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Abstract: This study evaluates the effects of the varying substrate to inoculum ratios (S:I) of 0.5, 1, 2,
3, 4, 5, and 6 (volatile solids/VS basis) on the kinetics of biogas production during batch mesophilic
(35 ± 1 °C) anaerobic digestion (AD) of simulated food waste (FW), using anaerobic digestate as
the inoculum. Kinetic parameters during biogas production (scrubbed with NaOH solution) are
predicted by the first-order and the modified Gompertz model. The observed average specific biogas
yields are in descending order corresponding to the S:I ratios 1, 2, 4, 6, 3, 5, and 0.5, respectively,
and the significant effect of the S:I ratio was observed. The tests with the S:I of 1 have the maximum
average biogas production rates of 88.56 NmL/gVS.d, whereas tests with the S:I of 6 exhibited the
lowest production rates (24.61 NmL/gVS.d). The maximum biogas yields, predicted by the first order
and the modified Gompertz model, are 668.65 NmL/gVS (experimental 674.40 ± 29.10 NmL/gVS)
and 653.17 NmL/gVS, respectively. The modified Gompertz model has been proven to be suitable
in predicting biogas production from FW. VS removal efficiency is greater in higher S:I ratios, with
a maximum of 78.80 % at the S:I ratio of 6, supported by the longer incubation time. Moreover, a
significant effect of the S:I ratio is seen on kinetics and energy recovery from the AD of FW.

Keywords: food waste; biogas; substrate to inoculum ratio; kinetic modeling; Gompertz model;
volatile solids; energy recovery; first-order kinetics

1. Introduction

Anaerobic digestion (AD) is a mature technology with substantial application in sludge
and organic waste management [1]. AD of organic waste could yield renewable energy (as
methane) and biofertilizers (as digestate). AD is vital for reducing greenhouse gas emissions
from waste sectors, combating climate change, and sustaining life on earth [1,2]. AD also
plays an integral role in managing organic waste. Food waste (FW) is abundantly available
waste biomass that contains high moisture and readily degradable organic matter. Both
characteristics make it an attractive feedstock for energy recovery from the AD process [3].
The performance of AD relies on the optimization of major process parameters such as sub-
strate concentration, the substrate to inoculum ratio, retention time, and temperature [4,5].
Moreover, the microbial community dynamics, their acclamations to changing operating
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conditions, and inhibitory conditions in the reactors determine the process stability [6,7].
Major efforts are put under the development of eco-friendly and sustainable technologies
for the up-gradation of single and multi-stage methanation systems [8,9]. FW is actively
connected to waste of energy and production of greenhouse gases, and various attempts
are being made to optimize energy recovery from it via the application of AD [10,11].

Among the several process parameters, optimization of the substrate to inoculum ratio
(referred as S:I hereafter) plays a vital role in enhancing biomethane production [12,13]. The
substrate fed to the anaerobic reactors can significantly alter the digestion process because of
the difference in the quantity of three principal organic components: carbohydrates, lipids,
and proteins [2,14]. Similarly, the inoculum, when supplied to the substrate, provides
digestion stability [15,16]. This suggests that the S:I plays a vital role in driving the
biochemical pathways and kinetics of the AD process [5,17]. Furthermore, the study of the
effects of the S:I ratios on the kinetics of AD processes is useful to determine the analytical,
design-based, and operational information regarding the digestion processes [18].

Kinetic modeling is an accepted approach to describe the specific parameters of the
system performance. The different kinetic models have been applied to simulate the AD
process to predict the accuracy and complexity of biogas production rate [16]. The kinetic
studies include the analysis of potential methane production, maximum production rates,
and the lag phase obtained from the experimental observations [12]. Therefore, it becomes
important to study the effects of S:I ratios on the kinetics parameters during the AD of
readily degradable substrates like FW. The outcomes of the study can be used for estimating
treatment efficiencies of higher-scale reactors with similar operational conditions [19].

As such, we hypothesized that the S:I ratio will significantly affect the biogas produc-
tion in the AD of the readily biodegradable substrate, FW. Therefore, this study aimed to
assess the effect of different S:I ratios on biogas production during the mesophilic AD of FW.
The study also characterizes the impact of S:I on the kinetics of the AD process. The kinetic
models are used to simulate the AD processes because of the role of microorganisms in the
degradation processes. The performance during the AD of FW is analyzed by evaluating
the kinetic parameters, such as potential methane production, maximum production rates,
and the lag phase. The first-order kinetics and the modified Gompertz models are used to
predict the kinetic parameters using the batch AD tests. The predictions of the two models
are then used to compare with the obtained values to determine the efficacy of the models
to describe the mesophilic AD of FW.

