European Journal of Sustainable Development Research ‘ﬁ

2020, 4(4), em0141
e-ISSN: 2542-4742 MODESTUM
https://www.ejosdr.com/ Research Article OPEN ACCESS

Comparative Analysis of the Amount of Biogas Produced by Different
Cultures using the Modified Gompertz Model and Logistic Model

Srigan Moharir *, Ameya Bondre ?, Salil Vaidya ?, Parth Patankar %, Yashraj Kanaskar !, Hemlata Karne *

'Vishwakarma Institute of Technology, Pune, INDIA
*Corresponding Author: srigan.moharirl7@vit.edu

Citation: Moharir, S., Bondre, A., Vaidya, S., Patankar, P., Kanaskar, Y. and Karne, H. (2020). Comparative Analysis of the Amount of Biogas
Produced by Different Cultures using the Modified Gompertz Model and Logistic Model. European Journal of Sustainable Development Research,
4(4), em0141. https://doi.org/10.29333/ejosdr/8550

ARTICLE INFO ABSTRACT
Received: 14 Jul. 2020 With the increase in population, the amount of food waste generated is increasing exponentially. Anaerobic
Accepted: 10 Aug. 2020 digestion can serve the purpose of managing organic waste in an eco-friendly way. Microorganisms play a vital

role in the process of anaerobic digestion. In this work, the effect of anaerobic digestion was analyzed using two
organic cultures- Cow Dung and Horse waste which was in turn compared to an Industrial Culture with regards to
the biogas produced over a cycle of 14 days. Between the two organic cultures, the volume of biogas produced by
Horse waste was 35,366.03 cm>which compared to the biogas produced by cow dung was considerably large. The
use of Horse waste as potential biomass has the capacity to produce biogas which can be utilized as a biofuel. The
experimental data were evaluated using mathematical models like the Modified Gompertz Model, Logistic Model,
and First Order Kinetics Model. Of the three models used, Modified Gompertz Model and Logistic Model gave a
good fit for the experimental data with 0.98 and 0.97 respectively as the Coefficient of Determination (R?). While
the First Order Kinetics Model underperformed with an R?value of 0.68. The Modified Gompertz gave accurate
results which thus validated the experimental data.
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INTRODUCTION

With an exorbitant increase in the per capita energy consumption, our dependence on renewable and cheap modes of energy
hasincreased. Enhancing resources like biogas is necessary with regard to its ability to act as a clean alternative to fossil fuels. And
in turn the production of green energy significantly contributes to sustainable development and reduction in greenhouse gas
emissions and global warming. The problem of finding cheaper and cleaner alternative sources of energy is further compounded
by poor waste disposal and management systems in parts of the developing world.

For the utilization of biomass, processes like anaerobic digestion have proven to be efficient and in turn, helps in managing
waste. The waste majorly consists of food waste which can be found at the domestic level. Thus, the generation of biogas provides
an excellent solution to solve both these issues utilizing decomposing organic waste, particularly by the degradation of animal
waste which may pose a threat to public health, to produce a cleaner form of energy (Kumar et al., 2017; Manyi-Loh et al., 2013)
Since the last decade, major developments in the field of bioenergy have been observed. Advancements in molecular biology have
provided researchers with a better understanding of complex microbiological systems. Improved reactor designs and
mathematical models have optimized the production of biogas. (Horvath et al., 2016).

Anaerobic decomposition of organic waste makes use of bacteria to produce biogas, which largely constitutes the mixture of
methane (CH4) and carbon dioxide (CO.) gases. The combustible nature of biogas makes it a practicable alternative source of
energy used for cooking, heating, lighting, etc. (Chakravarthi, 1997). Biogas production by anaerobic digestion can be explained
by four successive phases- Hydrolysis, Acidogenesis, Acetogenesis, and Methanogenesis (Figure 1). In Hydrolysis, complex
polymers are broken down into simpler ones, simpler sugars from Carbohydrates, Amino Acids from Proteins, and fatty acids from
lipids are some notable examples. Acidogenesis involves the formation of short-chain organic acids by the breakdown of
monomers. In view of the previous step, acetic acid is formed by converting the organic acids (formed in the process of
Acidogenesis). The oxygen dissolved is consumed by acetogenic bacteria from the slurry which in turn is responsible for creating
an anaerobic environment, known as the acetogenesis phase. This gas contains large proportions of carbon dioxide, as the
methanogenic bacteria are still inactive in the presence of the aerobic conditions within the digester, containing trapped air
(Okonkwo et al., 2018). Finally, the methanogenic bacteria perform the function of converting acetic acid to methane and carbon
dioxide under anaerobic conditions (Anukam et al., 2019).
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Figure 1. Phases of Anaerobic Digestion

