Non-Linear Regression Models for Predicting Biogas Yields from Selected Bio-wastes.

Abstract

The benefits of biogas as alternative energy to other fossil fuel sources, due to its renewability, environmentally
friendly nature, health benefits, etc., cannot be overemphasized.There are numerous models for predicting
biogas production rate from bio-materials,including the modified Gompertz equation. These models are
primarily dependent on specific biomass parameters. When any of these parameters, like the slurry volume,
changes, another round of experiments must be conducted and curve fitted before biogas yield predictions can
be made. This could be time-consuming and costly. Using experimentally published data, simple empirical
models can be developed for predicting biogas yields over a range of input parameters. This will eliminate the
need for always performing experiments before biogas yield predictions can be made. ‘In light of:this, scarce
literatureprovidesexplicit models for predicting biogas yield over a range of parameters based on.published data.
This study developed non-linear regression models using published data on parameters;that affect biogas yields,
like the slurry volume, carbon-to-nitrogen ratio, temperature, total solids, volatile solids, hydraulic retention
time, and pH.The data covered seven readily available bio-wastes, including cow dung, cow dung with plant
waste, cow dung with poultry dung, poultry dung with grass, pig dung, and plant wastes.On validation of the
models, the results showed that the models had a relatively low standard error of estimates, Akaike information
criterion, Schwarz criterion, and Hannan-Quinn information criterion.. Furthermore, the coefficients of
determination, R*were between 89.52 and 98.93%. The percentage average absolute deviation (%AAD) for
each model was less than 7 %. The non-linear models were found to adequately predict the biogas yields within
the limits of the available data set.
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1. Introduction
Sustainable development has become a global priority. Global prosperity and human development have always
been tied to energy. But the health threat imposed by fossil fuel, its non-renewable nature, the environmental
pollution from the constant release of carbon dioxide, etc.,a cause for global concern, has necessitated the search
for alternative renewable and cleaner energies witha less negative effect on the environment. Unfortunately,
only about 20 percentiof the global energy requirement is met by renewable sources like solar, wind, biomass,
etc., of which.energy from biomass has gained significant importance due to its waste volume reduction and
energy recovery. Conseguently, the need for a sustainable supply of clean energy has increased the quest for
alternatively cleaner.and renewable energy sources that can mitigate climate change effects[1]. To achieve this
goal, the contribution of renewable energy to the total energy supply mix must continue to increase significantly
and ultimately be the sole energy source in the future. Many developed countries increasingly utilize solar,
wind, nuclear, biomass, and geothermal energy sources. Their contribution to the total energy mix in those
countries is increasing significantly. However, this is not the case in many developing countries where the

primaryenergy sourceremains fossil fuelsand biomass.

Biomass is a common bio-energy source, especially in many rural communities of developing countries-rurat
communities. This is due to its availability, scalability, abundance, and cost-effectiveness in generating clean
and renewable bio-energy compared to other renewable energy sources[2]. Another advantage of biomass clean
energy sources is that they can valorizeplant and animal waste (which could pose environmental and public

health issues when not properly disposed of) for effective waste management. Many biomass fuels produce



biogas, such as wood, charcoal, agricultural residues, household waste [3], animal waste, and energy crops [4].
Biogas production, one of the most environmentally beneficial technologies for bioenergy production [5],plays
an essential role as an energy source capable of increasing the supply stability of gaseous fuels. As a source of
renewable natural gas, it has been adopted as one of the best alternatives for fossil fuels after the 1970s world
energy crisis. Biogas is a clean and renewable fuel produced through a natural process in which bacteria convert
organic materials into a mixture of methane and carbon dioxide gases with traces of ammonia and hydrogen
sulfide [6]. It is a colorless, odorless, and flammable gas.It can be collected, with special installations, from
landfill sites[7]. Many technologies, such as incineration and refuse-derived fuel (RDF), etc., produce energy
from solid wastes. Among them, anaerobic digestion has become a promising technology,:particularly for
recovering energy from the organic fraction of solid wastes.According to the department of alternative energy
development and efficiency [8], one cubic meter (m?) of biogas comprises 60% methane; with'a heating value of
around 21 mega-joules, an equivalent of 0.6litersof diesel oil or 0.67liters of gasoline, 0.55liters of fuel oil,
0.46kg of LPG or 1.2 kWh of electricity. As a result, biogas is used for cooking, heating, and fuel sources for
electric generators, automobiles, etc., in many households, farms, and public utility systems:

Due to its numerous applications, the need to accurately predict the amount.of biogas obtained from a given
mass or volume of a substrate cannot be overemphasized. Predicting biogas yields from the various types of
available biomaterials is helpful for the efficient design and construction of biogas digesters and other
equipment used for biogas generation. Accurate biogas prediction from different biomaterials helpsoptimize the
production value chain, reducing the associated costs. and maximizing biogas yield. Consequently, many
scholars have tried to find the best ways to optimize the biogas yield of different substrates. Unbiased decisions
in biogas production optimization are guided by the development of models commonly referred to as Decision
support tools (DST). Some of these models. include the Meodified Gompertz model, widely used to study growth
rate (i.e., used to fit growth data), and the first-order kinetic model used to model batch Biochemical Methane
Potential( BMP) data to obtain-valuable interpretation about hydrolysis kinetics. The Logistics modelused to
predict the methane production potential as a function of time, the 3-D numerical simulation model based on the
conservation of mass and-energy, and the:species transport model that predicts biogas production from plug-
flow anaerobic digesters[9]. "Also, the Buswell Formula has been used to forecastthe BMP of various substrates.
However, these:models for biogas prediction have one common limitation. Experimentation must be conducted
to furnish the:models with the essential information to estimate biogas production yield. This means that for any
change in.substrate ‘properties like slurry volume and temperature, new sets of experimental analyses must
always be performed to generate data for model curve fitting. This will increase the overall costs and time.
Furthermore, models for predicting biogas yields without recourse to experimentation, e.g., regression models
based on available data, are scarce in the open literature. Therefore, this study aims to develop time and cost-
saving regression models from published data for predicting the biogas yields of common substrates found in
our everyday lives without regular experimental analysis. The regression models utilize seven parameters that
significantly influence biogas yields from various biomaterial substrates. They include the slurry volume,
temperature, carbon-nitrogen ratio, total solids, volatile solids, pH, and hydraulic retention time. Most of the

parameters influencing biogas yields are presented in the next section.

. Optimal Production of Biogas



The use of biogas has attracted attention in the processing industry due to its renewable raw materials and
environmentally friendly products. The current demand for renewable energy sources instead of non-renewable
ones has increased the research interest in optimizing biogas production technologies. The increase in biogas
efficiency depends mainly on the concentration of the raw material, the process temperature, the hydraulic
residence time, pH value, the organic matter loading rate, the volatile fatty acids, the particle size, the
crystallinity of the raw material, etc. and these numerous factors makes the biogas optimization
decisionsdifficult[10]. The prediction of biogas yields from readily available raw materials has taken on a new
dimension from using traditional statistical methods to applyingmathematical techniques and artificial
intelligence (Al) strategies. This has improved offset data decision-making in the biogas production and
strategic planning phase. Models based on mathematics and statistics can provide vital information for the
intellect, analysis, and prediction of the processes' yields[11]. These are necessary to select the essential
parameters for optimizing the final product and process[12].

According to Kunatsa and Xia [13], optimization is "the determination of the maximum or the minimum values
of a specific function that is subject to a specific constraint."Hagos et al. [14] emphasized that more research is
needed to optimize and improve the biogas production process and yields. Usingmathematical techniques and
tools can significantly increase and enhance biogas yields. Various optimization approaches have been
described in the literatureto obtain the best reaction conditions that favor biogas yield, that is, the best reaction
parameters and the best substrate ratios for different raw materials, to improve and optimize the biogas
production process. Traditional methods for optimizing the production process include batch laboratory
experiments with varying proportions of constituent components to assess the degree of digestion of the
substrate. The process shows that the potential for improved biogas production can be achieved compared to
mono-digestion of single substrates [15].Mathematical techniques are potential tools for modeling and
optimizing biogas production processes.

In addition to the undeniable contribution of experimental activity in biogas optimization processes,
mathematical modeling, and simulation techniques have been proposed to support further development and
growth. Literature has shown that process development and operations become more efficient and reliable when
reliable mathematical models that determine transfer phenomena and process dynamics can support
experimental data[16]. In addition, the availability of such models is beneficial for predictive design,
performance analysis, and process modeling, eliminating dependence on long, energy-intensive experiments
[17]. The mathematical models also render a better understandingofvarious details about the process and
procedures involved through the interpretation ofexisting data. An effective mathematical model or simulation
toolcan be used to study and optimize the effect of functional parameters on biogas process performance and
yield[18]. Based on the review of various pieces of literature, the mathematical modeling and simulation ofthe
biogas production process provide information on the criticalfactors involved.

2.1 Factors that Influence Biogas Yields

2.1.1 Effect of co-digestion/co-digestion ratio

Anaerobic digestion of biomass waste can be performed with mono-digestion or co-digestion. Anaerobic co-
digestion improves digestion and energy production by increasing microbial nutrient availability and organic
matter load while reducing inhibitory chemical toxicity by diluting the co-substrate[19]. Mono-digestion is
commonly used to digest manure in small biogas plants, while co-digestion is used in larger biowaste plants of



different origins (farms, urban areas, industry). Co-digestion occurs when different raw materials are
simultaneously digested in the same reactor[20]. Anaerobic digestion technology was earlier designed for a
single feedstock. Still, it has recently been recognized that the co-digestion of different substrates
simultaneously results in more stable anaerobic digestion. Simultaneous co-digestion of different substrates
improved the biogas production capacity compared to a single substrate [21].

The main advantage of co-digestion is the improvement of biogas yield and its methane content. Animal manure
is digested with other biodegradable materials to increase economic efficiency and ensure the stability of the
anaerobic digestion system on an industrial scale [22]. Much literature on laboratory studies and small
bioreactors hasshown that anaerobic co-digestion is the best approach for biogas production and
optimization[13]. Studies have also shown that most commercial reactors use mono-digestion, mainly due to the
large amount of a given substrate in close proximity to the geographical location of the digester [13], [21].
Other reasons for not applying anaerobic co-digestion include ignorance, lack of technical knowledge about co-
digestion, reluctance to change and adopt new techniques, and avoiding co-digestion's disadvantages. Some of
the main disadvantages of co-digestion that prevent the application of this technique to large commercial
reactors are the accumulation of refractory solids in the digester, large amounts of nitrogen, and other related
substrates, including acid accumulation from co-substrate[23].