The research article is based on the experimental evaluation of the effect of seven
different S:I ratios on biogas production performance carried out in batch AD tests under
mesophilic conditions. The biogas production is thoroughly studied over the experimental
period and the data are fitted with the two models for the determination of biogas pro-
duction kinetics. The errors born by the models are calculated based on the deviations of
modeled data with the experimental data. Characterization of FW as feedstock, inoculum,
generated biogas, as well as digestate, is carried out throughout the experimental operation.
The suitability of the model is then evaluated and recommended for assessing the biogas
production kinetics in mesophilic AD of FW.

2. Materials and Methods
2.1. Substrate and Inoculum

A food waste (FW) similar to that of kitchen waste [20] was prepared in the laboratory
using 14 ingredients. The FW was composed of (wet weight basis): 50% vegetables, 20%
fruits, 20% rice and noodles, 5% meat, and 2.5% each of fish and eggs. The impurities like
plastic pieces and neutrals like bones and barks in the substrate sample were removed before
storing at −4 ◦C for further use. Anaerobic digestate from a functional household-scale
AD plant receiving FW was used as the inoculum in all the experiments. The household
AD is a 3000 L reactor operating at ambient temperature conditions (Kathmandu, Nepal).
No pretreatment was adopted for either the feedstock or the inoculum. The inoculum,
however, was starved for 36 h before the initiation of the experimental setup. The inoculum
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was stored at a controlled temperature of less than 4 ◦C. The characteristics of FW and
inoculum used in the study are presented in Table 1.

Table 1. Characteristics of the FW and inoculum used in the study.

Parameters Units FW Inoculum

Total solids (TS) % 15.94 ± 0.04 0.22 ± 0.01
Volatile solids (VS) % 14.50 ± 0.16 0.09 ± 0.01

VS/TS 90.84 ± 1.20 43.05 ± 0.96
pH 4.36 ± 0.01 8.08 ± 0.01

Total chemical oxygen demand (TCOD) mg/L 1202.00 ± 54.00 NA
Total organic carbon (TOC) mg/L 80,432.15 ± 87.00 526.99 ± 1.00

Total volatile fatty acids (TVFA) mg/L NA 364.00 ± 7.00
Total alkalinity (TA) mg/L NA 2000.00 ± 16.00

TVFA/TA ratio NA 0.18 ± 0.01
Density g/cm3 1.06 ± 0.02 0.99 ± 0.01

NA—Not analyzed.

2.2. Experimental Setup

To maintain the anaerobic conditions, 500 mL borosilicate bottles (Omsons® Haryana
133004, India) with airtight polypropylene screw caps with valves in the gas outlets (GL
45 PP) were used. S:I ratios of 0.5, 1, 2, 3, 4, 5, and 6 based on VS compositions (i.e., g VS
of FW per g VS of inoculum) were maintained in the seven sets of AD batch tests. A test
with blank (inoculum only) was carried out to measure the methane production due to
inoculum and subtracted from the biogas produced in all the tests with varying S:I ratios.
The pH of the experiments was not controlled during the tests. All the experiments were
carried out in duplicates. The reactors were kept in a water bath to maintain mesophilic
conditions (35 ± 0.5 ◦C). The experiments were terminated when the cumulative biogas
production reached a plateau.

2.3. Analytical Methods

The preliminary characterizations are conducted majorly based on standard methods
for the examination of water and wastewater [21]. TS and VS content was determined
based on the gravimetric method [21]. Similarly, COD was measured following the closed
reflux method [21]. The pH of the samples was sought out using a calibrated pH meter. The
pH meter used was HI2020-01 Edge® by Hanna (Woonsocket, RI, USA), which supported
5-standard calibration; pH 4.01, pH 3.00, pH 6.86, pH 7.01, pH 9.18 and pH 10.01. TOC was
calculated using the equation TOC = TVS/1.8, based on the TVS calculated [22]. For the
determination of VFA, Kapp’s triple point titration was selected as the primary method
as it was presented to be the most accurate over a wide concentration range on anaerobic
digestate [23]. This method was based on three iterations (pH 4, 4.3, and 5) and measured
alkalinity to eliminate errors. TA of the samples was calculated in terms of mgCaCO3/L
by the titrimetric procedure [21]. The density of the FW and inoculum were measured
according to the mass present in its unit volume. Daily biogas production was measured
by the water displacement method using a 12% NaOH solution to scrub CO2 from the
biogas [24]. Biogas composition was confirmed by using a portable biogas analyzer (Ruiyi®

