemical parameters of the prepared food waste and
maize husk substrates

The prepared food waste and maize husk substrates, before they
were mixed together for anaerobic digestion experiment were ana-
lyzed for their relevant chemical parameters. The total solids (TS)
and volatile solids (VS) were measured in triplicate according to
the Standard Methods for the Examination of Water and
Wastewater (APHA, 2012) using a laboratory oven, model
DHG-9053A manufactured by Controls, Italy. Following standard
procedures in APHA (2012), the food waste and maize husk sub-
strates were also analyzed for (NH4

+-N, TKN, Cl, P, K, S, Na, Ca,
Mg) using a direct-reading photometer (Palintest Photometer,
models 7100 and 7500) manufactured in England by ELE. Carbon
contents of the substrates were measured using standard proce-
dures in APHA (2012). The initial pH values of the food waste
and maize husk substrates were measured using pH meter, model
PHS-3C, manufactured by SEARCH TECH, United Kingdom.
Weighing balance (model KERN 572) manufactured by KERN and
SOHN, Germany, was used for measuring the mass of the sub-
strates. Similar procedures were recently used by the Authors
(Owamah and Izinyon, 2015).

2.4. Anaerobic digestion experiment

The batch anaerobic digestion experiment was carried out to
determine the effect of inoculum to substrate (I/S) ratio on biogas
production at the established optimum combination of 75% food
waste and 25% maize husk (Owamah, 2015; Owamah and Izinyon,
2015). Effluent from an anaerobic digester treating similar substrate
was used as inoculum for the digestion experiment. Five identical
10 l digester reactors with 5 l working volume each (B-1, B-2, B-3,
B-4, and B-5) were used for the experiment. In line with Boulanger
ster B-2 Digester B-3 Digester B-4 Digester B-5

5 75:25 75:25 75:25
30 30 30
22.5 22.5 22.5
7.5 7.5 7.5
3.5 3.5 3.5
23.4 23.4 23.4
6.8 7.1 5.9
1 2 4
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et al. (2012), five (5) treatments with I/S ratios 0.25, 0.5, 1, 2, and 4.0
were used for reactors B-1, B-2, B-3, B-4, and B-5 respectively. The
FW:MH mixture percentage, pH, weight, VS and C/N ratio, and I/S
ratios of the feeding substrate were also determined and shown in
Table1. Total and volatile solid contents of the inoculum, pH, and
C/N ratio are 6.8 ± 0.3, 3.4 ± 0.1, 7.5 and 6.6 respectively.

The reactors of the digesters were also run steadily at mesophi-
lic temperature of 37 ± 1 �C, through an inbuilt water bath of the
anaerobic digester. The substrates were fed from an overhead
influent tank into the reactors through inbuilt peristaltic pumps
and flow meters in the computer controlled anaerobic digester.
The flow was set to the maximum of 7 l per day in order to fill
the reactor of 5 l working volume within the period of 18–20 h.
The inflow of substrate was terminated after the working volume
of the reactors were completely filled. A solid retention time of
44 days was used for the anaerobic digestion. The volume of biogas
produced was measured daily at 12 noon, through water displace-
ment method from the volumetric tank of the anaerobic digester.
In line with Boe et al. (2010), the displaced water was initially acid-
ified to pH 3 using hydrochloric acid (HCl) before the addition of
sodium chloride (NaCl), to reduce the dissolution of CO2 into water.
The temperature and pH of the anaerobic digestion process was
constantly measured online through inbuilt sensors of the digester.
Anaerobic digestion in each reactor was terminated after 44 days,
when either no measurable or significant biogas production was
obtained. The experiments were run in duplicate and mean values
of daily biogas production were recorded.

Two blank digesters containing only the inoculum and water
were operated at same mesophilic temperature of 37 ± 1 �C in
order to obtain the background biogas generated from the inocu-
lum. The average background biogas production of the inoculum
was thereafter subtracted from biogas produced. Initial TS of feed-
ing substrates was also maintained at 8%, which is within the rec-
ommended range of 6–12% (Tchobanoglous et al. 1993). The
methane content of biogas was analyzed twice in a week using a
gas chromatograph (BUCK GC122, China) equipped with a
Stabilwax-DA column (0.3m � 0.32m � 0.5 lm) and FID. Nitrogen
gas was used as carrier gas at a flow rate of 5.2 mL/min. The col-
umn and detector temperatures were set at 40 �C and 200 �C,
respectively. A mesophilic semi-continuous anaerobic digestion
experiment using 75% FW and 25% MH was also carried out for
over 100 days in order to obtain different values of volatile solid
reduction at different retention times, when digestion process
was fairly at steady state. Similar experimental procedure was
recently used by the Authors (Owamah and Izinyon, 2015).
2.5. Fitting of experimental data using the modified Gompertz model

The popular modified Gompertz equation given as Eq. (1) is
used for estimating important kinetic parameters of anaerobic
digestion process.

