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Abstract: The improper management of goat manure from concentrated goat feeding operations and
food waste leads to the emission of greenhouse gasses and water pollution in the US. The wastes
were collected from the International Goat Research Center and a dining facility at Prairie View A&M
University. The biochemical methane potential of these two substrates in mono and co-digestion at
varied proportions was determined in triplicates and processes were evaluated using two nonlinear
regression models. The experiments were conducted at 36 ± 1 ◦C with an inoculum to substrate ratio
of 2.0. The biomethane was measured by water displacement method (pH 10:30), absorbing carbon
dioxide. The cumulative yields in goat manure and food waste mono-digestions were 169.7 and
206.0 mL/gVS, respectively. Among co-digestion, 60% goat manure achieved the highest biomethane
yields of 380.5 mL/gVS. The biodegradabilities of 33.5 and 65.7% were observed in goat manure
and food waste mono-digestions, while 97.4% were observed in the co-digestion having 60% goat
manure. The modified Gompertz model is an excellent fit in simulating the anaerobic digestion of
food waste and goat manure substrates. These findings provide useful insights into the co-digestion
of these substrates.

Keywords: anaerobic digestion; waste management; kinetic modeling; biomethane; animal manure;
food waste

1. Introduction
1.1. Anaerobic Digestion

Anaerobic digestion (AD) is an essential component of renewable energy systems,
sustainable waste management strategies, and advanced bio-refineries [1]. The biogas
produced from this process can be used for cooking, heating, and when purified can
generate electricity through a gas grid power and run vehicles [2]. It is also a well-known
technology for the treatment of solid organic wastes such as animal manure, slaughterhouse
wastes and biomass for bioenergy production, and municipal solid waste (MSW) [3,4].

The management of MSW in developed countries via AD is adopted for decades [5]
and it involves source separation followed by suitable treatment such as AD of the organic
fraction [6]. The approximate composition of MSW in a developing country is 70% organic
fraction, 4.16% paper and cardboard, 0.65% metals, 14.04% plastics, 1.17% glass, 3.92%
textile and leather, 5.08% nappy [7] and needs to be separated before AD.

There are several studies reporting co-digestion of food waste (FW) and MSW with
animal manures [8–12]. The digestion of the FW alone leads to instability and even
failure of AD digester at higher organic loading rates (OLR, above 2.5 g VS/L/d), mostly
during thermophilic conditions, due to the accumulation of volatile fatty acids (VFAs) and
ammonia inhibition [13–15]. An enhanced balance of nutrients and synergistic effect of
microorganisms is achieved with the co-digestion of FW with manure, sewage sludge, and
lignocellulosic biomass [16]. The co-digestion of the substrates with other substrates can
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supply alkalinity and micro-nutrients to overcome the disadvantages in single digestion of
FW and improve digestion efficiency and process performance [17].

1.2. Goat Manure Mismanagement in Concentrated Animal Feeding Operations

Goats are essential producers of meat, milk, fiber in Asian and African countries as 91%
of their world population is in these regions [18]. United States Department of Agriculture
reported that there were 2,698,636 goats in the United States in 2017 [19]. These animals are
heavily concentrated in the eastern part of the United States, with 31% of the population
situated in Texas due to the favorable environmental conditions for goat production.

Animals raised in large operations produce about 1.6 million tons of manure yearly [20].
Although manure adds essential values to the farming industry, it becomes problematic
in large amounts. Most farms in the United States no longer grow their feed. As a result,
all the manure that originated at a particular farm cannot be absorbed onsite. The excess
application of livestock waste can burden soil with macronutrients like phosphorus and
nitrogen, and micronutrients from animal feed such as heavy metals [21]. The contaminants
from animal wastes can enter the environment through pathways such as leakage from
poorly constructed manure lagoons or during significant precipitation events resulting in
either overflow of lagoons and runoff from recent applications of waste to farm fields, or
atmospheric deposition followed by dry or wet fallout [22]. The decomposition of manure
is the cause of gaseous emissions (ammonia, hydrogen sulfide, methane, and particulate
matter) in the concentrated animal feeding operations (CAFOs) and the areas surrounding,
posing human health risks [23]. Although carbon dioxide is considered as the primary
greenhouse gas of concern, manure emits methane which is 323 times more potent as a
greenhouse gas than carbon dioxide [21,24]. The EPA attributes manure mismanagement
as the fourth leading source of nitrous oxide emissions and the fifth leading source of
methane emission [25]. Additionally, there are over 150 different kinds of pathogens in
manure, which can lead to a widespread outbreak of diseases. One of the most common
manure disposal methods is its ground application which has limitations, such as the
limited use under harsh winter (frozen) and the ratio of nutrients that a land can handle.