Gasboard-3200Plus, GuangDong, China).
The measured volumes of biogas were normalized to standard temperature (0 ◦C) and

pressure (1 atm) conditions and expressed as NmL according to the operating temperature
of the laboratory when the measurement was done as follows:

VSTP =
[(VT ∗ 273 ∗ (760 − PW)]

(270 + T) ∗ 760

where,

VSTP = Gas volume of standard temperature and pressure (L);
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VT = Volume of gas measured at temperature T (L);
T = Temperature of the gas or ambient space (◦C); and
PW = Vapor pressure of the water as a function of temperature (mm Hg).

Standard deviation is calculated to visualize the soundness of the experimentally
obtained data as the likeness of duplicates’ data. The graph is plotted along with the
standard deviation of the mean from each data point and presented in the cumulative yield
graphs. The p-value was set at 0.05 and the significance of the results was tested with p
values: < 0.05, while no significant results were with p > 0.05 during the analysis of variance
(ANOVA). The analytics adopted for applying the kinetic models are further described
as follows.

2.4. Kinetic Study

The kinetic study simulates the anaerobic digestion scenario [16]. The kinetics were
studied through the analysis of parameters such as the potential methane production,
maximum rate, and the lag phase obtained from the adjustment of the practical observa-
tions [12].

2.4.1. First-Order Kinetics

Assuming first-order kinetics for the hydrolysis of particulate organic matter, the
cumulative methane production was described through Equation (1).

G(t) = Go(1 − ekt) (1)

where,

G(t) = Cumulative biogas yield at digestion time of t days;
Go = Methane potential of the substrate (mL/gVS added);
k = Biogas production rate constant (first order disintegration rate constant) (1/day); and
t = Time (days).

2.4.2. Modified Gompertz Model

The kinetic modeling of the growth of bacterial population, and thus, the biogas
production in the anaerobic digester, can be modeled by the Gompertz model [6,25]. First
developed to study and describe the mortality rate of humans, the Gompertz model was
later modified to reflect the bacterial growth kinetics [26,27]. The modified Gompertz model
is widely used to determine the biogas production kinetics to determine the efficiency of an
AD. The modified Gompertz model is given by Equation (2).

M(t) = P·exp
{
−exp

[
Rmaxe

P

]
(λ − t) + 1

}
(2)

where,

M(t) = Cumulative biogas yield at digestion time of t days (mL/g VS);
P = Methane production potential (mL/g VS);
Rmax = Maximum methane production rate (mL/g VS.d);
λ = Lag phase (day);
t = Time (day); and
e = exp (1) = 2.7183.

The Solver operation in MS-Excel® was used to determine the kinetic parameters dur-
ing the batch tests. A dataset of the kinetic equation as a function of time and the set values
of constants was generated. Methane potential of the substrate (Go) and biogas production
rate constant (k) were set as constants while applying the first-order kinetic model, whereas
methane production potential (P), maximum methane production rate (Rmax) and lag phase
(λ) were that of the modified Gompertz model. The Solver function in Excel iterated the
values of constants such that the root means square error (RMSE) between the two graphs
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was the least possible. A graph, based on the simulated dataset, was constructed along with
the experimental values of cumulative yield. The optimum values of the constants were
identified as the model’s outputs based on the iterations. Correspondingly, the standard
error and coefficient of determination or correlation coefficient (R2) were also obtained. The
RMSE was calculated using Equation (3) [7].

RMSE=

√√√√√( 1
m

) m

∑
j=1

(
dj

Yj

)2
 (3)

where,

m = number of data pairs;
j = jth values;
Y = measured biogas yield (mL/gVS); and
d = deviations (differences) between experimental and predicted biogas yield.

