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Abstract 

 

The use of putrescible wastes as a feed source for biogas production has been a research subject. The study aims to develop a simple 

computer model for estimating the volume of biogas produced from putrescible wastes. The predictive model was developed to predict 

the volume of biogas produced based on three parameters, the mass of waste used, the anaerobic processing time, and the percentage 

of residue accumulation in the reactor. The biogas estimator application was developed using the 2017 edition of Microsoft’s Visual 

Studio .Net software developer’s kit (SDK). The simple model does not require rigorous mathematical computations as the process 

parameters can readily be imputed in the simple data fields created. The model can operate in both batch and continuous modes. The 

result from both the batch and continuous biodegradation processes of 1.0 kg of putrescible waste per day in a biodigester using the 

Biogas Estimator model provided certain significant outputs. In the case of the batch process, a 1.0 kg mass of biodegradable putrescible 

waste yielded an average biogas production volume of about 0.236 m3 per day, while the resulting volume from the continuous process, 

1.0 kg mass of biodegradable putrescible waste produced on average an estimated biogas volume of about 0.164 m3 per day. The values 

obtained are comparable to those of similar studies thereby validating the efficacy of the model. The model has been validated and is 

considered suitable for the estimation of biogas production from putrescible wastes. 
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1. Introduction 

 

Biogas plants have a huge potential to produce clean fuel from unhygienic, wet organic waste [1]. These plants can be used in rural 

and peri-urban areas where access to clean, and affordable energy are limited. There is also a huge potential for biogas plants in towns 

and cities, where waste disposal and sanitation are becoming increasingly challenging due to persistent urban migration. Interest is also 

growing in the use of larger biogas plants as alternative sources for electricity generation and cooking gas supply [2, 3]. Biogas 

development brings about social benefits in many respects. The increase in organic manure can result in using less chemical fertilizer, 

improving soil, and increasing agricultural production. Environmental improvement in the rural area reduces illness and improves 

people's health. Besides, in regions where biogas is used to generate electricity, cultural, recreation, and spare time study conditions 

can also be improved [4, 5]. Furthermore, the need for alternative sources of fuel energy has become obvious, especially because of 

the soaring prices of petrol and the other grades of commercial energy from non-renewable resources, such as petroleum, coal, and 

natural gas, and the accompanying environmental implications of mining such products [6, 7]. Currently, about 88% of world energy 

demand is met by apparently economically-beneficial fossil fuels while the environmental cost associated with their widespread 

applications is mostly ignored [8, 9]. Biogas production involves anaerobic digestion; a biological process that converts organic 

material to methane and carbon dioxide by the activities of microorganisms in the absence of oxygen [4, 10]. Setting up a biogas plant 

is capital-intensive. Optimizing the process parameters during the design stage is one measure to reduce the cost of biogas production 

and ensure the high performance of the biogas plant.  To this end, several researchers have developed various mathematical and 

computer models to predict biogas yield. Dahunsi [11] developed single and multiple regression models to predict methane yield for 

pretreated lignocellulose biogas production systems. Dandikas et al. [12] developed a model to predict biogas production from energy 

crops in a grassland. There are also numerous studies on the use of machine learning models and other computer-based techniques in 

predicting methane yield from biogas plants [13-15]. During biogas production, not all of the substrates are converted to methane. 

There is usually an accumulation of undigested solid matter in the digester which may impact the volume of gas produced. The amount 

of mass accumulation depends on the quality of the feedstock (substrate) used [16]. Putrescible wastes are one of those substrates with 

a high amount of non-biodegradable matter that accumulates in the digester [17]. In this study, a simple computational model was 

developed to predict the volume of gas produced from putrescible wastes at different levels of mass accumulation.  
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2. Materials and methods 

 

2.1 Process reevaluation 

 

The material focus of the study is putrescible waste which contains a high volume of volatile matter [18]. Biodegradation of the 

feedstock occurs in two reaction stages or processes: liquefaction and gasification as shown in Figure 1 [19]. 