1.3. Environmental Impact of Food Waste

Food waste (FW) is the most significant component of the waste stream in the United
States, and it accounts for the largest proportion of MSW in both developing and developed
countries [6,7]. It is estimated that about 43.6 million tons of food are thrown away yearly
by Americans [26]. It comprises fruits, vegetables, milk, food residue, etc. from restaurants,
school cafeterias, households, and retails. The FW contains 70–90% moisture content and
high organic content of volatile solid (VS) [27]. Environmental pollution of the soil, water,
and air can arise from its improper disposal [28]. Of the several methods for its disposal,
the most widely adopted are incineration, landfill, aerobic composting, and AD [29].

However, the biodegradability and high nutrient content of this perishable waste are
highly desirable characteristics for anaerobic digestion.

Recently, there has been an increased interest in biomethane potential (BMP) tests
through the number of published research papers focused on BMP [30–32]. The biomethane
potential of different substrates is determined using these tests [33].

Previous research has proved that the volume of biogas produced using a single
substrate is lower than the combination of two or more substrates via anaerobic co-
digestion [34]. In this experiment, goat manure (GM) was co-digested with FW to improve
the biomethane yield of GM and stabilize the carbon-nitrogen ratio, and the process was
simulated by kinetic models and compared with theoretical values.

2. Materials and Methods
2.1. Substrates and Inoculum

Goat manure was collected from the International Goat Research Center (IGRC) at
Prairie View A&M University (PVAMU). The GM was dried in a Heratherm oven (Thermo
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Scientific, Waltham, MA, USA) at 80 ◦C for 24 h. Mechanical pretreatment of the GM was
done using a mechanized grinder (LHB dual refiner Model 6SM14A), reducing its size into
fine particles. The particle size was further reduced using a mesh size of 2 mm to remove
coarse materials, thereby increasing the surface area for micro-organisms to breakdown the
substrate. The ground GM was then transferred into a large zip-lock bag and stored in the
laboratory-grade refrigerator at 4 ◦C.

The FW was collected for a week, including waste from breakfast, lunch, and dinner
at the dining facilities at Prairie View A&M University. Edible and non-edible components
such as bones, peels, shells, wastepaper, and plastics were removed manually, avoiding
any non-edible components remaining in the substrate. The FW was then transferred
into a standard blender (Hamilton Beach, Glen Allen, VA, USA) and homogenized. The
thermal treatment of FW is known to enhance biomethane recovery [35], so the thick slurry
mixtures were dried in the oven at 80 ◦C for 48 h. The dried FW was then ground into
fine particles and sieved with a (2 mm mesh size) to remove coarse materials, sealed in a
Ziplock bag, and then stored in a laboratory-grade refrigerator at 4 ◦C.

The inoculum used in the research was sludge from Prairie View A&M wastewater
treatment anaerobic digester functioning at a temperature of 36± 1 ◦C, which was the same
temperature used in the BMP test. The sludge was sieved to remove unwanted particles
and then poured into a 500 mL volumetric flask purged with 99.9% nitrogen, covered with
a rubber stopper, and placed in an incubator at 36 ± 1 ◦C. The inoculum was de-gassed for
a week before being used in experiments.

2.2. Experimental Design

The BMP assays, similar to Angelidaki et al. [36], were performed in triplicates under
mesophilic (36 ± 1 ◦C) conditions.

The co-digestion of GM and FW was carried out with the mixing ratios of 10:90, 30:70,
40:60, 50:50, 60:40, 70:30, and 90:10 along with substrate mono-digestions. A total of 27
serum bottles were used for all the substrate mixtures. Each serum bottle contained different
ratios of the dried substrates plus 20 mL of inoculum and 20 mL of trace nutrients [37].
The 100 mL working volume was achieved by adding DI water, with 150 mL headspace
in each serum bottle. The inoculum to substrate ratio of (ISR) was maintained at 2, which
was in the range of 0.1–2 as recommended in previous studies [15,38]. The initial pH of the
mixture in each digester ranged from 5.2 to 7.3. The pH below 7.0 was adjusted to 7.0 ±
0.1 by adding 3M NaOH solution. Each serum bottle’s headspace was purged with 99.9%
nitrogen for five minutes at a flow rate of 5 L/min to ensure anaerobic conditions. After
purging, the bottles were sealed with rubber septa and aluminum crimp caps and were
incubated at 36 ± 1 ◦C. The serum bottles were mixed twice daily by shaking manually
before and after the biogas volume measurement. Biomethane was monitored daily, using
the liquid displacement method (Figure 1). The difference in initial and final volumes of
the inverted graduated cylinder represents the volume of biogas. The duration of the BMP
assay was determined explicitly for each substrate.