The synergistic effects of the co-substrate mixture caused by the dynamics of the co-digestion process and the
microorganisms involved will outweigh the shortcomings of the technique. Technological advancement,
including process regulation and control, pre-treatment, and other means, can improve the utilization of
anaerobic co-digestion. However, research and development into the co-substrate mixing ratios require further
investigation in a wide range of co-curing substrates.

Weerayutsilet al.[24]experimentedwith a 48-day HRT to study the effect of co-digestion of poultry manure and
Napier grass at co-digestion ratios of 3:1, 1:1, and 1:3. They observed that the biogas produced was highest in
1:1 poultry manure to Napier grass, and the percentage of gas produced from 3:1, 1:1, and 1:3 of poultry manure
to Napier grass were 88%, 110%, and 123% to gas produced from mono digestion of Napier grass and 75%, 0%
and100% to mono digestion of poultry dung respectively

In a similar work,Miah et al.[25]conducted an experiment to know the effect of co-digestion of cow dung and
poultry dung on biogas production for a 50-day HRT at a temperature of 32°C. Their result showed that biogas
production was 85% when poultry dung was digested with cow dung at 1:1 and 66% at a co-digestion ratio of
3:1. Other works buttressing the significance of co-digestion and the co-digestion ratio of substrates have been
reported in the open literature [26 — 28].

2.1.2. Effect of volatile solids (\VS) and total solids(TS) on biogas production

The initial and final properties of the digestatesand feedstock provide better performance indicators of the
biogas production process. An overall volatile and total solids profile isessential for understanding production
process dynamics[6]. The co-digestion provides a more balanced ratio of carbon to nitrogen (C/N) in the feed,
increases system buffering capacity, avoids the accumulation of volatile fatty acid, and accelerates the optimal
pH maintenanceforthe methanogenic process[29]. The substrate's total solids content significantly affects
methane formation[30]. Abbassi-Gendowes et al. [31] reported that the cumulative yield of methane decreased
when the total solids content increased from 10% to 25%, which is attributed to the decomposition of the



mesophilicdigestion of the feedstock. They identified mass transfer limitations at high total solid levels as the
factor contributing to the low production of methane.

The production of biogas from volatile solids in the sludge by anaerobic digestion is slowed towards the end of
the process. The limiting factors includeincreased pH associated with ammonia accumulation, poorly digestible
biomaterials, and high total solids contents[32]. The concentration of volatile solids decreases during anaerobic
digestion due to biogas production, concentrating the toxic and even inhibitory substances in the waste stream
and intermediates of microbial metabolism [33]. The accumulation of inhibitory compounds can ultimately
prevent the production and yield of biogas, including inorganic ions, heavy metals, ammonia, and hydrogen that
affect the pH.

The workof Miahet al. [25]on poultry dung, cow dung, and poultry liter showed that peak gas generation
occurred earlier when the volatile solids concentration was higher. At volatile solids of 49, 50.5, 61, and 52g/I,
the peak gas generation was observed on days 34, 30, 27, and 24. They concluded that the lower the initial VS
concentration, the more time is required for peak gas production in the reactor.Also, Ardaji et al. [34] studied
the effect of 5%, 10%, 15%, 20%, 25%, and 30% total solid on biogas production. They observed that the higher
the percentage of total solids in the slurry, the higher the amount of biogas produced.

2.1.3. The Effect of slurry pH

Anaerobic digestion is characterized by a series of biochemical transformations caused by the breakdown of
organic matter. This process involves four distinct stages: hydrolysis, acid production, acetic acid production,
and methanogenesis[2]. In the first step, fats, complex carbohydrates, and proteins are hydrolyzed in their
monomeric form by appropriate enzymes. In the second step, the monomer is further cleaved into short-chain
acids. These short-chain acids are then converted to hydrogen, carbon dioxide, and acetate intermediates in the
third step. With the help of methanogens, the final intermediates are converted to methane and carbon dioxide.
However, to produce methane, the average pH of the flammable gas must be attained to produce methane [35].
Jayanth et al. [36] noted that maintaining neutral pH is one of the major driving forces of the anaerobic digester
process. Often,acidic pH necessitates usinga lower quantity of lime to maintain a neutral environment.Maile et
al.[3Jusedcow dung, tomato waste, spinach, and food waste to study the effect of pH on the biogas
produced.With the lowest pH of 4.9, tomato waste recorded the lowest biogas production. In contrast, cow dung
and food waste with pH values of 7.2 and 7.1 (a neutral range thatfavorsmethanogenic bacteria) gave higher
biogas production. Other studies showing the effect of slurry pH on biogas yields are available elsewhere [38].
2.1.4. The Effect of Carbon to Nitrogen (C/N) Ratio