 

 

 

           

 

 

 

 

 

                                                                                                                                                                                                                                                          

Figure 1 Process representation 

 

Liquefaction is the first stage of organic waste digestion by acid-producing (acetogenic) bacteria into simple compounds of low 

molecular weight through the process of hydrolysis. Gasification is the second stage in which methane-forming bacteria (called 

methanogens) use volatile acids produced in the first stage to form about 55-65% methane (the vital constituent of biogas) [19]. The 

overall methane (CH4) production process for organics in the volatile solid portion can be represented with the chemical equation in 

Equation (1) [20]: 

 

𝐶𝑎𝐻𝑏𝑂𝑐𝑁𝑑 + 𝑛𝐻2𝑂 → 𝑥𝐶𝐻4 + 𝑦𝐶𝑂2 + 𝑤𝑁𝐻3 + 𝑧𝐶5𝐻7𝑂2𝑁 + 𝑒𝑛𝑒𝑟𝑔𝑦                                                                                               (1) 

 

The reaction kinetics of this process as regards the change in mass concentration of organic components in the different phases of 

this reaction mechanism was accounted for by Zacharof and Butler [21] as shown in Equations (2 -5). 

 

𝑆𝑜𝑙𝑖𝑑 𝑚𝑎𝑠𝑠: 
𝑑𝑚𝑖(𝑠)

𝑑𝑡
 = −𝑘ℎ𝑚𝑖(𝑠)                                                                                                                                                                (2) 

 

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑔𝑒𝑛𝑖𝑐 𝑚𝑎𝑠𝑠: 
𝑑𝑚𝑖(𝑚𝑒)

𝑑𝑡
 = 𝐴𝑚𝑡𝑒[−𝑘𝑚𝑡]                                                                                                                                          (3) 

 

𝐴𝑐𝑒𝑡𝑜𝑔𝑒𝑛𝑖𝑐 𝑚𝑎𝑠𝑠: 
𝑑𝑚𝑖(𝑎𝑐)

𝑑𝑡
 = 𝐴𝑎𝑡𝑒[−𝑘𝑎𝑡]                                                                                                                                                  (4) 

 

𝐻𝑦𝑔𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑚𝑎𝑠𝑠: 
𝑑𝑚𝑖(𝑎𝑞)

𝑑𝑡
 = 𝑘ℎ𝑚𝑖(𝑠) − 𝐴𝑎𝑡𝑒[−𝑘𝑎𝑡]                                                                                                                                (5) 

 

Where mi is the mass of component if, and the subscripts s, aq, ac and Me denote solid, aqueous (hydrolyzed), acetogenic and 

methanogenic mass respectively. In the rate equations subscripts h, a and m denote the rate constant for hydrolysis, acetogenesis and 

methanogenesis respectively. In order words, the total mass concentration C of organic substrate (or putrescible waste) at the start of 

the process is given in Equation (6) 

 

|𝐶| = |
𝑆𝑜𝑙𝑖𝑑
𝑚𝑎𝑠𝑠

| + |
𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑔𝑒𝑛𝑖𝑐

𝑚𝑎𝑠𝑠
| + |

𝐴𝑐𝑒𝑡𝑜𝑔𝑒𝑛𝑖𝑐
𝑚𝑎𝑠𝑠

| + |
𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑

𝑚𝑎𝑠𝑠
|                                                                                                        (6) 

 

Thus the change in mass concentration becomes 

 
𝑑𝑐

𝑑𝑡
=

𝑑𝑚𝑖(𝑠)

𝑑𝑡
+

𝑑𝑚𝑖(𝑀𝑒)

𝑑𝑡
+

𝑑𝑚𝑖(𝑎𝑐)

𝑑𝑡
+

𝑑𝑚𝑖(𝑎𝑞)

𝑑𝑡
                                                                                                                                                    (7) 

 

This, according to Zacharof and Butler [21], can be simplified further by integrating the growth decay rate function in order to 

obtain the mass balance for the process of biochemical transformation 

 

2.2 Parameters identification 

 

The following parameters have been considerably accepted to influence the rate of production of biogas from biological organic 

waste fractions in a biodigester [22]: 

(1) Mass balance for each biochemical transformation 

(2) Overall mass (solid, methanogenic, acetogenic, and hydrolyzed of the biodigester's content 

(3) Physical/environmental factors such as temperature, moisture pressure, pH/ alkalinity, and nutrient availability 

(4) Substrate concentration or amount of volatile solids (biodegradable organics) 

(5) Rate of reactions with respect to biodegradation, enzyme catalysis, and microorganism growth/decay, and for a model to 

successfully represent the overall process concept of this gas production, a significant consideration needs to be accorded to 

these factors or parameters since they inevitably contribute to the overall rate for biogas production. 