Figure 1. Schematic diagram of liquid displacement method.
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2.3. Data Analysis

The experimental data were processed in Microsoft Excel 2010 (Microsoft, Redmond,
USA). The biomethane data were converted to mL/gVS and dry gas volume (at STP) by
multiplying with a factor of 0.838 as described by Richards et al. [39].

2.4. Theoretical Maximum Methane Yield and Biodegradability

Theoretical maximum methane yield (TMY, mL/gVS) was calculated from the ele-
mental composition of the substrates, using Boyle’s [40] equation (originally Buswell’s
formula) [41]:
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BD (%) =
EMY
TMY

∗ 100. (3)

Biodegradability (BD) was calculated from the cumulative methane yield (experimen-
tal biomethane yield, EMY) and TMY, as shown in Equation (3).

2.5. Reaction Kinetics

Two different kinetic models, first-order and modified Gompertz were compared to
determine the suitability for batch anaerobic co-digestion of GM and FW.

2.5.1. First-order Kinetic Model

G(t) = G0 ∗
(

1− e(−kt)
)

, (4)

where, G(t) is the cumulative methane yield at time t (mL/gVS), G0 is the methane potential
of the substrates (mL/gVS), K is the first-order degradation rate constant as well as methane
production rate constant (per d).

2.5.2. Modified Gompertz Model

The modified Gompertz equation as described by Lay et al. [42,43] was utilized to
simulate the anaerobic digestion process:

G(t) = G0 ∗ exp
{
−exp

[
Rmax ∗ e

G0
(λ− t) + 1

]}
, (5)

where, Rmax is the maximal methane production rate (mL/gVS/d), and λ is the duration of
lag phase (day), while t is the time over the fermentation period, and e is equivalent to exp
(1), or 2.718282.

2.5.3. Statistical Analysis

Statistical indicators evaluated the models, correlation coefficient (R2) and root mean
square error (RMSE) [44,45] using Microsoft Excel:

RMSE =

 1
m ∑m

j=1

(
dj

Yj

)2
 1

2

(6)

where m is the number of data pairs, j is jth values, Y is measured methane yield (mL/gVS),
and d is the deviations between measured and predicted methane yield.
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3. Results and Discussion
3.1. Substrate Characterization

The C/N ratio of each substrate mixture greatly influences biogas production. The
C/N ratio was calculated by utilizing the results from the elemental analysis (Table 1).
The substrate with a higher C/N ratio provides more carbon for methane production. On
the other side, lower nitrogen content limits microbial activity because microbes need a
considerable amount of nitrogen to maintain their growth. A good C/N ratio suitable for
anaerobic digestion ranges from 9 to 30 for an anaerobic digester [15,46].

Table 1. Characteristics of goat manure (GM), food waste (FW), and inoculum.

Parameters Units GM FW Inoculum

Total Solid (TS) % 64.9 ± 1.9 85.2 ± 0.6 3.9 ± 0.4
Volatile Solid (VS) % 54.4 ± 1.3 44.3 ± 2.8 1.94 ± 0.2
Moisture Content

(MC) % 35.1 ± 1.7 14.8 ± 0.6 96 ± 0.1

Ash % 10.5 ± 0.4 40.8 ± 2.5 1.9 ± 0.2
COD g/L 1.9 ± 0.2 165.5 ± 3.4 3.0 ± 0.2
pH - 7.3 ± 0.0 5.1 ± 0.1 7.1 ± 0.0
C % 35.5 ± 0.4 47.0 ± 2.4 -
H % 6.0 ± 0.1 7.3 ± 0.4 -
N % 1.8 ± 0.0 2.7 ± 0.4 -
O % 56.2 ± 0.3 42.9 ± 3.3 -
S % 0.5 ± 0.0 0.2 ± 0.0 -

C/N % 20:1 18:1 -
VS/TS % 84.2 ± 0.2 52.1 ± 3.1 50.2 ± 0.6

Chemical formula - C23.51H47.59O27.93N C20.36H37.49O13.94N -

The C/N ratio of GM was 20:1, while that of FW was 18:1, thus falling within the
suitable range for anaerobic digestion. The co-digestion of FW with GM can balance the
ammonia nitrogen, alkalinity, and C/N ratio to the optimal range and enhance biomethane
yield. As presented in Table 1, the TS for FW was high. The GM’s VS/TS ratio was more
than 80%, indicating there is high organic matter content in the substrate. However, FW
showed a relatively low VS/TS ratio, indicating high ash content compared to GM which
may be from bone fragments in the FW.