The main parameters which affect biogas production are temperature, pH, hydraulic retention time, substrate, and culture.
Animal manure which is rich in carbon and nitrogen is used as organic fertilizer and as cooking fuel in the form of dung
cakes/pellets as a source of energy. Having high nutritive and calorific values, organic waste material like cow dung and horse
waste can be used to efficiently produce methane which is a utilizable form of energy (Caruso et al., 2019).

Livestock manure contains a variety of bacteria that play a key role in the generation of biogas under ambient conditions. Cow
dung, in particular, has been studied as a source to produce biogas under anaerobic conditions (Awasthi et al., 2018; Mel et al.,
2015). Horse waste has been widely used as a substitute for cattle dung as a source of biogas production (Kalia and Singh, 1998;
Kusch et al., 2008). Some cultures and strains of bacteria have been artificially enhanced using those found in the natural world,
to improve the activity of bacteria and subsequent biogas yield (Jain et al., 2014). It is necessary to understand and/or quantify
the biogas productivity of the organic waste cultures in comparison to the synthetically developed cultures. Thus, aiding in the
choice of a culture feasible for small scale operations.

Employing various Kinetic Models, the biogas potential for a system can be predicted, such a study to determine the
Biochemical Methane Potential (BMP) is key to understand the feasibility of using a certain kind of substrate to produce desired
amounts of biogas (Gerber and Span, 2008; Stromberg et al., 2014; Ware and Power, 2017). Such studies are also helpful to design
scale up operations, especially for larger digester units intended to produce biogas using the selected substrates by means of
certain parameters like the lag phase (A) and biogas production potential (P).

This study aims to compare the biogas productivity of two such organic waste cultures- Cow Dung (CD) and Horse Waste (HW)
in comparison to an Industrial Culture (IC), over a model food waste. The objective of the study is to determine if either one or both
of the organic waste cultures can yield a sufficient amount of biogas like the industrially developed Industrial Culture (IC). The
specific interest in organic wastes is to determine which of the two organic wastes (HW or CD) is viable for small scale or household
biogas production. The study also specifically aims to determine the best fitting kinetic model for the experimental biogas data
collected for all three cultures.

MATERIAL AND METHODS

Culture Collection

The IC was obtained from a digester working on food waste, from Thyssenkrupp India Pvt. Ltd. facility in Pimpri-Chinchwad,
Maharashtra, India. The fresh HW was obtained from a stable in Sahakar Nagar, Pune, India whereas fresh CD was procured from
a cow pen in Kondwa, Pune.

Experimental Apparatus Set-up

The use of floating drum digesters (10 litres) had been used in this work for biogas production. The complete apparatus
consisted of a 10-litre drum, 7-litre drum, elbow bend, a valve, a nozzle, and a measuring tape. A hole was drilled on the 7-litre
inverted drum and a mechanical combination of valve and nozzle were attached to it. The measuring tape was employed to check
the level of the gas generated (Figure 2). The placement of the 7-litre drum on the 10-litre drum was such that it created a vacuum
and all the air was released through the nozzle. Care was taken that the inverted drum did not fit tight which might have otherwise
opposed the pressure exerted by the formation of biogas.
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Figure 2. Schematic of a Floating Drum Digester
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Experimental Design

The following constituents were added to the apparatus (Figure 2). 1 kg of soybean substrate used as the model food waste
was added to 1kg CD. In addition to this, 15 g of ammonium chloride was added to maintain the C:N ratio. The entire mixture was
then diluted with water up to the 10-litre mark. A similar approach was used for HW culture and the IC. The experimental runs were
carried out in batch mode.