At ¼ A exp � exp
Rm � e

A
ðk� tÞ þ 1

� �� �
ð1Þ

Eq. (1) has been used by many authors for prediction of maximum
biogas production potential, specific maximum biogas production
and lag time (latency) (Li et al., 2014; Zhu et al., 2014, etc).
Parameter A, is maximum biogas production potential (L/g VS), Rm

is maximum specific biogas production (L/g VS/day) and k is latency
(days), t is time of biogas production (days), At is cumulative biogas
production (L/g VS). The modified Gompertz model was carefully
used to fit the experimental data of this study in order to determine
some important kinetic parameters necessary for digester design
and optimal operation of large scale anaerobic plants that would
possibly treat food waste and maize husk substrates. The solutions
to Eq. (1) were obtained using the optimization tools of the Solver
Function in Microsoft Excel 2010 version.

3. Development of kinetic models

Given the challenges of complexity and uniqueness of existing
biogas kinetic models for describing and predicting anaerobic
digestion processes, the authors in this study developed two set
of biogas kinetic models called; biodegradability kinetic (BIK)
model and maximum biogas production potential and stability
assessment (MBPPSA) model to assist in the better understanding
of biogas production from food waste and maize husk.

3.1. Development of biodegradability kinetic (BIK) model

The first order reaction constant (k), also known as biodegradabil-
ity constant of a substrate is an important parameter for the predic-
tion of the feasibility of using a substrate for large scale production of
biogas. It also assists in the design of anaerobic digestion plants.

For a continuous system, without recirculation of solids, the
mass balance equation can be written as:

VR
dc
dt
¼ Q 0C0 � Q0C þ VRrC ð2Þ

where VR is the volume of reactor, Q0 is flow rate, C0 is influent vola-
tile solids concentration, C is effluent volatile solid concentration
and rc is the substrate removal rate.

but VR ¼ Q 0 � h ð3Þ

where h is the hydraulic retention time (days).
Substituting Eq. (3) into Eq. (2), gives;

Q0h
dc
dt
¼ Q 0C0 � Q 0C þ Q 0hrC ð4Þ

Eq. (4) can also be written as;

Q0h
dc
dt
¼ Q 0ðC0 � CÞ þ Q 0h � rC ð5Þ

Dividing both sides of Eq. (5) by, Q 0h gives;

dc
dt
¼ C0 � C

h
þ rC ð6Þ

Eq. (6) can also be written as;

dc
dt
¼ rC þ

C0 � C
h

ð7Þ

at steady state, rC ¼ �k � C, rC = substrate utilization rate; k = first order
rate kinetic (d�1) and C = substrate concentration at steady state.

Also at steady state, dc
dt ¼ 0

Therefore, Eq. (7) transforms to Eq. (8)

kh ¼ C0 � C
C

ð8Þ

Multiplying both sides of Eq. (8) by C
C0

gives;

kh
C
C0
¼ C0 � C

C0
ð9Þ

From Eq. (9), kh ¼ C0
C � C

C; which can also be written as,

kh ¼ C0

C
� 1

) khþ 1 ¼ C0

C

) 1
khþ 1

¼ C
C0

ð10Þ



Fig. 1. Substrate degradation and biogas yield correlation.
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Substituting Eq. (10) into Eq. (9), gives Eq. (11);

kh
khþ 1

¼ C0 � C
C0

ð11Þ

Assuming an ideal condition, that all substrates are digested to
yield biogas, then the correlation between substrates degradation
and biogas yield can be represented by Fig. 1 (Linke, 2006;
Momoh et al., 2013; Igal et al., 2014).

From Fig. 1,

C0 � Ct

C0
¼ yt

ym
ð12Þ
and
C0

Ct
¼ ym

ym � yt
ð13Þ

where yt is biogas yield at time (t) and ym is maximum biogas yield,
Ct = C and represents the effluent volatile concentration at time (t),
C0 is influent volatile solid concentration.