Key model parameters such as moisture content, total solids and volatile solids were obtained for putrescible wastes collected from 

Ibadan city in Nigeria using standard methods reported in Safar et al. [23]. 

Biodigester 

Liquefaction & Gasification 
Output 

Biogas 

Input 

Putrescible 

wastes 
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2.3 Mathematical model formulation 

 

Empirically, for the biodegradation process, which is synonymous to a biochemical reaction in a closed system at equilibrium, with 

all conditions being equal, the amount of waste digested is proportional to the volume of gas generated [24]. Therefore, under steady-

state conditions, this can be represented mathematically as: 

 

𝑉𝐺  𝛼 𝑀𝑊 for the entire process time 

 

Thus, 

 

𝑉𝐺 =  −𝑅∗𝑀𝑊                                                                                                                                                                                            (8) 

 

Where; 

𝑉𝐺 = Volume of the gas generated [𝑚3 /day or litre/day 

𝑅 = Rate coefficient for biogas production [per Kg Day] 

𝑀𝑤 = Mass of waste digested [Kg] 

 

Since this process occurs over a period of time, it follows that a change in the mass of waste digested would be proportionate to a 

significant change in the volume of gas produced. Thus, 

 
𝑑𝑉𝐺

𝑑𝑡
= −𝑅

𝑑𝑀𝑤

𝑑𝑡
                                                                                                                                                                                            (9) 

 

Integrating this process changes over a start time 𝑡0 and end time 𝑡𝑒 we have 

 

∫
𝑑𝑉𝐺

𝑑𝑡

𝑒

0
= −𝑅 ∫

𝑑𝑀𝑊

𝑑𝑡

𝑒

0
                                                                                                                                                                                (10) 

 

𝑉𝑡𝑒 − 𝑉𝑡0 = −𝑅(𝑀𝑤𝑡𝑒 − 𝑀𝑤𝑡0)                                                                                                                                                             (11) 

 

But at the start of the process, no significant amount of gas can be attributed. Thus, 

 

𝑉𝑡0 = 0𝑚3                                                                                                                                                                                               (12) 

 

And  𝑉𝑡𝑒 = −𝑅(𝑀𝑤𝑡𝑒 − 𝑀𝑤𝑡0) or 𝑉𝐺 = −𝑅∆𝑀𝑤                                                                                                                                 (13) 

 

It has been estimated that 1.0 m3 of methane is approximately 480 litres of methane at standard temperature and pressure (s.t.p) in 

SI units [20]. So based on this conversion factor, the volume of gas generated during the biodegradation of putrescible waste can be 

represented as in Equation (14) with its unit in cubic meters per day (m3/ day). 

 

𝑉𝐺 = −∆𝑀𝑤𝑒−𝑎𝑡                                                                                                                                                                                     (14) 

 

The negative sign indicates the reverse process of change between the volumes of gas generated and the mass of putrescible waste 

digested during the process. Also, the microbial growth/death processes are assumed to occur naturally. 

 

2.4 Software model development 

 

To simplify the application of the biogas estimate model developed in this research, especially for the non-mathematically inclined 

user, a Windows-based computer program was developed. The biogas estimator application (Figure 2) was developed using the 2017 

edition of Microsoft’s Visual Studio .Net software developer’s kit (SDK). The Windows-based application has a flexible interactive 

user interface. It is suitable for personal computers (PC) with any version of Microsoft Windows. 