Optimizing methane production requires a balanced ratio of carbon to nitrogen (C/N). The high C/N ratio means
that there is not enough nitrogen for the cells to function properly. This reduces the growth of microorganisms
and reduces biogas production and yield [39]. Higher C/N ratios also reduce the formation of volatile butyric
acid and ammonia (lower levels of free ammonia and total ammonium nitrogen in the system); lower C/N ratios
accumulate large amounts of ammonia. However, the risk is ammonia inhibition is increased. Ammonia is toxic
to methanogens, so biogas yield and production are significantly reduced by ammonia accumulation [40].
Therefore, for maximum performance and efficiency, it is recommended to set the C/N ratio to 20-35. Bacteria
use carbon 30 times faster than nitrogen, so the carbon-to-nitrogen ratio should be maintained between 20 and
30 for better biogas conversion. The optimum thermophilic temperature is 50-60 ° C, and the pH should be
maintained at 6.7-7.5.Diohaet al.[39] further conducted a study on the effect of the C/N ratio on biogas



production using ten different substrates of different C/N Ratios. Their result showed that the least biogas
production was from the substrate with a low and high C/N ratio of 10 and 82, respectively.Also, a C/N ratio
reference value of 20 -30 gave the optimum biogas yields. Other studies on the effect of the C/N ratio on biogas
yields can be found in the open literature [41 43]. According to Jayanthet al. [36],a C/N ratio of 24 states that
the raw material is suitable for anaerobic digestion, whereas the C/N ratio of 15.3 infers that the digester should
be carefully monitored for any ammonia (NHs) buildup that could lead to the inhibition of methanogens
resulting in lower biogas production.

2.1.5. Effect of temperature

The process of anaerobic digestion is performed by a delicately balanced population of different bacteria. These
bacteria can be susceptible to environmental changes, of which temperature is a prime factor. Two types of
bacteria that are actively involved in anaerobic digestion (acid-producing and methanogen-producing bacteria)
operate at three different temperatures:psychrophiles or ambient temperature (<25 °C), medium temperature
bacteria (25- 40 °C) and thermophiles (45- 60 °C) [44]. Temperature fluctuations can lead to reduced bacterial
activity or death, followed by reduced biogas production and yield. At ambient temperature, anaerobic digestion
is strongly influenced by earth/atmospheric temperature, resulting in reduced yield in biogas production[45].
Surface digesters enhance this effect in the form of concrete, metal prototypes, or commercially available
plastics. Chang et al.[46]observed that a reduction in the temperature of the thermophiliccondition system from
55 °C to 20 °C at different retention times almost stopped the production of biogas formation, and the free fatty
acids'rapid accumulation caused a drop in pH. Anaerobic digestion for optimum biogas yield and output
depends on temperature.

The experiment conducted by Wang et al.[40] at temperatures of 20, 30, 40, 50, and 60°C for 30days to study
the effect of temperature on methane production of co-digested substrate cow manure, poultry manure, and rice
straw, showed that as the temperature increased, methane potential continuously improved. Still, the increasing
rate was lower under thermophilic than mesophilic conditions. For the co-digestion of cow manure, poultry
manure, and rice straw, the methane production temperatures of 20, 30, 40, 50, and 60°C were
approximately100 180, 260, 300, and 310mL/gVS, respectively. Their work further corroborated the position of
Al Seadi et al.[7].

2.1.6. Effect of Hydraulic Retention Time (HRT)

Hydraulic retention time is an important operating parameter of anaerobic reactors that can affect the conversion
of volatile solids into biogas. It is one of the factors to be optimized and analyzed in the biogas production
process [47].Anaerobic digestion of lignocellulosic waste usually requires a relatively long hydraulic retention
time because this type of substrate is resistant to anaerobic microorganisms[48]. Baéti et al. [49] observed from
the study that hydraulic retention time significantly influenced the conversion of organic load and, therefore,
the production of biogas.Reducing hydraulic retention time is desirable, as it is directly related to reducing
capital costs and improving process efficiency. However, the literature still lacks sufficient information on the
effect of Hydraulic retention time on anaerobic digestion [50]. Methanogens usually have a longer regeneration
time than hydrolyzing acid-producing bacteria. The Hydraulic retention time must be optimum and long enough
to hold the methanogens and preventthem frombeing washed out of the reactor.



Onthong et al. [51]investigated the effect of hydraulic retention time on biogas production of five substrates
(Soybean residues, Papaya peels, Sugarcane bagasse, Rice straw, and greater galangals) at five different
hydraulic retention times of 15, 20, 25, 30 and 35days under a mesophilic temperature range of 34 — 37°C. The
resultsshowed that the highest biogas generation of 560.47 ml, 404.24 ml, 263.20 ml, 4.26 ml, and 45.83 ml
from soybean residues, papaya peels, sugarcane bagasse, rice straws, and greater galangals was observed at the
HRT of 25, 15, 25, 30, and 25 days, respectively. With papaya peels having the shortest HRT of 15 days, Soya
bean residue gave the highest biogas production of 560ml at a 25-day HRT, while rice straw gave a very low
biogas production of 4.26ml at 30days HRT.Other studies on the effect of HRT on biogas yield can be found
elsewhere [52 — 54]. Their works' results clearly show HRT's influence on biogas yields.

2.1.7. Effect of Slurry Volume

The slurry volume of the substrate mainly plays a role in the overall value of the biogas potential.Smaller slurry
volumes tend to have lower biogas potentials and vice versa. HRT depends largely on the slurry volume,
temperature, percentage of total solids, organic loading rate, etc. Other factors that can affect biogas yields
include the type of substrate, organic loading rate, digester design [55], salinity [56], andagitation [57]. Figure 1
shows the main factors affecting biogas yield)
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32. Materials and Methods

This study involved the development of non-linear regression models using published biogas data from the open
literature (see Appendix A). The biogas data was obtained for seven different substrates, including cow dung,
cow dung with fruit, vegetable and plant waste, cow dung with Ppoultry dung, Ppoultry dung with grass, &grass
and fFruit &\ vegetable, and Pplant waste.The input parameters used for the prediction of biogas yield include
the volume of slurry (L), volatile solids (%), temperature (°C), pH, total solid (%), carbon-nitrogen ratio, and
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hydraulic retention time (days). The developed models were validated using published empirical results

different from those used in building the models. The E-view 9 statistical package was used for the analysis.