Equation (4) determines t95, which corresponds to a rearrangement of the modified
Gompertz Equation (2) [25,27]. The parameter t95 is the time required to undergo 95% of
the maximum yield.

t95 =
P

Rm.e
(1 − ln (−ln0.95) ) + λ (4)

where,

P = Biogas production potential (mL/g VS);
Rm = Maximum methane production rate (mL/g VS.d); and
e = exp (1) = 2.7183.

The value of t95 is calculated based on the outputs (values of constants) of the applica-
tion of the modified Gompertz’ kinetic model (Equation (2)).

3. Results and Discussions
3.1. Effect of S:I Ratios on Biogas Yields

Figure 1 shows the comparison of biogas (CO2 scrubbed with 12% NaOH) yields
(NmL/gVS) based on different S:I ratios. The observed specific scrubbed biogas (mainly
CH4) yields in the descending order of S:I ratios is 1 > 2 > 4 > 6 > 3 > 5 > 0.5. The
statistical analysis (ANOVA) shows that the effect of S:I ratio was significant (p < 0.5).
The S:I ratio of 1 has a specific yield of 674.37 ± 29.10 NmL/gVS, whereas the S:I 0.5 has
464.00 ± 4.34 NmL/gVS as a specific yield. Table 2 shows the removal of volatile solid
(VS), and the initial and final pH in the digesting mixture in the different tests. The lower
values of end pH (after digestion) seen in the higher S:I ratio test suggests the accumulation
of volatile fatty acids (VFAs) in a greater degree compared to the tests with lower S:I ratios
(Table 2). This confirms that the higher S:I ratios can lead to the potential accumulation of
VFAs during the first days of the AD process [28,29]. Accumulation of VFAs as a major
product of hydrolysis, the first process of nutrient breakdown, is often indicated by a drop
in batch reactor pH right after the setup [13,30].

The influence of higher VS addition can be seen as lower end pH is obtained in the
tests with the higher S:I ratios, which indicate a pH decrease via VFA accumulation. Low
pH does not favour the growth of methanogens as they are habitually seen to require a
pH value ranging from 7.00 to 8.50 [24]. The differences in pH also indicate that it took
longer for the methanogens to grow and acclimatize in the reactors hosting low pH and
high VS addition at higher S:I ratios [31]. This is also connected to variable biochemical
properties of the food substrate [32]. The consequences of this latency could include lower
yields of methane in the growth phase of bacteria and a longer incubation period required
in reactors with higher S:I ratios.
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Figure 1. Biogas (Carbon dioxide scrubbed) yields per g volatile solids (VS) of food waste (FW) added
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Table 2. VS removal efficiencies and end pH change in tests with different S:I ratios.

S:I VS Removal % Initial pH of
Digestion Mixture

Final pH of
Digestion Mixture

Time Required for
95% of Biogas Yield

(in Days)

0.5 26.21 ± 0.21 7.84 7.21 20.26
1 51.87 ± 0.90 7.79 7.19 13.27
2 62.97 ± 4.29 7.70 7.19 15.41
3 74.71 ± 0.62 7.71 7.37 20.95
4 70.66 ± 0.11 7.58 7.52 24.24
5 76.97 ± 1.64 7.47 7.60 29.69
6 78.80 ± 1.17 7.45 7.86 38.96
0 10.43 ± 9.69 8.08 9.12

The lab-scale batch experiments lasted for 57 days. The completion of the tests is signi-
fied by a plateau in the cumulative biogas production brought by the no further biogas pro-
duction. S:I ratio 1 proved to be the optimum ratio with an average yield of 674.37 Nml/gVS
added, whereas the lowest yield represented by S:I ratio 0.5 is 464.10 Nml/gVS added. The
result of S:I ratio 1 found to be the optimum S:I ratio for biogas production is in concordance
with earlier studies [12,20,33], where AD with different S:I ratios (1 to 6) were performed
on swine wastewater and vinegar residue, respectively [33]. The experimental yield in
methane in the current study also coincides with the results obtained from a study whose
methane production fell in the order of S:I ratios 1 > 6 > 3 [12]. The maximum specific
biogas yield obtained from this study (750.24 ± 34.00 mL/gVS added) at the S:I ratio of 1 is
higher than that of the maximum yields reported in the previous studies conducted with
AD of FW, 242.69 mL CH4/gVS added [34] and 554.00 ± 75.00 mL CH4/gVS added [12].
This variation in methane yields could be due to the difference in composition of the FW
and experimental conditions. A review of biogas production from crop straw [17] obtained
the highest cumulative methane yield of 209.10 mL/gVS added and the highest volumetric
methane production of 0.40 L/L.d at the S:I ratios of 2:3 and 2:1, respectively. However,
the highest cumulative yield in this study is obtained at the S:I of 1, which is substantially
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higher, possibly due to the reactive nature of readily biodegradable FW used in this study.
The results obtained in this study can signify that the S:I ratio can be crucial in obtaining
the higher energy recovery from the AD of FW.