The chemical formulas, theoretical biomethane potential, and biodegradability
were determined from the elemental composition of pure substrates (Table 1). The chem-
ical formulas of co-digestion (GM/FW 10:90, 30:70, 40:60, 50:50, 60:40, 70:30, and 90:10),
were C20.58H38.18O14.89N, C21.06H39.71O17.00N, C21.32H40.56O18.19N, C21.62H41.49O19.48N,
C21.92H42.49O20.87N, C22.27H44.29O22.39N, C23.07H46.14O25.91N. The theoretical BMPs of
313.4, 506.6, 487.29, 448.7, 429.3, 418.2, 390.7, 374.2, 332.8 mL/gVS were computed for
GM and FW mono and co-digestions (GM 10, 30, 40, 50, 60, 70, and 90%), respectively.

3.2. Daily Biomethane Yield

The daily biomethane yield for mono-and co-digestion of GM and FW is shown in
Figure 2a. Biomethane production started immediately on the first day of all the digesters.
The FW biodegraded quicker than GM and peaked on the second day. The peak biomethane
yield of FW was 42.0 mL/gVS, which was 10 times more than GM (4.0 mL/gVS) on the
same day (Figure 2a). In mono-digestion, GM had a slow start in producing biogas. In
mono-digestion, FW stopped producing biomethane at the end of the 20th day.
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Figure 2. Biomethane yields: (a) Daily and (b) Cumulative (mL/gvs) yields.

3.3. Cumulative Biomethane Yield

The cumulative biomethane yield (CMY) for 66 d is shown in Figure 2b. These
results show an increase of 10.6%, 2.2%, 11.7%, 107.6%, 86.1%, and 2.4% compared to
mono-digestion of FW. Whereas an increase of 54 and 72.6% in biomethane yield was
observed in co-digestions having 30 and 40% FW respectively, over GM mono-digestion.
The biomethane yield of 90% GM (168.5 mL/gVS) was lower than its mono-digestion.
These results signify that GM and FW’s co-digestion significantly improved biomethane
yield at most mixing ratios compared to their mono-digestions. There are not any previous
studies reporting the co-digestion of these substrates.

3.4. Kinetic Model Analysis

Understanding the digestion kinetics is essential for predicting the behavior of anaero-
bic systems, optimizing the digestion process, and designing digesters [47,48].

The process of anaerobic digestion in this study was simulated by the first-order kinetic
and modified Gompertz models. The first-order kinetic model was utilized to determine the
hydrolysis rate constant (k). The lag-phase (λ), maximum specific production rate (Rmax),
and methane production potential (G0) were determined by the modified Gompertz model.

3.5. First-Order Kinetic Model

The first-order kinetic model is the oldest in modeling the utilization of complex
waste [49]. It can only be applied when the rate-limiting factor is the surface of the
particulate substrate, and bioavailability or biodegradability-related phenomena do not
interfere [33]. The first-order kinetic model is not precise in the representation of the process.
According to Pages et al. [50], it provides useful information on the rate of degradation
and the maximum biomethane production for the entire degradation process without
intermediate metabolites. The hydrolysis rate constant (k-value) for FW in this experiment
(0.20) (Table 2). Da Silva et al. [51] pointed out that biomethane production and rate
of degradation depend on the k-value. In general, faster degradation and biomethane
production could be achieved with a higher k-value. However, this study found that a
lower k-value generated a high amount of biomethane. Additionally, it was noted that
the k of FW was higher than that of GM. The incorporation of GM to FW produced a
higher k value in the GM/FW mixing ratios of 10:90 and 50:50 compared to (k) for FW
alone. The increase in GM’s content reduced the k value in the mixing ratio of GM/FW
60:40, 70:30, and 90:10. The R2 value for the first-order kinetic model ranged between
(0.921–0.994), which demonstrates good efficacy of the first-order model in predicting
anaerobic co-digestion of GM and FW with few exceptions.
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Table 2. The first-order kinetic model parameters for GM: FW ratios.