Substituting Eq. (11) into Eq. (12), gives;

kh
khþ 1

¼ yt

ym
ð14Þ

yt and ym are correlated with VSr and VSrm by Eq. (15), where VSr is
volatile solid reduction at time (t) and VSrm is maximum volatile
solid reduction (Dai et al., 2013)

yt

ym
¼ VSr

VSrm
ð15Þ

Substituting Eq. (14) into Eq. (15), gives Eq. (16);

VSr

VSrm
¼ kh

khþ 1
ð16Þ

Inverting Eq. (16), gives;

khþ 1
kh

¼ VSrm

VSr

In completely mixed anaerobic digester where no recycling
occurs, the solid retention time (SRT) is the same as the hydraulic
retention time (h) (Ezekoye et al., 2011). Making kh the subject of
Eq. (16) and substituting h with SRT, gives Eq. (17)

VSr

VSrm � VSr
¼ kðSRTÞ ð17Þ

Provided VSrm is known, k can easily be determined as the slope
of Eq. (17) by the plot of VSr

VSrm�VSr
against SRT.

In line with Chen and Hashimoto (1978), and Dai et al. (2013),
VSrm can be obtained as the intercept of the plot of 1

SRT versus VSr.
3.2. Development of maximum biogas production potential and
stability assessment (MBPPSA) model

Linke (2006), and Momoh and Nwaogazie (2011) in their stud-
ies on anaerobic digestion, developed simple models for the deter-
mination of maximum biogas yield (ym).

Following the procedure they adopted, based on mass bal-
ance;VR

dc
dt ¼ Q 0 � C0 � Q 0 � C þ VRrcwhere VR is the volume of reactor,

Q0 is flow rate, C0 is influent volatile solids concentration, C is effluent
volatile solid concentration and rc is the substrate removal rate.

In batch systems, Q0 = 0.

)VR
dc
dt
¼ VRrc ð18Þ

dc
dt
¼ rc ð19Þ

but rc = �kC

)
dc
dt
¼ �kC ð20Þ

where k is the first order kinetic constant (biodegradation constant).
Integrating Eq. (20), gives;

ln
C0

Ct
¼ kt ð21Þ

From Fig. 1 (Linke, 2006; Momoh and Nwaogazie, 2011; Igal
et al., 2014), the relationships between substrate degradation and
biogas yield, were explained using Eqs. (12) and (13); C0�Ct

C0
¼ yt

ym

and C0
C ¼

ym
ym�y respectively.

By substituting Eq. (12) into Eq. (21),
Momoh and Nwaogazie (2011) obtained

yt ¼ ymð1� e�ktÞ ð22Þ

Linke (2006) also obtained

HRT ¼ 1
k

y
ym � y

� �
ð23Þ

While Eq. (22) was used by Momoh and Nwaogazie (2011)
to determine the maximum biogas yield of substrates used,
Linke (2006) used Eq. (23) to determine biodegradability con-
stant (k).

However, the Momoh and Nwaogazie (2011) model of Eq. (22)
and the Linke (2006) model of Eq. (23) did not take the mixing ratio
of substrates (n), especially for co-digestion scenarios into consider-
ation. The models therefore have limitations for predicting the max-
imum biogas production potential of substrates (A). It also was not
suitable for determining the stability/ inhibition status of anaerobic
digestion process. Furthermore, the modified Gompertz model have
been extensively used in literature for determining the maximum
biogas production potential of substrates, without an alternative
simple model for verifying the results obtained from the model.
Moreover, the modified Gompertz equation is complex and usually
requires special skill and software for analyzing it. It also does not
have the capacity to assess in simple terms the stability /inhibition
status of anaerobic digestion processes.

In an approach to contributing to solving the above mentioned
problems, the authors here, modified Eq. (22), by introducing some
relevant variables as shown.

Let ym in Eq. (22) be substituted by A (Igal et al., 2014), to give;

yt ¼ Að1� e�ktÞ ð24Þ

A is the maximum biogas production potential (same as A in mod-
ified Gompertz equation).In order to account for the mixing ratio of
substrates, Eq. (24) was raised to power n, to give Eq. (25).



Fig. 3. Simulation of experimental data with modified Gompertz model at different
I/S ratios.
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yt ¼ Að1� e�ktÞn ð25Þ

where n is the ratio of the major substrate to the minor substrate
being digested (in co-digestion scenarios).