A study conducted with prepared and leftover food as feedstock has concluded in a
specific methane yield of 869.00 mL of CH4.g /TVS [35]. Similarly, another study [33,36] has
signalled the biomethane potential and specific methane yields of 725.00 and 683.00 mL/gVS
added, respectively, for kitchen waste as a feedstock. The 2019 study [37] shows that specific
biogas and methane yields were recorded to be 655.00 and 410.20 mL/gVS at an S:I ratio
of 0.5.

Table 2 shows the VS removal efficiencies, initial pH, and final pH readings of the
experiments at the test points. It is seen that the tests with higher S:I ratios took longer
to stabilize the biogas production than the ones with lower S:I ratios. In addition, higher
VS removal is seen in higher ratios, corresponding to longer incubation periods (Table 2).
Figure 2 shows the cumulative observed and predicted biogas (scrubbed) yields at different
S:I ratios with the required time to reach the plateau or maximum biogas yields. This can
be linked to the organic matter removal, methane production, and heterogeneity of the
substrate [33]. The biogas production decreased along with the rise in S:I ratios signalling
the increased formation of volatile fatty acids (VFAs). This lead to a decrease in pH in the
first weeks of incubation and also longer incubation times [37].

It is also visible in the study that the cumulative yields of the reactors representing
lower S:I ratios have a lower incubation time compared to higher S:I ratios. The variations
in bacterial growth phases also rely on the increase or decrease in the S:I ratio. This might
be due to different balances in nutrient to microorganism composition. Therefore, different
S:I ratios offer different quantities of substrates, allowing differences in numerous factors
including accumulation of VFAs, incubation periods, microorganism growth rates, removal
efficiencies, yield, etc. These differences result in variations in factors like maximum
gas yield rate, disintegration rate constants, and lag phases shown as the outputs of
kinetic modeling.

The analogy of various similar studies [11,36,38–41] suggests that the inoculation
during startup of an anaerobic digester with FW as the primary feedstock should be done
around the S:I ratio of 0.5 to 1.5. A study conducted in 2017 [40] concluded that the optimum
start S:I ratio should be less than 1. Similarly, a study with test points being S:I ratios 0, 0.25,
0.5, 1, 2, and 4 demonstrated that 1 was the most optimum parameter. However, it also
mentioned that specific biogas production (Rm) and maximum biogas production potential
increased with increasing the S:I ratios as predicted by kinetic models. Likewise, another
study [36] has stated 1.5 to be the optimum S:I ratios among the three test points (0.5, 1.5, 3)
adopted. Therefore, considering the statistical analysis of standard deviation of results, the
optimum S:I ratio for mesophilic AD of FW is in the range of 1–2 (VS basis).
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3.2. Effect of S:I Ratios on Biogas Production Kinetics

Figure 2 presents the observed and predicted biogas (scrubbed) yields at S:I ratios
0.5, 1, 2, 3, 4, 5 and 6 using the first-order kinetic and the modified Gompertz model.
Cumulative yields throughout the experiment duration are plotted against the cumulative
yield obtained from the outputs of the kinetic models adopted. As the experiments were
conducted in duplicates, the minimum and maximum deviation from the average values
were reported as vertical error bars. It is demonstrated that both the first order and
modified Gompertz equations have been able to predict the cumulative yields without
major deviation from the experimental data.