First-Order Kinetic Model

GM/FW
Treatment

G0
(mL/gVS)

CMY
(mL/gVS) K(d−1) R2 RMSE %

Difference

0:100 169.8 169.7 0.1966 0.983 0.050 0.06
10:90 181.4 182.0 0.2379 0.981 0.037 0.29
30:70 174.6 174.8 0.1607 0.927 0.106 0.15
40:60 149.4 150.9 0.1869 0.933 0.091 1.01
50:50 181.9 183.8 0.4141 0.989 0.018 1.05
60:40 432.8 380.5 0.0293 0.921 0.221 1.16
70:30 497.6 337.3 0.0185 0.970 0.213 4.00
90:10 183.9 171.9 0.0419 0.989 0.089 0.34
100:0 212.2 206.0 0.0561 0.994 0.992 0.49

3.6. Modified Gompertz Kinetic Model

The kinetic parameters of Rmax, G0, and λ are presented in Table 3. The R2 for the
mixing ratios was between 0.996 and 0.999, whereas for FW mono-digestion and 10% GM
R2 was 0.972 and 0.959, respectively. The Rmax values were observed in the range of 4.1 to
42.3 mL/gVS d−1. A higher Rmax value represents higher biomethane yields.

Table 3. Gompertz model parameters for GM: FW ratios.

GM: FW G0
(mL/gVS)

CMY
(mL/gVS)

Rmax
(mL/gVS) λ (d) R2 RMSE % Differnce

0:100 169.6 167.7 15.1 −1.853 0.972 0.038 0.06
10:90 184.1 182.0 20.2 −1.407 0.959 0.049 0.49
30:70 175.3 174.8 10.9 −3.749 0.997 0.066 0.26
40:60 150.5 150.9 9.7 −4.145 0.998 0.050 0.27
50:50 181.3 183.8 42.3 −0.300 0.999 0.003 1.35
60:40 449.3 380.5 5.9 −11.472 0.996 0.086 3.69
70:30 386.9 337.3 6. −2.655 0.997 0.097 2.13
90:10 176.1 171.9 4.1 −4.916 0.998 0.203 0.49
100:0 200.0 206.0 8.0 −0.1011 0.999 0.448 3.19

Lag phase (λ) is an important parameter to determine substrate biodegradability and
utilization rate [52]. The highest and lowest values of λ (d) were observed in GM/FW 60:40
and GM mono-digestion, respectively.

3.7. Comparison of First-Order and Modified Gompertz Model

The experimental and simulated biomethane values from both models are presented
in Figure 3. The root means square error (RMSE) and the coefficient of determination (R2)
were used to find the best model fit (Table 3). For the first-order model, the RMSE values
were in the range of 0.018 to 0.992, and the R2 values were in the range of 0.921 to 0.994
(Table 2). Similarly, for the Gompertz model, the RMSE values were in the range of 0.003 to
0.448, and the R2 values were in the range of 0.959 to 0.99. Both of the models fitted well to
the AD process as the difference between the experimental and predicted biomethane yield
was less than 5%. Raposo et al. [53] reported that the first-order kinetic model predicted
methane yield at an error of 10% or less from sunflower oil cake. Kafle and Chen [54] also
reported similar findings while simulating AD of swine manure.
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The modified Gompertz model (Table 3) has smaller RMSE values and a difference
between predicted and experimental biomethane yields than the first-order kinetic model,
indicating it is a better fit for simulating the GM-FW anaerobic digestions. The observation
is strongly supported by its higher correlation coefficient (0.959–0.999).

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. The experimental and predicted biomethane yields for GM/FW ratios; a: 0:100, b: 10:90; c: 30:70; d: 40:60, e: 50:50,
f: 60:40, g: 70:30, h: 90:10, i: 100:0 for the first order (left) and modified Gompertz models (right).

3.8. Biodegradability

The biodegradabilities (BDs) of GM and FW mono-digestions were 65.7 and 33.5%,
respectively (Table 4). The GM-FW co-digestions had higher BDs compared to their
mono-digestions. The BDs of co-digestion having 60 and 70% GM were 97.4 and 90.1%,
respectively. The mechanism that might be associated with the increase in BD for both
GM/FW 60:40 and 70:30 could be the adsorption of hemicellulose and cellulose of both
substrates by forming complexes with a lower hydrolysis rate than FW alone. Therefore,
this avoids the inhibition of methane production caused by high VFA concentration and
acidic pH [55,56]. Another mechanism can be the result of nutrient balance, which facilitates
the optimal growth of various micro-organisms involved in the AD process [17]. Previous
research reported that BD decreases with the increase in lignin content in various animal
manure and energy crops [38].