Experimental Procedure

Once the digester was set up with the constituent mixture, the amount of gas produced was measured by the height
corresponding to the layer of gas generated which was matched with the measuring tape. A cycle of 21 days was carried out initially
for CD but since there was a negligible amount of biogas being generated after 14 days, hence further runs were taken for 14 days.
The amount of biogas generated was recorded and tabulated. A similar approach was used for HW and the IC. Figure 3 summarizes
the method used during the research.
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Figure 3. Flow diagram of the process undertaken for Biogas production and measurement

Measurement of the amount of Biogas generated was carried out by obtaining the volume of the frustum whose bigger end
would vary depending upon the amount of gas collected on any particular day. The temperature and pH were monitored regularly.

The volume of gas collected = Volume of Frustum
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1
V=§*H*(Rf+R§+RﬂQ) (1)

Where,

V=Volume

H= Height of the Frustum
Ri= Radius of Bigger End
R2= Radius of Smaller End

Kinetic Models for Biogas Yield Production

The following models were fitted to the cumulative biogas production data obtained from the experiments. This allows for the
evaluation of the various parameters associated with each model. These parameters aid the comparative study of the biogas yield
from different cultures in a quantitative manner.

First Order Kinetic Model

The simplest and the crudest estimation kinetic model for biogas production can be done with the help of first-order kinetics.
Some researchers have explained the use of first-order kinetics by assuming the Hydrolysis step in the degradation of feed mixture
as the rate-limiting step (Parameswaran and Rittmann, 2012; Pavlostathis and Giraldo-Gomez, 1991).

M = P.{1 — exp[K = t]} (2)
M: cumulative biogas production (cm?3)
t: duration at which cumulative biogas production M is calculated (day)
P: biogas production potential (cm?)
K: Biogas rate constant (day™)
Logistics Model

The Logistic Model depicts a sigmoid curve. It is a growth curve widely used for modelling and predictive purposes. It
essentially helps predict the initial exponential rise and subsequent stabilization at maximum production levels, assuming the
rate of biogas produced is proportional to the amount of biogas previously produced (Donoso-Bravo et al., 2010; Pramanik et al.,
2019).

The function is as follows:

M

P
_{1+exp[4*Rm*@+2]} @)

M: cumulative biogas production (cm?3)

t: duration at which cumulative biogas production M is calculated (day)
P: biogas production potential (cm?)

Rm: maximum biogas production rate (cm3/day)

A: duration of lag phase (day)

Modified Gompertz Model

The reparameterization of the Gompertz equation was done in 1990 and came to be known as the ‘Modified Gompertz
Equation/Model’ (Tjerve and Tjerve, 2017; Zwietering et al., 1990). It is a multi-parameter (three-parameter), sigmoid growth
model. This model is commonly used in biology to model the growth of micro-organisms, the growth of animals, etc. The modified
Gompertz equation is used to model the kinetic data of biogas experiments by assuming that the biogas produced in the batch
condition corresponds to the growth rate of methanogenic bacteria in the biodigester. The equation is:

M = P.exp {—exp [% A=)+ 1]} (4)

M: cumulative biogas production (cm?3)

t: duration at which cumulative biogas production M is calculated (day)
P: biogas production potential (cm?)

Rm: maximum biogas production rate (cm3/day)

A: duration of lag phase (day)

The parameters of this model are Rm, P, A. The higher the value of ‘Rw’ the higher the production rate of biogas and A is essential
to determine the efficiency of anaerobic digestion (Li et al., 2019).
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RESULTS AND DISCUSSION

Biogas was produced at mesophilic conditions (25-40°C) throughout the duration of the fourteen-day cycle. The digester was
kept at ambient conditions because it was easy to maintain and not very sensitive to temperature fluctuations, as the external
temperature conditions of the location remained in the aforementioned temperature range. The pH of the system was 7. The
digester was also more stable at mesophilic conditions than at thermophilic conditions (Nges and Liu, 2010). The amount of biogas
collected for the three different cultures was noted daily for 14 days. The gas was analyzed using gas chromatography- the IC, HW,
and CD cultures contained 72%, 68-70%, and 63% methane content respectively. The gas analysis was carried out in Horizon
Services, Pune, India. Runs were repeated for confirmation of results. The experimental data on the three cultures were then fitted
into kinetic models namely First Order Kinetic Model, Logistic Model, and Modified Gompertz Model and the results were analyzed
to identify the most suitable model that can be used to predict the amount of biogas generated.