Table 3 summarizes the kinetic parameters and performance of the tests obtained from
fitting the observed biogas (scrubbed) productions by the first-order and the modified
Gompertz model. The kinetic parameters in the study were estimated based on batch
experimental results. The highest value of biogas production constant (k) was found to be
0.17/d at the test with S:I ratio 1, which is also characterized by maximum specific biogas
yield. The lowest value of k is found to be 0.052/d at the S:I ratio of 6. Moreover, the S:I
ratios affected the time taken to achieve 95% biogas production, i.e., t95. The S:I of 1 has the
shortest t95 (13.30 days) and 6 has the longer t95 (39.00 days), as shown in Table 3. The higher
S:I ratios may have led to the inhibition of the methanogens by the VFAs accumulations
causing a decrease in pH. A similar phenomenon of VFA accumulation at a higher S:I
ratio was observed in a previous study [17] where the methanogenic microbial community
undergo inhibition, resulting in kinetic latency. Likewise, in another study, a similar
phenomenon was experienced at high S:I, caused by an imbalance between acidification
and methanogenesis, as indicated by the low methane content [5]. The cumulative biogas
yields in the reactors representing lower S:I ratios have shorter incubation times compared
to higher S:I ratios. This further strengthens the fact that inhibition of methanogens was
prevalent due to VFA accumulation. Hence, the variation in bacterial growth phases relies
on the increase or decrease in the S:I ratio as mentioned in a previous study [16].

The change in methane and carbon dioxide composition of the collective yields in all
tests were analysed using a gas analyser to see the effectiveness of the scrubbing (Figure 3).
The entire volume of produced biogas cannot be related to specific methane production as
the biogas was scrubbed with a NaOH (10.00–12.00%) solution throughout the operation
and it was not 100% efficient for CO2 removal from the biogas. As a partial scrubber of CO2,
the efficiency of the scrubbing unit was also evaluated based on the CO2 composition of the
scrubbed biogas. Initially, the scrubber’s NaOH concentration was set to 10.00%. Upon a
visible rise in CO2 composition upon gas analysis of the scrubbed biogas, the concentration
of the scrubber was slightly increased to 12.00% until CO2 was eliminated. As seen in
Figure 3, the absence of CO2 was seen on the gas analysis of scrubbed biogas after the 36th
day from installation. This signalled the efficient operation of the laboratory scrubber unit
at a NaOH concentration of 12.00%. As the rise in CO2 composition was no longer visible
in gas analysis (Figure 3), the scrubber concentration was left unaltered.

The entire volume of biogas produced cannot be related directly to specific methane
production due to the evaluative change in scrubber potential. However, insight is received
about the specific methane yield from the daily gas analysis. The weighted average CH4
composition in regards to the daily gas analysis conducted throughout the incubation
period (44.95%) signals the specific CH4 yield to be approximately the same fraction of the
total biogas produced from the specific reactor. For the optimum S:I ratio of 1, the specific
methane yield can be approximated to be 303.13± 3.08 NmL CH4/gVS added.
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Table 3. Parameters estimated from the fitting of the first-order kinetic and the modified Gompertz model with observed data from tests with AD of FW under
mesophilic conditions and different S:I ratios.

Parameters Units
S:I Ratios

0.5 1 2 3 4 5 6

First-order kinetic model
Biogas production rate constant (first order

disintegration rate constant) (k) 1/d 0.14 0.17 0.14 0.10 0.09 0.07 0.05

Standard error 0.67 0.79 2.32 4.85 7.03 8.77 11.55
R2 0.73 0.55 0.63 0.73 0.75 0.80 0.87

Experimental biogas yield NmL/gVS 464.01 674.37 638.88 555.13 570.14 551.58 556.78
Predicted biogas yield (Go) NmL/gVS 455.97 668.65 650.40 584.85 605.27 601.64 645.12

Difference between measured and predicted
gas yield % 1.73 0.85 1.80 5.35 6.16 9.08 15.87

Modified Gompertz model
Maximum biogas production rate (Rmax) NmL/d 6.43 25.20 40.75 39.60 45.58 44.83 42.03

Rmax NmL/gVS.d 45.21 88.56 71.60 46.38 40.05 31.51 24.62
Lag phase (L) d −2.76 −0.31 0.030 0.20 −0.25 −0.72 −1.15
Standard error 0.77 1.03 1.18 2.85 4.68 5.98 8.08

R2 0.68 0.65 0.56 0.67 0.72 0.79 0.88
Experimental biogas yield NmL/gVS 464.01 674.37 638.88 555.13 570.14 551.58 556.78
Predicted biogas yield (M) NmL/gVS 451.62 653.17 634.02 563.04 581.61 571.41 588.40