 

2.4.1 Working process 

 

The operation of the program is relatively simple. First, with respect to the users’ interface, the user is required to select the preferred 

biodegradation process (Batch or Continuous). Next, the user is required to input numeric values onto each highlighted parameter space 

before clicking the estimate button, which will then utilize the generated mathematical model to estimate the approximately expected 

biogas volume in litres per day. It requires only minimal data entry for its estimates. As shown in Figure 2, the user is provided with 

two process options: Batch and Continuous. There are also dropdown boxes for selecting the Process time and Percentage accumulation 

in the biodigester. 

The user is also required to input the startup mass of the respective putrescible waste into a text input box before clicking on the 

Estimate button to process the model-based estimates. A typical example is shown in Figure 3 for the following parameters: 

 Process type = Batch 

 Process time = 10 days 

 Mass of startup waste = 5 Kg 

 Mass accumulation = 15% residue 

For this example, the gas volume estimated is 11.125m3/day. To further validate the application, the volume of gas produced was 

estimated at 1%, 5%, and 10% mass accumulation at various processing times and starting masses for the batch process, while for the 

continuous process, the starting mass was fixed at 1 kg while the mass accumulation was varied between 0 and 50%. The volume of 

biogas produced was estimated based on the proximate analysis of putrescible wastes obtained from Ibadan city as shown in Table 1 

[25, 26]. 
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Figure 2 Flexible users’ interface showing drop down functionality 

 

 
 

Figure 3 Sample estimate 

 

2.4.2 Key assumptions 

 

The following assumptions were made for optimal operation of the model 

1. The moisture content of the putrescible wastes is within 75.1±10% 

2. The digester operates at mesophilic temperature range of 35-40oC 

3. The pH value of the putrescible wastes is within 6.5 – 7.3 

4. Sulfides and other toxic substances are present in negligible amounts and do not affect the system output. 

 

3. Results and discussion 

 

3.1 Characteristics of model putrescible waste 

 

The characteristics of the putrescible waste which formed the baseline for the development of the model is presented in Table 1. 

Table 1 also showed the comparison of the values obtained for the study’s putrescible wastes and those obtained in other studies. It is 

observed that the values obtained are similar to those obtained by Safar et al. [23], and Safar et al. [27]. Furthermore, the moisture 

content of the putrescible waste is comparable to the average moisture content obtained in the study by Nwoke et al. [28]. This further 

validates the assumptions of this study. 

 

Table 1 Characteristic of real-world putrescible wastes 

 

Parameters This study Safar et al. [23] Safar et al. [27] 

Moisture content (%) 75.15 71.09 75.02 

Total solids (TS) 24.86 28.91 24.98 

Volatile solids (VS) (% of TS) 86.05 88.83 82.43 

Carbon (C) (% of TS) 39.27 45.72 35.56 

Hydrogen (% of TS) 7.09 7.83 6.43 

Sulfide (% of TS) 0.26 0.3 0.18 

Oxygen (% of TS) 41.22 31.96 48.49 

Nitrogen (% of TS) 0.85 1.37 
 

C/N (% of TS) 26.75 33.44 23.24 

Lignin content (% of VS) 8.15 10.83 6.18 

pH 7.20 
 

7.30 
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3.2 Batch process 

 

The results generated using the biogas application are presented as follows for residue or accumulation of 1, 5 and 10 percent at 

various process times for different startup masses of waste respectively. Figure 4 shows the results for 1% mass accumulation. At a 

processing time of 1 day, and 1 kg of putrescible waste, 0.247 m3/day of biogas was produced. The volume of biogas produced increased 

with the increase in startup mass of putrescible waste with 20kg initial startup mass yielding 4.95 m3/day. A similar trend is observed 

with other processing times. However, for the same startup mass, the volume of biogas production increased with process time. Taking 

the 1kg startup mass, the volume of biogas increased from 0.247 m3/day (t = 1 day) to 6.187 m3/day (t = 25 days).  

 

 
Figure 4 Biogas production at 1% mass accumulation 

 

Similarly, Figure 5 shows the volume of biogas production at 5% residue accumulation. The volume of biogas production increased 

from 0.247 m3/day at 1kg startup mass and 1 day processing time to 118.75 m3/day at 20kg initial mass and 25 days processing time. 