Table 1 and Figure 4 represent the cumulative amount of biogas produced after completing a 14-day cycle under anaerobic
conditions. The data indicate that IC had higher biogas production daily than the other 2 cultures with a total biogas production
of 48004.97 cm?. The superior performance of the IC can be attributed to the fact that it was developed for industrial use. The CD
produced the lowest biogas among the three cultures with a total biogas production of 9188.03 cm®. HW culture performed better
than CD but produces 26% less biogas than IC with a total biogas production of 35366.03 cm®. The data also shows that the CD
takes more time to activate and also produces comparatively less biogas. While IC and HW cultures take less time to activate.

HW culture gives its best performance during the first half of these 14 days. It is also observed that unlike the other two cultures,
the HW culture produces a significant amount of biogas over an 11-day cycle, and then there is no further production of biogas
(Table 1, Figure 4). As HW yields higher biogas productivity than CD, it may be suitable for household or small-scale digester use.
Also, the CD culture is largely inactive - a spell of nearly 7 days of inactivity is followed by peak biogas production on Day 9 and
then again results in meagre amounts of biogas production post Day 11. Unlike the two Organic Cultures which produce
insignificant amounts of biogas in the later stages, the IC produces feasible amounts of biogas until the cycle concludes on Day 14
(Figure 4).

Table 1. Cumulative Amount of Biogas Produced

Time Industrial Culture (cm®) Cow Dung (cm?) Horse Waste (cm?)
Day 1 13845.76 3758.95 6823.81
Day 2 18885.21 3758.95 7616.05
Day 3 23311.58 3758.95 12042.41
Day 4 27737.94 3758.95 19346.21
Day 5 30711.54 3758.95 23772.58
Day 6 33685.14 3758.95 25838.43
Day 7 36198.89 3952.80 27043.68
Day 8 36589.43 3952.80 30017.28
Day 9 38219.17 7398.35 32531.04
Day 10 39424.43 8603.60 33736.29
Day 11 40629.68 8797.49 35366.03
Day 12 40629.68 8797.49 35366.03
Day 13 44559.43 8797.49 35366.03
Day 14 48004.97 9188.03 35366.03

—#— Industrial Culture —— Cow Dung —i— Horse Waste
60000

VOLUME OF BIOGAS (CM?)

50000
410000
30000

20000

10000 = = = a—a

7 8 9 10 11 12 13 14
TIME (DAYS)

_
]
w
~
[¥p]
o

Figure 4. Amount of Biogas Produced
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First Order Kinetic Model

Figure 5 and Table 2 represent the plot and optimized data for the First order Kinetic Model after fitting the equation for the
predictive model. The Coefficient of Determination (R?) values which represent how well a model fits the data are 0.95 and 0.98 for
IC and HW cultures which shows that the model curve fits the experimental data accurately but in the case of cow dung, the R?
value is 0.69 which is abysmally low and is not satisfactorily accurate. The rate constant (K) values for IC, CD, and HW cultures are
approximately 0.24 day, 0.05 day?, and 0.15 day, respectively.

4 Industrial Culture B Cow Dung
A Horse Waste First Order Kinetic Model Industrial Culture

— = -First Order Kinetic Model Cow Dung =~ «e==++e- First Order Kinetic Model Horse Waste

60000

50000

40000

30000

20000

10000

VOLUME OF BIOGAS (CM3)

1 2 3 a 5 6 7 8 9 10 11 12 13 14
TIME (DAYS)

Figure 5. Graph for First Order Kinetic Model

Table 2. Optimized Data for First Order Kinetic Model

P (cm?) K (day™) R? Variance
IC 4.48*10* 0.24 0.95 4.85*10°
CD 1.79*10* 0.05 0.68 2.09*10°
HW 4.28*10* 0.15 0.97 2.78*10°

Logistic Model

Figure 6 and Table 3 represent the plot and optimized data for the Logistics Model after fitting the equation for the predictive
model. The Coefficient of Determination (R?) is 0.97 and 0.99 for IC and HW which shows that the model curve fits the experimental
data accurately and in the case of CD, the R? value is 0.83 indicating poor curve fit for the given data. The lag phase (A) predictions
for the IC, CD, and HW cultures are 2.98 days, 2.17 days, and 4.06 days respectively but are not close to the actual experimental
observations.