Difference between measured and predicted
gas yield % 2.67 3.14 0.76 1.42 2.01 3.60 5.68

Time to undergo 95% of yield (t95) d 20.26 13.27 15.41 20.95 24.24 29.69 38.96
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The scrubbed biogas production rates of the reactors are highest in the first four days
of the experiment, which indicate short lag phases, as exhibited by Figure 2. The pH of
the inoculum being more than 7 also adds that the digestate is stable and falls within
the range of methanogenic bacterial growth [41,42]. The methane composition of the
produced gas is very low suggests that the peak of the first three days is of fermentation
via acidogenesis and acetogenesis, and largely represents hydrogen production [43,44].
The methane percentage is seen to increase to a maximum of 94.74% on the 22nd day of
the tests.

15–26 days show declining gas production because of the unavailability of the food
substrate. The production in periods of days 27–28 and 38–41 exhibit an ascend followed by
a decline in methane composition. The peaks of the production graph at those periods can
be considered to be the endogenous decay of microorganisms due to the lack of degradable
food substrate available. After the decay phases, the methane composition is observed to be
slightly decreasing, which is represented by the inverse peaks in the methane composition
graph during periods of days 29–32 and 41–44. The methane composition is seen to elevate
to a constant composition of around 77.00%.

The maximum lag phase is sought out to be 0.20 days in the tests, representing an
S:I ratio of 3. An S:I ratio of 2 showed negative or null lag phases. The negative lag
phase confirms that the biogas production started from day one representing favourable
conditions for the microorganisms to grow [33]. Therefore, it can be concluded that there is
a strong decrease of the lag phase values with a relative increase of the inoculum, which
highlights the importance of selecting an effective S:I ratio to optimize the process perfor-
mance [6]. An S:I ratio of 1 had the maximum CH4 production rate of 88.56 NmL/gVS.d,
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whereas tests with S:I ratio 6 exhibit the lowest CH4 production rates, corresponding to
24.61 NmL/gVS.d (Table 3), which clearly shows the rate of biogas production, i.e., related
to the methanogenic activity, is affected by the accumulation of the VFA.

In all the tests, the standard errors and R values of the first-order kinetic model
are found in the range of 0.69 to11.56 and 0.55 to 0.87, respectively, whereas those of
the modified Gompertz model are found in the range of 0.77 to 8.08 and 0.56 to 0.88,
respectively. This signifies acceptable precision in fitting both models. The comparison
of the two models based on the standard error shows that the modified Gompertz model
can give better predictions of the biogas productions in the tests. This interpretation is
drawn out based on the average of errors obtained from all the tests. The average standard
errors of the two models were 5.13% and 3.50%, with a standard deviation of 3.87% and
2.61%, respectively. Higher standard errors are seen in tests representing higher S:I ratios
using both models. Moreover, the standard errors measured in the five tests modeled with
first-order kinetic show higher errors compared with only two tests modeled using the
modified Gompertz equation, signifying the better fitting of the latter. The soundness of
the model results can also be seen from the graphs of predicted and observed values of
biogas yield (Figure 2).

The maximum specific biogas yield predicted by both the kinetic models was S:I ratio
1, which also matches the experimental results. The maximum yields predicted by the
first order and the modified Gompertz models were 668.65 and 653.17 NmL/gVS added,
respectively. The experimental yield of S:I ratio 1 was 674.37 NmL/gVS. Both the models
predicted slightly less biogas yield for S:I 1. It is seen that for S:I ratios less than 2, the
models have predicted gas yield lower than the experimental value, whereas, for S:I ratios
greater than 2, it is the opposite. The maximum difference calculated is 15%, representing
the first-order model at S:I ratio 6. The modified Gompertz model for the same S:I ratio
shows only an error of 5.68% for maximum yield prediction. On comparing the average
maximum yield prediction errors of both models, it can be concluded that the modified
Gompertz model is accurate in predicting maximum values. The average errors of the
first-order and the modified Gompertz model are 5.84% and 2.76%, respectively. Similarly,
the standard error in prediction is also seen greater in first-order models, except for the
same two S:I ratios, 0.5 and 1. Regarding the S:I ratio of 0.5, the error differs between 2.67%
and 1.74%, which is not substantial. Regarding S:I ratio 1, a high standard deviation can be
the reason for the inconsistency.