32.1 Descriptive statistics of the input data.

Table 1. Descriptive statistics of the data used in the model development.

Substrate Slurry(L) C/N T(°C) TS (%) VS (%) HRT (days) pH
Cow dung Min 0.15 8.10 25.00 1.40 1.10 7.00 6.20
Max 17.50 24.00 53.00 87.00 78.85 62.00 9.20
Mean 3.20 153 3490 31.10 46.39 34.38 7.19
Cow dung + Plant waste Min 0.30 8.50 31.00 5.70 9.50 7.00 5.50
Max 5.00 40.00 37.00 75.60 91.00 75.00 7.80
Mean 1.69 16.58 35.00 42.38 58.04 46.38 7.02
Cow dung + Poultrydung  Min 2.00 15.00 32.00 30.00 20.80 30.00 6.50
Max 15.00 26.30 35.00 = .95.50 65.70 56.00 8.70
Mean 4.86 19.44" 3415 63.16 51.24 42.93 7.28
Poultrydung Min 0.50 3.30 " 26.00 6.93 14.30 7.00 6.25
Max 36.70 19.80 38.00 72.80 86.40 63.00 8.40
Mean 17.77 1220 31.07 37.10 49.73 34.14 7.12
Poultrydung + Grass Min 0.13 11.80 28.00 9.10 19.24 20.00 6.30
Max 5.00 36.54 38.00 78.00 96.35 90.00 8.60
Mean 151 18.04 3313 37.72 64.87 39.75 7.18
Pigdung Min 0.20 550  28.00 7.80 8.50 14.00 6.20
Max 17.50 22.00 52.00 91.00 93.00 80.00 8.10
Mean 6.25 12.85 3446  27.02 45.80 44.15 6.76
Plant waste Min 0.02 10.49 30.00 7.70 6.00 12.00 4.00
Max 4.00 61.17 60.00 81.08 90.29 77.00 8.20
Mean 1.49 18.79 39.14  18.25 35.07 31.14 5.74

32.2Model Development
Considering the relationship
Y = F(X X X5 o o) @



Where Y is the dependent variable and X;X,X;..... are independent variables. This expression could be
narrowed down to linear and non-linear expressions, as shown below;

For linear expression, we have

Y= (ap+ a;X;+ a X, + azX5...........)(2)

While non-linear expression can be polynomial, logarithmic, exponential, or sinusoidal, and the simplest

logarithmic form is given as:

logY = (ay + ailogX, + aylogX, + aslogX;..........) (3)
The logarithmic function was chosen for this study due to its numerous advantages. The logarithmic function is

represented as:

logY = ay + a,logX;, + a,logX, + aslogX;+ aslogX, + aglogXs + aglogXe + a7logX7.lw(4) 7777777777777777777
Where Y is the volume of biogas produced and X;X,X;X,XsX;X, are volume of slurry (L), carbon/nitrogen
ratio (C/N), temperature (T), total solid (TS), volatile solids (VS), hydraulic retention time, and pH,
respectively,|

32.3Model Validation
The developed models in this study were validated.using experimental data from other authors. The validation
data set differs from the ones used in developing the modelsin this.study. The statistical error models selected

for this study include absolute and average absolute errors. The error models are given as follows:

Vexp —Veal

Absolute deviation % = 100 (5)
exp
and
Average absolute deviation % = % % 100 (6)
exp

43.Results and Discussion

Table 2.shows'the correlation coefficients developed for the various substrates in this study. Appendix B shows
the_statistical analysis results for the developed models[The statistical results show that the coefficient of
determination for the seven models was between 0.90 and 0.99. The goodness of fit for cow dung, cow dung
with plant waste, and cow dung with poultry dung were 0.99. That of poultry with grass, pig dung, and plant

fit indicates how well the model can match the given data. From the results, the regression models for cow dung,
cow dung with plant waste, and cow dung with poultry had the best goodness of fit compared to the other
models. The fact that the coefficient of determination for all the models was 0.9 and above indicates that the
models could predict the biogas yield for 90% and above of the given data. Furthermore, the statistical analysis
results showed low values of the standard error of estimate or regression for all the models. The standard error

of estimate or regression tells us how wrong or right the regression model is on average. The smaller the values
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regression models for cow dung, cow dung with plant waste, cow dung with poultry dung, poultry dung, poultry
dung with grass, pig dung, and plant waste were 0.35, 2.16, 0.18, 1.52, 0.52, 0.34, and 1.62, respectively. These
results indicate that the model for cow dung with poultry dung gave a better prediction (least standard error of
estimate of 0.18), followed by the pig dung and cow dung models, respectively. The model for the cow dung

with plant waste gave the highest standard error of estimate (2.16).