When the substrates are mixed in equal amount, n = 1.
Replacing yt by At, for unification of letters, we have

At ¼ Að1� e�ktÞn ð26Þ

Adding (If) to Eq. (26) to make the equation conform with gen-
eral form of linear equations (y = mx + c), gives

At ¼ Að1� e�ktÞn þ If ð27Þ

where (If) is intercept of Eq. (27) and represents the inhibition/stabil
ity/feasibility determination factor.

Once k is known, using BIK model of Eq. (17) developed here or
any another suitable method, A can then be obtained as the slope
of the plot of At against ð1� e�ktÞn. The intercept of the plot repre-
sents (If).

At represents cumulative biogas yield of experimental data. The
unit of A is L/g Vs, L/kg VS, ml/g VS, and other lower and higher
units of this form. Negative (If) indicates feasible or non-inhibited
process, while positive (If) represents non-feasible (inhibited pro-
cess). Furthermore, the higher the absolute value of the negative
(If), the higher the feasibility of the process would become. In the
same vein, the higher the positive value of (If), the more inhibited
(non-feasible) the process becomes. However, the MBPPSA model
is developed on the assumption that only one or two substrates
are digested at a time. In a three substrate situation, it is expected
that one substrate should be kept constant while the two other are
varied in order to suit the MBPPSA model. However, further inves-
tigations on applicability of the model to the digestion of three or
more substrates in one digester is recommended.

4. Results and discussion

4.1. Effect of I/S ratio on digester performance

It has been suggested in literature that the addition of inoculum
to substrate could have a significant impact on biogas yield,
thereby making the selection of appropriate I/S ratio imperative
for the sustainable operation of large scale anaerobic digestion
plants (Raposo et al., 2009; Boulanger et al., 2012). The I/S ratios
in digesters B-1, B-2, B-3, B-4, and B-5 are 0.25, 0.5, 1, 2, and 4.
Digester B-3 with I/S ratio of 1 had a significantly (p < 0.05) higher
biogas yield than the other four digesters. Digester B-3 had the
highest cumulative biogas yield of (28.92 L/g VS), while digesters
B-1, B-2, B-4, and B-5, had cumulative biogas yield of 5.55,
6.97,19.7 and14.85 L/g VS respectively. From Fig. 2, the peak biogas
Fig. 2. Daily biogas production at the different I/S ratios.
yield of digester B-3 is significantly higher than the peak yield of
the other digesters. Details of the result on the effect of I/S ratio
on biogas production from the co-digestion of food waste and
maize husk can be found in Owamah (2015).
4.2. Simulation of experimental data using modified Gompertz model

Experimental data obtained from digesters B-1, B-2, B-3, B-4,
and B-5 were simulated using the modified Gompertz model, for
the determination of relevant kinetic parameters necessary for
evaluation of the performance of digesters and process. The simu-
lation plot of biogas production from digesters; B-1, B-2, B-3, B-4,
and B-5 is shown in Fig. 3. The kinetic parameters obtained from
the simulation of the experimental data with modified Gompertz
model are shown in Table 2. Again, the modified Gompertz model
shows that digester B-3 performed better than the other digesters
as it had the least latency (k), and highest maximum biogas pro-
duction potential (A) and maximum specific biogas production
(Rm) (Table 2).
4.3. Application of the developed biodegradability kinetic (BIK) model
for estimation of k

Despite the numerous kinetic models for studying the
biodegradability of substrates in literature, simple and easy to
apply kinetic models of anaerobic digestions are still scanty.
Furthermore, the first order reaction rate constant (k) and maxi-
mum biogas yield (ym) are two important parameters usually
applied for digester sizing and performance evaluation (Linke,
2006). While ym can easily be obtained from simple batch tests,
the determination of k requires very long term experiment in con-
tinuous stirred tank reactors (CSTR) (Linke, 2006). This is usually
not readily available in literature for many substrates and the
few available values are not flexible enough to be applied to any
other substrate without experimental investigations (Linke,
2006). The authors have therefore in this study, developed a simple
kinetic model for the estimation of k from limited data of short
Table 2
Modified Gompertz model parameters at the different I/S ratios.

Digesters I/S ratio A (L/g VS) Rm (L/g VS/day) k (Days) R2

B-1 0.25 5.10 0.39 12.4 0.9170
B-2 0.5 6.30 0.39 8.5 0.9126
B-3 1 29.58 1.26 5.0 0.9948
B-4 2 20.77 0.76 5.6 0.9967
B-5 4 13.9 0.41 4.6 0.9966



Table 3
Parameters for VSrm and k determination.