+  Industrial Culture ®  CowDung

A  Horse Waste

Logistic Model Industrial Culture
= = «Logistic Model Cow Dung = seervees Logistic Model Horse Waste
60000

50000

40000

30000

20000

VOLUME OF BIOGAS (CM?)

10000

L. _5_52--m--F~-F" %

1 2 3 4 5 6 7 8 9 10 11 12 13 14
TIME (DAYS)

Figure 6. Graph for Logistic Model
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Table 3. Optimized Data for Logistic Model

P (cm?) Rm (cm®/day) A (days) R? Variance
IC 4.54*10* 3586.38 2.98 0.97 3.44*10°
CD 2.65*10* 830.317 2.17 0.83 1.22*10°
HW 3.56*10* 4438.09 4.06 0.99 1.59*10°

Modified Gompertz Model

Figure 7 and Table 4 represent the plot and optimized data for the Modified Gompertz Model after fitting the equation for the
predictive model. The lag phase (A) predictions for the IC, CD, and HW cultures are 0, 8.26, and 0.05 days respectively which are
closer to the actual experimental observations. The Coefficient of Determination (R?) is 0.98 and 0.99 for IC and HW cultures which
shows that the model curve fits the experimental data accurately and in the case of CD, the R? value is 0.83 indicating poor curve
fit for the data.

4 Industrial Culture ®  Cow Dung
A  Horse Waste Modified Gompertz Model Industrial Culture
— = -Modified Gompertz Model Cow Dung =~ «eceeee- Modified Gompertz Model Horse Waste
60000
50000
=
L
g 40000
v}
e
E 30000
Q
s
a 20000
S ¢ :
10000 e I ——
A. A —__J__l__l_..l- | o
—L _B-—-EBE-—E2—"T12" & [
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
TIME (DAYS)
Figure 7. Graph for Modified Gompertz Model
Table 4. Optimized Data for Modified Gompertz Model
P (cm?) Rm (cm®/day) A (days) R? Variance
IC 4.71*10* 3979.69 0 0.98 2.68*10°
CD 9.09*10* 1173.02 8.26 0.83 1.25*10°
HW 3.68*10* 4611.99 0.05 0.99 1.38*10°

Comparison of Biogas Production Using Three Different Cultures

Overall, the performance of the three cultures over the model food waste indicates that IC gives higher biogas yield as
compared to HW. This can be attributed to the fact the culture contains activated Hydrolytic, Acetogenic, Acidogenic, and
Methanogenic bacteria in it, unlike HW where the bacteria activate naturally as the reaction proceeds over time. Both the mixtures
outperform the CD culture, this can be reasoned particularly by the higher average C:N ratio present in HW as compared to CD, 30
and 19 on weight by weight basis respectively, and its higher methane production potential (Aiidt 2003; Cucui et al., 2018). A high
C:N ratio of 25 to 30:1 is suitable for the effective digestibility of dairy manure and field crop residuals (Ghatak and Mahanta, 2014;
Hills and Roberts, 1981). IC has a considerably higher variance in comparison to the two other animal waste cultures, indicating a
greater spread of predicted values from the mean biogas production value, and is observed in all three predictive Kinetic Models
(Tables 2-4).

Comparison of Kinetic Models

The biogas production potential (P) was nearly equal for all three models when used for the IC, all values were in the range of
4500 cmd. The value of P was around 3550 cm?for the HW culture using Modified Gompertz and Logistic Model, but a considerably
higher value was observed- 4280 cm?in the case of the First Order Kinetic Model for the same. However, all three models produced
a variation in the value of P when used to predict the least productive CD culture- 1790 cm?3, 2650 cm®and 9090 cm3for First Order
Kinetic, Logistic and Modified Gompertz Model respectively (Tables 2-4).