Table 2. Model coefficients

Substrate Model Coefficients
Qo a; a; as Qg as Qg az; .. _
Cow dung -1.8616 1.2021 -0.7865 0.4741 15192 -0.7914. -0.3818. 1.1585

Cow dung + Plantwaste ~ -2.0738 3.3394 -0.3048 0.5264 -0.1882 . 1.5840.. 0.5149 -2.1537

Cow dung + Poultrydung  -2.4304 1.8770 0.9456 -0.9709 0.1040 . 1.9646  0.0474 -2.0036

Poultrydung 0.1082 0.4804 -0.5226 0.4332. -0.0716%, 1.7866 = 0.0412 -3.4867
Poultrydung + Grass 0.2610 0.5528 1.6154 -0.3107 -0.2084 0.1877 0.8529 -3.5323
Pigdung 0.4208 1.1156 -0.5791 -0.0101 -0:4101 0.3071 -0.0171 -0.3208
Plant waste 8.7733 0.6039 -3.4020 1.2024 -1.4337 -2.2955 1.3134 -5.2441

To further ascertain the accuracy and.reliability of the:developed models, the Akaike information criterion
(AIC), the Schwarz criterion (SC), and the Hannan — Quin criterion (HQC) were calculated for each model. The
AIC and HQC allow us to ascertain the model with a better fit. The lower the AIC and HQC, the better the fit.
The SC helps screen and select the best model among several models. The lower the SC, the better the model.
[For this study, the AIC for the models was 1.04 for cow dung, 4.69 for cow dung with plant waste, -0.25 for
cow dung with poultry dung, 3.82 for poultry dung, 1.84 for poultry dung with grass, 0.97 for pig dung, and
4.10 for plant waste. Likewise, the HQC for the models was1.01 for cow dung, 4.71 for cow dung with plant
waste, -0.28 for cow dung with poultry dung, 3.80 for poultry dung, 1.87 for poultry dung with grass, 0.99 for
pig dung, and 4.12 for plant waste. Also, the SC results for the models were 1.41 for cow dung, 5.07 for cow
dung with plant waste, 0.12 for cow dung with poultry dung, 4.12 for poultry dung, 2.24 for poultry dung with

standard error of estimate results for the models developed in this study. These results indicate that the model
for cow dung with poultry dung gave a better prediction (least standard error of estimate, AIC, HQC, and SC),
followed by the pig dung and cow dung models, respectively. The model for the cow dung with plant waste
gave the highest standard error of estimate AIC, HQC, and SC. The relatively low standard errors of estimate,
AIC, HQC, and SC indicate that the developed models in this study are adequate and reliable for predicting
biogas yield from the bio-materials considered, given the data set limits from which the models were
developed.Figure 2 shows the SER, AIC, HQC, and SC variation for the various biomaterials materials

considered in this study.
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Plant waste

Pig dung

Poultry dung + Grass

Poultry dung

Cow dung + Poultry dung:-

Cow dung + Plant waste
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mSC ©HQC wAIC mSER
Fig 2. Schwarz criterion (SC), Hannan-Quin criterion (HQC), Akaike information criterion (AIC), and standard

error of regression for the various bio-material models.

fThe models' reliability in this study was further ascertained by comparing the estimated biogas yields with
published experimental results. The results of the validation are presented in Tables 3 to 9. From the results, the
biogas yield models had average absolute deviations of less than 7%, indicating that they are relatively accurate,

reliable, and adequate for predicting biogas yield from the biomaterials considered in this study,

Table 3. Validation of the cow dung model

"] Comment [U9]: Provide results (data) and

discuss suitably for all the substrates.

Authors Slurry C/IN  T(°C) TS VS HRT pH  Actual This AAD
L (%) (%) (days) (D study(L) (%)
[58] 45 181 35 224, 464 30 9.2 0.73 0.74 1.37
Table 4. Validation of the cow dung.with plant waste model
Authors Slurry ©+C/N.. T(°C) TS VS HRT pH  Actual This AAD
L (%) (%) (days) (L  study(L) (%)
[59] 20 160 35 620 450 60 7.2 5,500 5.510 0.18 | Comment [U10]: Restrict to two digits after
decimal, uniformity, discuss the results by
Table 5. Validation of the cow dung with poultry dung model citing appropriate reasons, and citations.
Authors Slury CIN  T(°C) TS VS HRT pH  Actual This AD
L) (%) (%) (days) (D study(L) (%)
[28] 3.0. 200 34 95.4 65 56 7.0 2.24 231 3.12
[58] 45 220 35 83.16 39.2 30 7.0 1.86 1.88 1.08
% AAD 2.10
Table 6. Validation of the poultry dung model
Authors Slurry C/IN  T(°C) TS VS HRT pH  Actual This AD
L (%) (%) (days) (L) study() (%)
[25] 0.4 9.2 35 28.0 19.0 75 7.2 0.23 0.22 4.35
[60] 40 101 35 120 508 35 7.6 2.94 3.20 8.84
% AAD 6.60
Table 7. Validation of the poultry dung with grass model
Authors Slurry C/IN  T(°C) TS VS HRT pH  Actual This AD
L (%) (%) (days) (L) study() (%)
[61] 050 17.7 28 9.1 79.6 52 75 1550 1.549 0.06
[62] 250 148 30 62.0 850 35 6.4 2280 2.230 2.19
% AAD 1.13
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Table 8. Validation of the pig dung model

Authors Slury C/N  T(°C) TS VS HRT pH  Actual This AAD
L (%) (%) (days) (D study(l) (%)
[63] 7.0 9.8 35 225 282 60 6.3 6.22 6.03 3.05

