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Abstract: This study explores biogas production through anaerobic digestion of cattle manure (CM) in a Continu-

ous Stirred Tank Reactor (CSTR), employing a Response Surface Methodology (RSM) to optimize conditions for 

enhanced methane yield. Cattle manure, a primary substrate in biogas generation, holds untapped methane potential 

due to its high fibre content, which remains only partially degraded in typical single-phase CSTR systems.                

Experiments were conducted under controlled mesophilic conditions to compare biogas outputs with and without 

stirring mechanisms. Key variables, including Volatile Solids (VS), volatile fatty acids (VFA), total alkalinity (TA), 

and pH, were monitored and optimized using a Box-Behnken design. Results demonstrated that stirring increased 

methane yield significantly up to 0.4713 m3/kg VS, attributed to uniform microbial activity and enhanced degrada-

tion of organic matter. The findings also shows that intermittent stirring improves methane yield by 34.36%, achiev-

ing a peak value, and offer practical insights into energy-efficient alternatives to continuous mixing, which has 

direct implications for scaling up industrial biogas systems. Statistical analysis via ANOVA confirmed the regres-

sion model's reliability, showing significant factors influencing biogas production. This study’s findings underline 

the efficiency of serial CSTR configurations and optimized operating conditions for sustainable biogas production. 
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Anaerobic digestion is a natural biological process wherein bacteria breakdown organic matter in the          

absence of oxygen (Cavinato et al. 2010). This process generates biogas, mostly composed of carbon dioxide 

and methane. These gasses can be recovered and used as a renewable energy resource (Khayum, Anbarasu, and 

Murugan 2018). In anaerobic digestion, it is feasible to divert food waste from these detrimental pathways, 

which are substantial contributors to greenhouse gas emissions and landfill (Chanakya, Reddy, and Modak 

2009). The Continuous Stirred Tank Reactor (CSTR) is a vital component of the anaerobic digestion process. It 

consists of a closed tank or reactor vessel with a continuously agitated and mixed content (Li et al. 2020). Within 

this reactor, microorganisms responsible for anaerobic digestion are introduced and maintained at optimal       

conditions, allowing for efficient biogas production (Park et al. 2010). Centralized biogas facilities utilize cattle         

manure as one of their primary substrates (Mittal, Ahlgren, and Shukla 2019). A significant percentage of fibres 

in cattle dung is around 40–50% of the total solids (TS) (Tasnim, Iqbal, and Chowdhury 2017). Despite the 

potential methane yield of 0.40–0.45 m3/kg VS for cattle dung, just a small portion of the fibres undergoes 

degradation in a biogas process with a standard hydraulic retention time (HRT) of 15–30 days, generating an 

average methane output of 0.20–0.25 m3/kg VS (Onthong and Juntarachat 2017). In order to recover the un-

derutilized methane potential of manure, which makes up around 25% of the theoretical output, many ap-

proaches to improving biogas production have been investigated (Mittal, Ahlgren, and Shukla 2018). This study 

concentrated on the improvement of the reactor configuration. Continuous-flow stirred tank reactors (CSTRs) 

are widely used in the anaerobic digestion of livestock waste product for biogas production (Warade et al. 2025). 

The loss of degradable organic matter can be attributed to the "short-circuit" of an amount of the supply that 

was retained in the reactor for a shorter period than the specific retention time (Warade et al. 2023). A typical 

single batch CSTR is easier to operate but less effective in terms of effluent quality than a two-phase system, 

which consists of an acidogenesis step with a less HRT and a methanogenesis stage with a high HRT 

(Havukainen et al. 2014). Nevertheless, the two-phase system has been widely recommended as a means of 

improving digestion performance (Anon 2014). Conversely, it is susceptible to substrates with a high organic 

load that is easily degradable (Matheri et al. 2017). In such cases, a single CSTR can achieve a yield that is 

similar to that of the two-phase system (Neri et al. 2024). There are numerous methods for enhancing biogas 

production from manure in the CSTR process, such as increasing hydraulic retention time, addition of activated 

carbon for reducing toxicity of ammonia, pretreatment of feedstock to improve degradability of recalcitrant 
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materials, and co-digestion with other organic wastes or feedstocks (Agrawal et al. 2025, Abdulhameed, Al 

Omari, et al., 2024; Abdulhameed, Khan, et al., 2024; Agha et al., 2024). In the current study, the potential to 

enhance biogas production by implementing a novel serial CSTR configuration was examined on a laboratory 

scale. This study also compares stirred and non-stirred conditions in the same laboratory-scale CSTR system, 

providing a direct performance evaluation under controlled mesophilic conditions, which is rarely reported in 

prior literature. While traditional CSTRs rely on continuous stirring, our study introduces an intermittent stirring 

strategy (15 minutes per hour at 20–30 rpm) and compares it with a non-stirred batch setup, assessing not just 

gas yield but also VS reduction, pH stability, VFA/alkalinity ratios, and temperature behavior. Therefore, the 

focus of this investigation is to evaluate biogas in a continuous stirred tank reactor through wet fermentation 

processes. Additionally, the Response Surface Methodology (RSM) was implemented to ascertain the biogas 

production from cattle manure with and without the stirring procedure. The number of trials under optimization 

conditions was analysed, and control parameters such as VS, VFA, TA, and pH were implemented. 