SRT (Day) VS removal (%) 1/SRT (Day�1) VSr
VSrm�VSr

80 80.7 ± 4.5 0.0125 7.83
62 76.5 ± 2.8 0.0161 6.91
41 74.3 ± 3.1 0.024 4.45
30 78.3 ± 1.6 0.0333 2.54

Table 4
Estimated parameters from the BIK model.

VSrm (%) k (d�1)

91.0 0.11 Fig. 4b. Plot of At against (1 � e�kt)n for digester B-2.

Fig. 4c. Plot of At against (1 � e�kt)n for digester B-3.
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term experiment using Eq. (17). In accordance with the work of
Chen and Hashimoto (1978), Dai et al. (2013), the maximum VS
reduction (VSrm) was obtained from the intercept of the linear
equation of VSr(%) against SRT�1 (d�1) as 91% using the obtained
data shown in Table 3. This VSrm is similar to documented values
in literature for mono and co-digestion of food waste (Dai et al.,
2013). The value of k was estimated as 0.11 d�1 using the devel-
oped BIK model [Eq. (18)], by plotting VSr

VSrm�VSr
against SRT. The slope

of the plot represents the value of k. Table 4 shows the estimated k
and VSrm values. Again, it is similar to k values from mono and
co-digestion of food wastes in literature (Dai et al., 2013). The
BIK model utilized the experimental data of VS reduction over
the digestion period to predict k value. This model can therefore
be of great assistance in digester sizing and performance
evaluation.

4.4. Application of the developed maximum biogas production
potential and stability assessment (MBPPSA) model

The developed maximum biogas production potential and sta-
bility assessment model (MBPPSA) of Eq. (27) was applied to
experimental data to obtain relevant biogas production parame-
ters. Values of maximum biogas production potential (A) obtained
for reactors B-1, B-2, B-3, B-4, and B-5 were compared with the
maximum biogas production potential (A) values obtained using
the popular modified Gompertz model, to serve as a means of
model validation.

4.4.1. Estimation of maximum biogas production potential (A) using
MBPPSA model

The MBPPSA model can be used for simple estimation of maxi-
mum biogas production potential (A) of substrates and for the
assessment of process feasibility/stability. The MBPPSA model
Fig. 4a. Plot of At against (1 � e�kt)n for digester B-1.

Fig. 4d. Plot of At against (1 � e�kt)n for digester B-4.

Fig. 4e. Plot of At against (1 � e�kt)n for digester B-5.



Table 5
Comparison of the maximum biogas production potential (A) of the MBPPSA model and the modified Gompertz model.

Digester I/S ratio A (L/g VS); from modified Gompertz
model; At ¼ Aexp �exp Rm�e

A ðk� tÞ þ 1
� 	
 � A(L/g VS); from MBPPSA

model At ¼ A 1� e�kt
� n þ If

If R2 (from MBPPSA
model)

MBPPSA model prediction efficiency
over modified Gompertz model results

B-1 0.25 5.1 4.8 0.9 0.929 94.1%
B-2 0.5 6.3 6.1 0.1 0.913 96.83
B-3 1 29.6 29.9 �1.6 0.983 100%
B-4 2 20.8 19.8 �1.5 0.955 95.2%
B-5 4 13.9 13.4 �0.9 0.87 96.40%

Table 6
Inhibition/stability check for the digesters based on If value.

Digester I/S ratio If value Stability status

B-1 0.25 0.2 Unstable/inhibitedb

B-2 0.5 0.1 Unstable/inhibitedb

B-3 1 �1.6 Stablea

B-4 2 �1.5 Stablea

B-5 4 �0.9 Stablea

a Negative If values signify stability.
b Positive If values signify inhibition/instability.
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was tested and validated, using experimental data from 5 digesters
(B-1, B-2, B-3, B-4, and B-5) containing 75% food waste and 25%
maize husk to give an n-value of 3 for each digester. Figs. 4 shows

the respective plots of At against ð1� e�ktÞn for digesters B-1, B-2,
B-3, B-4, and B-5 respectively. Results of MBPPSA model parameter
(A) obtained for digesters B-1 to B-5, were found to be in good cor-
respondence in both value and trend with the results obtained
using the popular modified Gompertz model (Table 5). The
MBPPSA model can therefore be used to complement the modified
Gompertz model, for anaerobic digestion experiments and feasibil-
ity studies. Researchers and other professionals can also use the
MBPPSA to do a quick check on results obtained from the popular
modified Gompertz model. It is also relatively much easier to
determine the parameters of the MBPPSA model, since it can be
reduced to just a simple linear equation by plotting At against