Table 9. Validation of the plant waste model

Authors Slurry C/IN  T(°C) TS VS HRT pH  Actual This AD

L (%) (%) (days) (D  study(L) (%)
[64] 030 140 37 11.0 84 50 8.2 0.0093 0.0094 1.08
[65] 020 191 60 15.0 14 30 7.0 02140  0.2090 2.34

% AAD 1.71

45, Future Perspective

Modeling biogas yield from various biomass substrates requires a good amount of quality data. The significance
of developing such models is the low cost and response time needed to estimate the amount of biogas generated
from a particular substrate without recourse to experimental analysis. One limitation of this study is the small
volume and range of available data for developing and validating the correlations. This was mainly because
experimental works on biogas production considering the slurry volume, carbon to nitrogen ratio, temperature,
percentage volatile solid, percentage total solid, hydraulic retention time, and pHin one fell swoop are very
limited in the open literature. These factors are known to affect biogas yields and should be included as
independent variables for biogas yield modeling. Consequently, researchers should be more inclined to conduct
biogas yield experiments incorporatingmeasurable factors likeslurry volume, carbon to nitrogen ratio,
temperature, percentage volatile solid, percentage total solid, hydraulic retention time, and pH for each biomass
used. This will further increase the amount of data output required for building new models and tuning the
coefficients of existing ones.

Also, the interdependency of the seven independent variables (slurry volume, carbon to nitrogen ratio,
temperature, percentage volatile solid, percentage total solid, hydraulic retention time, and pH) should be
investigated. This study is necessary to understand how specific parameters influence biogas production in the
presence of others,and as such, the highly influential parameters responsible for biogas production could be
identified. ldentifying such parameters could help optimize the biogas yield model while reducing the
independent variables required for biogas prediction.

Furthermore, an artificial intelligence (Al) model can be developed for predicting biogas yield from various
biomass waste materials. Presently, literature on Al-based models for predicting biogas yield from multiple
substrates is not only limited but is very scarce. Al models are better than regression models and could help
deepen the frontiers of biogas prediction modeling.Artificial intelligence can play an essential role in ensuring
the efficiency and sustainability of biogas production. The simulation and optimization of the biogas production
process improve the understanding of the process parameters for optimal efficiencies and production rates.
Artificial intelligence models show that reliability can be improved by modeling complex, non-linear
relationships between input and output sets (system responses) and revealing hidden patterns between data sets.

Al models have been observed to exhibit human characteristics acquired through learning] 1 Comment [U11]: May be used as discussion,
not as separate head.

6. Conclusion
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The benefits of biogas as an alternative to fossil fuel due to its renewable sources, environmentally friendly
nature, health benefits, etc., cannot be over-emphasized. In this study, seven (7) non-linear regression models for
predicting biogas yields from a wide variety of commonly available and abundant waste biomaterials, including
cow dung, cow dung with plant waste, cow dung with poultry dung, poultry dung, poultry dung with grass, pig
dung, and plant waste were developed. Factors affecting biogas yields like slurry volume, carbon to nitrogen
ratio, temperature, percentage of volatile solids, percentage of total solids, hydraulic retention time, and pH were
the independent variables for the model development. The relatively low values of the AIC, SC, HQC, and SER
statistical criteria for ascertaining the reliability of regression models indicated that the models in this study are
adequate. Furthermore, the model validation results showed that all the models had a percentage average
absolute deviation (AAD) of less than 5%. The low percentage AAD shows that the models are relatively

accurate. However, the developed models are valid for the input data ranges from whichithey were developed.
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APPENDIX A

Cco Slurry CIN TCC) TS VS(%) HRT(D) PH BP Authors
volume (%) (L)
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~| Comment [U12]: Provide full form for

abbreviations, CD, PD, CO, Slurry volume etc
are misleading without proper units.

The data given in different rows is also
misleading for a given reference, may be given
as a single table by taking the averages of
values for a given raw material.




CD PD
1 3 2.0 17.00 32 34.0 52.0 50 6.9 0.902 [25]
1 1 2.0 20.88 32 36.0 52.0 53 8.7 0.800 [25]
3 1 2.0 17.00 35 38.0 65.0 50 7.0 0.906 [25]
1 3 2.0 20.88 35 34.0 58.0 50 7.0 0.800 [25]
1 1 3.0 20.00 34 95.5 65.7 50 6.5 2.960 [28]
1 2 3.0 21.00 34 95.0 65.0 56 7.5 2.050 [28]
1 1 3.0 21.00 34 95.0 62.0 56 7.1 2.200 [28]
1 1 4.5 18.60 35 65.3 20.8 30 8.3 0.320 [58]
1 4 4.5 26.30 35 79.7 42,5 30 7.1 2.800 [58]
9 1 4.5 1520 35 63.2 32.0 30 7.6 0.800 [58]
Table A2.Data for cow dung correlation
Slurry CIN T(°C) TS (%) VS (%) HRT PH BP (L) Authors
volume (Days)
4.00 15.0 33 37.0 17.0 14 6.2 0.51 [3]
3.00 18.1 34 61.5 75.7 56 7.4 2.07 [28]
2.00 12.0 35 45.2 73.0 60 6.8 0.42 [59]
2.00 17.0 35 42.0 78.3 60 7.1 0.38 [59]
2.00 17.2 35 87.0 63.3 60 7.5 1.26 [59]
0.25 8.2 37 34.1 19.5 14 7.2 0.182 [66]
0.25 8.2 37 34.1 19.5 14 8.5 0.234 [66]
0.80 12.8 30 9.2 71.4 20 6.8 0.167 [67]
0.80 18.2 30 10.9 70.4 20 6.8 0.17 [67]