The maximum biogas production rate (Rm) values predicted for the same cultures using both Logistic and Modified Gompertz
Model were similar except for CD which gave 830.317 cm3/day using the Logistic Model and 1173.018 cm?/day using Modified
Gompertz Model.
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The lag phase (1) predictions by the Modified Gompertz Model were closer to the actual experimental observations than those
values predicted using the Logistic Model, wherein the IC and HW cultures were nearly spontaneous to produce biogas, but the CD
culture was rather slow to activate after an initial quantity of biogas generation (Figures 6, 7). The latter predicted a lag phase of
2.98 days, 2.17, and 4.06 days whereas the Modified Gompertz Model predicted lag phases of 0, 8.26, and 0.05 days for the IC, CD,
and HW cultures respectively (Tables 3,4).

In terms of the Coefficient of Determination (R?), which is an indicator of how best the predictive model curve fits the
experimental observations (Figures 5-7). Although the three models have desirably high values of R, at least 0.95 for HW and IC,
the predictive model curves of Logistic Function and Modified Gompertz Model fit slightly better than the First Order Kinetic. On
the other hand, the Coefficients of determination for CD culture are poor- 0.69,0.83, 0.83 for First Order Kinetics, Modified
Gompertz, and Logistic Model respectively

Error Analysis

Error analysis was done as a measure to determine the accuracy of the Kinetic Models used to predict the biogas generation.
Error = (Mexperimental- Mpredicted) / Mpredicted

Average errors were calculated for First Order Kinetic Model, Modified Gompertz Model, and Logistic Function (Table 5).
Maximum error was observed for First Order Kinetic Model in the case of all three organic cultures (Figures 8-10).

Table 5. Average Errors For the three cultures

Average Error Industrial Culture Cow Dung Horse Waste
First Order Kinetic Model 7% 43% 7%
Modified Gompertz Model 4% 16% 6%

Logistic Model 4% 16% 5%

sesese Error Modified Gompertz Model e Error First Order Kinetic Model == == Error Logistic Model
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35%
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Figure 8. Error Comparisons for Industrial Culture using the three models
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Figure 9. Error Comparisons for Cow Dung using the three models
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Figure 10. Error Comparisons for Horse Waste using the three models

Error Comparison in Predictive Models Used

From the data collected on modelling error, it is clear that the initial prediction of the First Order Kinetics model is highly
erroneous with a maximum average error of 43%, whereas its counterparts have a reasonable maximum error of 16% (Table 5).
The Modified Gompertz Model and the Logistic Model closely resemble the experimental data and the results are well within the
acceptable error range and hence these are appropriate for modelling biogas production, unlike the First Order Kinetic Model
which produced higher errors and comparatively lower R?values (Kafle and Kim, 2012). The high error in the First Order Kinetics
Model may be attributed to the fact that it has two parameters whereas the Modified Gompertz Model, and the Logistic Model have
three parameters, the third one being the duration of lag phase (4).

CONCLUSION

The volume of biogas produced from anaerobic digestion of HW culture was 35,366.03 cm? over the 14-day cycle, which is
73.67% i.e. roughly three-fourths of the volume of biogas generated from IC and 3.85 times the volume generated by CD culture.
Thus, the study indicates that the HW culture produces a satisfactory volume of biogas with satisfactory methane content in
comparison to the proven IC, and largely outperforms the CD culture. It can be concluded that HW is a good alternative to CD in
the case of organic cultures for biogas generation, especially for higher gas productivity for household or small-scale digesters.
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The Modified Gompertz model and the Logistic Model are better suited in terms of curve fitting as indicated by their Coefficients
of Determination (R?), with a minimum value of 0.83, unlike the First order Kinetic Model which yielded a poor value of 0.688 as its
minimum value of R Both the Modified Gompertz and Logistic Model were nearly similar in terms of curve fitting as indicated by
the similar R? values- 0.83 and 0.99 for CD and HW respectively and in case of IC the resultant R? values are 0.98 and 0.97 for the
two models. The Modified Gompertz Model was able to aptly predict the initial lag phase durations (1) for all the cultures studied.
Therefore, it can be concluded that the Modified Gompertz Model was best suited to determine the Biogas Production Potential
for all three cultures due to its better curve fitting and accurate lag phase predictability. Hence, Modified Gompertz Model can be
employed in future studies to validate the experimental data for the biomass potential. For holistic understanding, more organic
cultures can be explored for the production of biogas.
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