ð1� e�ktÞn unlike the complex modified Gompertz equation that
requires special skill and software for its parameters
determination.
4.4.2. Assessment of digester stability/inhibition status using MBPPSA
model

The MBPPSA model was applied to assess the stability /inhibi-
tion status of digesters B-1 to B-5. The intercept of the MBPPSA
model (If) was found suitable for digester stability evaluation. A
negative value of (If) shows that an anaerobic digestion process is
stable. The higher the absolute value of the negative (If), the more
stable the digester would be. Positive (If) values indicate inhibition
or instability. The higher the positive value of (If), the more unsta-
ble/inhibited an anaerobic process would become. Similar stability
assessment classification had been used by Yusuf et al. (2011) in
their study of biogas production from co-digestion of cow dung
and house dung. From Table 6, it becomes abundantly clear that
digesters B-3, B-4, and B-5 with best performance in terms of bio-
gas production potential (A), as expected were found to be stable.
However, based on their (If) values, digesters B-3 and B-4 with
(If) values of�(1.6) and�(1.5) could be described to be more stable
and efficient than digester B-5 with (If) value of �(0.9). In the same
vein, digesters B-1 and B-2 were adjudged to be inhibited/unstable
as a result of the positive values of their (If) parameter.
Furthermore, digester B-1 with (If) value of 0.9 was described as
being more inhibited/unstable than digester B-2 with (If) value of
0.1. The stability assessment result of this model for digesters
B-1 to B-5, corroborates very well with the Rm and latency (k)
result trend obtained for the digesters using modified Gompertz
model as shown in Table 2. From Table 2, digesters B-3, B-4 and
B-5, adjudged as stable by the (MBPPSA) model have higher max-
imum biogas yield (A) and shorter latency (k); while digesters B-1
and B-2 adjudged to be inhibited have comparatively much lower
yield and longer k. This is clearly an evidence of inhibition/failure
for digesters B-1 and B-2. Moreover, the yield of digester B-1 is
the least among the other digesters (5.1 L/g VS), yet, it had the
longest (k) of 12.4 days. It means that irrespective of the fact that
it could not yield reasonable amount of biogas, it also took a com-
paratively longer period of 12.4 days to start undergoing active
methanogenesis. It therefore, sufficiently indicates that digester
B-1, going by the result of modified Gompertz model, is more
inhibited than digester B-2. This finding corresponds greatly with
the values of (If) obtained using the (MBPPSA) model.

The same illustration also goes through for stable digesters B-3,
B-4, and B-5. Digester B-3 had the highest potential biogas yield (A)
of 29.6 L/g VS, the highest maximum specific biogas yield (Rm) of
1.25 L/g VS/day and the shortest latency (k) of 5 days (Table 2).
This efficient performance was followed by digesters B-4, before
digester B-5. It therefore indicates, that though digesters B-3,
B-4, and B-5 are stable, digester B-3 is the most stable and digester
B-5 is the least stable. Interestingly, this finding yet again agrees
with the values of (If) of (MBPPSA) model, which revealed that
though the three digesters were stable, digester B-3 was the most
stable (If = �1.6), followed by digester B-4 (If = �1.5, and having
B-5 (If = �0.9) as the least stable. The MBPPSA model could there-
fore be used for feasibility studies and plant design. Both the
MBPPSA model and the modified Gompertz model show that I/S
ratio of 1 was the best for enhancement of biogas production from
the co-digestion of food waste and maize husk. This is in line with
the result contained by Boulanger et al.(2012) on the effect of
inoculum on biogas production from municipal solid waste. The
models also indicated that B-1 and B-2 with lower I/S ratios were
inhibited and hence had lower values of maximum biogas produc-
tion potential (A) and longer latency.
5. Conclusion

The biodegradability kinetic (BIK) model developed in this
study was found suitable for determination of the first order reac-
tion rate constant (k). The MBPPSA model was used for the estima-
tion of maximum biogas production potential of substrate (A). The
results obtained with the MBPPSA model corresponded greatly
with the results obtained using the popular but complex modified
Gompertz model. Besides, the MBPPSA model was also used to
evaluate the stability of anaerobic digesters through its inhibition
factor (If), unlike the modified Gompertz model. These models
could therefore assist in the design of anaerobic digestion plants.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biortech.2015.06.
136.
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