Table A3. Data for cow dung with fruit/vegetable/plant waste as co-substrate correlation

CD CO  Slury CN  T(CC) TS VS HRT(D) PH BP Authors

volume (%) (%) (L)
CD FVYW
3 1 2.0 13.10 35 65.4 62.2 60 6.2 9.00 [59]
3 1 2.0 8.50 35 63.5 67.3 60 7.1 10.70 [59]
1 1 2.0 1310 35 75.6 53.0 60 7.3 6.50 [59]
1 1 2.0 16.10 35 67.2 61.2 60 7.2 7.56 [59]
3 1 0.3 16.0 35 62.5 45.0 60 7.5 0.12 [59]
1 3 0.7 11.40. .35 26.5 52.1 35 7.4 0.20 [68]
1 6 0.7 18.14. 35 25.8 52.3 35 7.6 0.18 [68]
1 9 0.7 1540 .35 24.8 52.1 35 7.6 0.12 [68]
1 12 0.7 12.60 . 35 26.6 52.2 35 7.2 0.15 [68]
1 1 2.5 40.00 31 28.0 91.0 75 6.5 2.75 [69]
Table A4.Data for poultry dung correlation
SLURRY. C/N T(°C) TS (%) VS(%) HRT(D) PH BP(L) AUTHORS
3 10.3 32 12 54.7 56 7.8 2.6 [28]
4 10.5 35 37 25.2 34 8.4 0.381 [60]
4 10.5 35 37 25.2 34 8.4 0.381 [60]
0.5 15.14 38 24 14.3 21 7.5 0.095 [71]
36.7 15 28 63.8 40.76 21 7.2 9.95 [72]
36.7 15 26 68.5 55.56 7 7.6 5.69 [72]
36.7 15 28 69.8 62.6 14 7.5 8.89 [72]
36.7 15 28 72.8 65.5 28 7.0 10.86 [72]
4 3.3 32 50.1 38.8 35 6.4 0.21 [73]
15 10.3 28 50.5 64.3 18 6.4 3.7 [74]

Table A5. Data for poultry dung with grass as co-substrate correlation

CD cCo SLURRY C/IN T(C) TS  VS(%) HRT(D) PH BP  AUTHORS
(%) (L)
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PD GRASS

3 2 0.50 159 28 9.1 7710 52 7.3 1.33 [61]
3 2 0.50 148 28 9.1 7760 52 7.5 0.93 [61]
1 1 2.50 178 37 50.0 89.00 35 7.1 2.36 [62]
1 2 2.50 224 37 780 8300 35 7.6 2.00 [62]
3 1 0.50 182 38 238 1924 20 6.8 0.77 [71]
1 1 0.50 150 30 251 2050 20 6.3 0.60 [71]
1 3 0.50 118 30 2569 2113 20 6.6 0.33 [71]
1 2 0.13 120 37 56.0 51.00 30 8.6 0.17 [75]
3 1 5.00 365 37 335 9635 36 7.0 0.48 [76]
2 1 2.50 195 37 71.0 79.00 90 7.4 0.46 [76]
Table A6. Data for pig manure (dung) correlation

SLURRY C/N T(°C) TS (%) VS(%) HRT(D) PH BP (L) ., AUTHORS
0.50 22.0 30 9.1 68.0 52 7.0 0.235 [61]
0.50 22.0 30 9.1 64.5 52 6.8 0.240 [61]
7.00 9.8 35 26.3 25.0 40 6.2 7.230 [63]
7.00 9.8 35 26.5 25.0 80 8.1 4.100 [63]
0.25 55 37 23.0 20.0 14 6.9 0.250 [66]
0.25 55 37 28.0 22.0 14 6.5 0.385 [66]
5.00 8.1 52 7.8 8.5 29 6.5 5.300 [77]
0.20 10.0 36 91.0 93.0 38 6.5 0.125 [78]
Table A7. Data for fruit/vegetable/plant waste substrate correlation

SLURRY CIN T(°C) TS (%) VS (%) @ HRT(D) PH BP (L) AUTHORS
4.00 10.49 33 12.0 73.0 14 5.2 0.260 [3]
4.00 14.70 33 7.7 26.4 14 7.1 0.294 [3]
4.00 13.50 37 9.1 26.0 35 5.2 7.240 [60]
4.00 13.00 37 8.0 30.0 35 5.6 4.840 [60]
0.20 17.10 60 15.2 13.8 30 6.9 0.322 [65]
0.25 14.79 37 9.2 18.7 14 5.6 0.443 [66]
0.25 11.30 37 19.7 18.8 14 4.8 0.783 [66]
0.25 12.80 38 19.7 17.0 14 4.5 0.781 [66]
2.50 16.00 30 18.0 20.0 77 5.7 2.690 [69]
0.25 34.00 35 8.3 53.0 42 5.0 0.403 [79]
0.02 11.08 37 21.6 6.0 12 4.0 0.003 [80]
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