Similar studies [40,45,46] have considered modified Gompertz as one of the most
accurate models to predict the kinetics of AD of FW. The studies also state that the predicted
kinetic parameters depend on the substrate characteristics. According to a study in 2018,
among various kinetic models, the AD of single substrates was fit more accurately to the
modified Gompertz model (R2: 0.930–0.997), which highlights the differences in lag phase
and biogas production rate prediction.

The results show that the modified Gompertz model gives a better prediction. Though
the first-order model showed better approximation for the S:I ratios 0.5 and 1, the modified
Gompertz model can be still considered better considering the highest standard deviation
of cumulative yield (S:I 1), i.e., ± 29.10 NmL/gVS. Moreover, the errors presented by the
modified Gompertz model of S:I ratios 0.5 and 1 are 0.77 and 1.03, respectively. This is
not substantially higher than that obtained from the first-order model. Hence, the modi-
fied Gompertz model can be considered to model a batch AD process over the first-order
kinetic model. The process kinetics mainly influence the energy recovery potential via
bio-degradability, as the yield and decay variables indicate degrees of microbial accumu-
lation [47]. Lag phase and VS’s disintegration constant predicted through this model can
be employed to scale up, as well as upgrade, the system to continuous and multi-staged
energy recovery systems [19].
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3.3. Considerations of S:I Ratios in the Context of a Circular Economy Scenario

With the potential to replace almost every kind of energy need of the modern society
via up-gradation, manifested biogas could be a very purposeful part of the energy supply
system and waste management chain, helping to sustain a circular economy scenario. In
the context of developing countries like Nepal, the application of AD could be further
realised if the process is optimized for waste biomass. As FW is considered one of the
most efficient feedstocks for biogas production, the optimum parameters sought from this
study could aid in the further development of standard parameters for full-scale anaerobic
digesters for the management of organic waste like FW. The outcomes of this study can
aid as fundamentals to further research projects in AD of FW like the effects of various
pretreatment methods, physical operational alterations (temperature, stirring mechanism,
etc.), co-digestion, or even up-gradation to multi-staged continuous feeding systems. The
rate of biogas production from food waste as predicted by kinetic models used in this study
can be used to compare with large-scale plants and their efficiency.

Application of urban biogas plants can mitigate greenhouse gas emissions as they
limit the production of gases like methane and carbon dioxide which are emitted into the
atmosphere from landfills or incineration, and instead, can be used as fuel for various
purposes. Moreover, using waste to produce energy and the absence of greenhouse gases’
formation via biogas production can help combat global warming issues in the long run.

The digestate of a biogas plant can also be used as a bio-fertilizer which accelerates
plant growth. Although the scope of the study does not quantify the characteristics of the
digestate, thorough characterization of feed and regularly scanning for toxic attributes could
ensure the production of fertilizers with satisfactory quality grades. The leftover slurry
of AD is considered to improve soil quality for enhancing agricultural food production,
and is also used commercially. As this study is based on synthesized food waste prepared
in the laboratory, more research directed to enhance the fertilizer value of the digestate
should follow.

The switch to renewable biogas energy would help balance the global energy crisis,
waste management issues, and greenhouse gases emissions, hence indicating a switch from
a linear to a circular economy.

4. Conclusions

S:I ratios can affect the biogas yields and process kinetics during AD of FW signifi-
cantly. In this study, the S:I ratio of 1 proved to yield the highest average biogas yields
(674.40 ± 29.10 NmL/gVS) among the six S:I ratios. However, considering the standard
deviation and literature comparison, the suitable S:I ratio for the AD of FW is concluded to
be in the range of 1 to 2 (VS basis). The results of the kinetic study presented the modified
Gompertz model to be more accurate and better fitting than the first-order kinetic model,
both in terms of maximum yield prediction and minimum standard error. The average error
of 2.76% and 5.84% was observed in maximum biogas yield prediction from the modified
Gompertz and the first-order kinetic model, respectively. With a maximum VS removal
efficiency of 78.80% at an S:I ratio of 6, it is observed that higher S:I ratios correspond to
higher VS removal efficiencies; however, a longer time is needed in order to achieve 95.00%
of biogas production.

The study of the kinetics of biogas production provides evidence for the chemical
processes governed by bacterial growth, and can furthermore be regarded to optimize the
energy production rate from AD processes.
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