3.9. Process Stability

The initial, adjusted, and final pH of GM/FW treatments at 0 to 66 d of digestion are
shown in Table 5. Most of the digesters with a high proportion of FW had pH in the range
of 5.18–5.64, while those with higher GM proportion had pH in the range of 7.1–7.5. This
might be due to the alkaline component of GM, enhancing the buffer capacity and stability
of the anaerobic system. The initial pH at each GM/FW mixing ratio decreased as the
percentage of FW in the co-digestion increased. The imbalance of hydrolytic and acetogenic
bacteria can cause lower methane yield and reactor failure. This imbalance is often caused
by the accumulation of VFAs, which may lead to a dramatic drop in pH when there is
not enough buffering capacity in the reactor. Thus, the pH and VFA/alkalinity ratios
are common stress indicators used for monitoring the AD process [57]. It was observed
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that low final pH values indicated reactor failure. A study by Brown and Li [58] also
showed that the pH in the batch reactors decreased with an increase in the amount of FW.
The adjusted pH ranged from 6.9 to 7.3, close to the recommended operating pH of 7.4
proposed by Lahav and Morgan [59]. The adjustment of pH or the addition of the buffer
solution is necessary for the continuous production of biomethane.

Table 4. Biodegradability (BD) of GM and FW mono and co-digestions.

GM:FW TMY (mL/gVS) EMY (mL/gVS) BD (%)

0:100 506.6 167.7 33.5
10:90 487.3 182.0 37.3
30:70 448.7 174.8 39.0
40:60 429.3 150.9 35.2
50:50 418.2 183.8 43.9
60:40 390.7 380.5 97.4
70:30 374.2 337.3 90.1
90:10 332.8 171.9 51.7
100:0 313.4 206.0 65.7

Table 5. Changes in pH for GM and FW mixing ratios during the 66 d co-digestion.

GM/FW
pH

Initial Adjusted Final

0:100 5.1 ± 0.1 6.9± 0.1 5.4 ± 0.0
10:90 6.0 ± 0.1 6.9 ± 0.1 5.4 ± 0.0
30:70 6.4 ± 0.1 7.1 ± 0.0 5.6 ± 0.0
40:60 7.2 ± 0.2 7.2 ± 0.2 5.6 ± 0.1
50:50 7.0 ± 0.0 7.0 ± 0.0 5.2 ± 0.0
60:40 7.1 ± 0.1 7.1 ± 0.1 7.5 ± 0.0
70:30 7.1 ± 0.1 7.1 ± 0.1 7.2 ± 0.1
90:10 7.1 ± 0.0 7.1 ± 0.0 7.2 ± 0.0
100:0 7.3 ± 0.0 7.3 ± 0.0 7.1 ± 0.0

4. Conclusions

This study evaluated the effects of substrate characteristics on the process stability,
biodegradability, digestion kinetics, and biomethane yield in mono- and co-digestions
of GM and FW using anaerobic batch digesters at 36 ± 1 ◦C. The experimental findings
prove that the anaerobic co-digestion of GM and FW enhances the biomethane yield
compared to their mono-digestions. The highest increase in biomethane recovery (72.6%)
was observed in the co-digestions having 60% GM compared to its mono-digestion. The
90% of biomethane was recovered in 20 d in 90 and 100% FW co-digestions. In contrast,
the highest time (60 d) was taken by GM mono-digestion and co-digestion having 90% GM.
The BMP tests indicate that a large proportion of GM in the mixing ratios provides buffer
support, which keeps the pH of the digester at the desired range.

The modified Gompertz model had lower RMSE values than the first-order kinetic
model and a smaller difference between predicted and experimental biomethane yields.
The R2 (0.959–0.999) values were also higher compared to the first-order model, indicating
that it was the better fit for the GM/FW mono- and co-digestions. The results of this study
will help the researchers with useful information about the substrates investigated here
and resolve environmental problems of greenhouse gas emissions and aid in generating
bioenergy. The digestate (bio-solid) generated afterward can be further processed and
evaluated for its potential applications as a bio-fertilizer.
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