The volume of gas produced increased with an increase in processing time and starting mass of putrescible waste.   

 

 
Figure 5 Biogas production at 5% mass accumulation 

 

Figure 6 shows the volume of biogas produced at different processing times and starting masses when there is 10% mass 

accumulation in the digester. The volume of gas produced varied from 0.247 m3/day (t=1 day, starting mass of 1 kg) to 112.5 m3/day 

(t=25 days, starting mass of 20 kg). The results also depicted that the volume of biogas produced is directly proportional to the amount 

of substrate and processing time [29, 30].  

 

 
Figure 6 Biogas production at 10% mass accumulation 
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The results from the batch process shows that for 1.0 Kg mass of biodegradable putrescible waste gave yields of 0.247, 0.237, and 

0.225 m3 of biogas per day at the 1, 5, and 10 percent accumulation rates respectively. Thus, in other words, an average biogas 

production volume of about 0.236 m3/ day was estimated. Figure 7 establishes the effect of the volume of residue on biogas production 

by comparing the outputs at 1%, 5%, and 10% mass accumulation in the digester.  

 

 
Figure 7 Effect of % mass accumulation on biogas production 

 

3.3 Continuous process 

 

To validate the continuous process of the mathematical model, a simulation approach was adopted in which the start mass of the 

process was kept constant at 1.0 kg while the accumulation (or end mass in this case) was varied using a random number generated 

between 0 and 50% of the start mass, that is 0 ≤ 𝑀𝑒 ≤ 0.5𝑀0. The result presented in Figure 8 reveals that the minimum daily 

production of biogas was recorded at the processing time of 1 day (t = 1), while the maximum values of daily gas production were 

recorded at 25 days of process time (t = 25). This shows that the volume of biogas produced varies directly with the processing time 

(duration of anaerobic digestion). Unlike the batch process, the volume of biogas produced in the continuous process fluctuates with 

an increase in mass accumulation. For a processing time of 25 days for instance, the value increased from 0 m3/day at 0 kg mass 

accumulation to 6.14 m3/day at 0.05 kg mass accumulation. It then decreased to 3.217 m3/day at 0.096 kg mass accumulation and 

further increased to 5.651 m3/day at 0.212 kg. This trend continued up to the set limit of 0.5 kg mass accumulation. However, the 

maximum volume of biogas production was 6.25 m3/day at 0.5 kg mass accumulation. Similar trends were observed at lower processing 

times.  

 

 
Figure 8 Biogas production for the continuous process 

 

4. Discussion 

 

The findings of the study showed the volume of biogas produced per day decreases with an increase in mass accumulation 

irrespective of the starting mass. This result is in line with the findings of Feng et al. [31] who posited that the accumulation of volatile 

fatty acids lowers biogas yield. The percentage mass accumulation is a result of several processing parameters such as environmental 

factor (pH, temperature), moisture content of feedstock, digester design, and choice of inoculum. This has necessitated researchers to 

develop several methods such as the pretreatment of substrates and special design of digesters to maximize biogas yields [32, 33].  

The results of the continuous process indicate that 0.05 kg mass accumulation is sufficient to produce a considerable amount of 

biogas. This is preferred, as it will reduce the maintenance cost of the reactor [34]. The volume of gas produced is similar to those of 

other studies on putrescible wastes [35-37]. This shows that the model is suitable for the prediction of biogas production from 

municipal/putrescible wastes. 
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5. Conclusion  

 

A computer-based model for the estimation of biogas produced from putrescible waste was developed based on three basic process 

parameters, namely, the gas volume, mass of waste used and its residue, and the process timing giving a simplified model of time-

dependent anaerobic waste degradation. Therefore, certain specific assumptions were made for the successful testing and validation of 

the model while using the program. These assumptions were necessary for the values utilized for the testing process. By this approach 

no rigorous computations are required in achieving the process results from end-users. Hence, the model structure is not only simplified, 

but also targeted towards improved end-user functionality. 
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