2. MATERIALS AND METHODS 

2.1 Feedstock Supply and Their Combination 

The methane-rich biogas produced from animal manure is being used as a reliable and sustainable energy 

source in rural parts of India and worldwide (Corré and Conijn 2016). The primary uses of cattle manure for 

organic farming on one hand and on burning of cow-cakes for fuel (Ramos-Suárez et al. 2019). Cattle manure 

is a source of nutrients that is effective for the growth of plant material, as well as an option for improving soil 

structure and restoring the quality of soil (Achinas, Achinas, and Euverink 2017). The cattle manure as shown 

in Fig. 1 (a & b) for this study was obtained from nearby agricultural field.  
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 (a)                                                                                          (b) 

Fig. 1:  (a) Raw Cattle manure, (b) Prepared slurry of cattle manure. 

2.2 Feedstock Characteristic 

Feedstock utilized in the investigation was cattle manure from a pilot-scale biogas facility. Received feed-

stock has been mixed with water at a proportion of 1:1 and fed into the CSTR. A standard method was imple-

mented to analyse the primary materials collected for pH, moisture content (MC), TS, VS, VFA, and TA, out-

lined in Table 1. The quality of the biogas produced was analysed using a portable methane analyser, and the 

quantity of biogas generated has been measured using the water displacement method. Prior to conducting 

measurements, the methane analyser was calibrated with a reference gas that contained a specified quantity of 

methane. TS was measured through retaining the sample in the oven at 105ᵒC. However, remains from the TS 

measurement are burned at 550ᵒC to calculate the VS. Titration with NaOH has been used to determine the total 

VFA and TA. 

Table 1. Characterization of the substrate 

     Parameters          Unit Cattle Manure 

MC % 83 

TS % 17 

VS % 84 

Fixed Solid % 16 

pH -- 6.9 
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Cattle manure was selected as the sole substrate due to its wide availability, stable composition, and relevance 

in rural and agricultural waste management systems. It typically has a C:N ratio of approximately 25:1, which 

is considered optimal for anaerobic digestion, minimizing ammonia inhibition while supporting microbial 

growth. In this study, the collected cattle manure had a Total Solids (TS) content of 17% and a Volatile Solids 

(VS) content of 84%, indicating a high proportion of biodegradable organic matter suitable for methane pro-

duction. 

2.3 Laboratory Scale CSTR 

The CSTR model, as represented in Fig. 2 (a & b), was made from double glass in a box arrangement, as 

well as with glass panel fixing at the top and bottom side. The stirring mechanism and its motor, stirrer, outlet 

point, temperature measuring sensor, and sampling port were all mounted on the upper plate. Stable CSTR 

temperature was maintained at 35⁰C i.e. mesophilic range. Cattle manure along with water with ratio of 1:1 was 

fed into the CSTR in batch mode. As the reactor was constructed from acrylic material, it lacked an internal 

heating jacket. Instead, heat was transferred externally from the water bath to the reactor walls, ensuring uniform 

thermal distribution. The temperature readings were recorded daily, and no significant variation was observed, 

as the system remained within ±1°C of the target temperature during the entire digestion period.  The laboratory-

scale reactor used in the study was a cylindrical acrylic tank with a working volume of 10 liters and a total 

height of 42 cm and inner diameter of 20 cm. A 3-liter headspace was reserved for biogas collection, and all 

fittings were placed on the top lid, including the stirrer, gas outlet, thermocouple, and sampling port. The reactor 

was stirred at a constant speed of 20 to 30 rpm for 15 minutes every hour to ensure proper mixing without over-

agitation, which could inhibit microbial activity. Previous studies on CSTR-based anaerobic digestion have 

shown that stirring within the range of 30 to 100 rpm can significantly influence substrate homogenization and 

biogas yield. 30–90 rpm was identified as a safe and effective range that minimizes shear stress on microbial 

communities while ensuring adequate mixing. Biogas from the feedstock was recorded on daily basis by water 

displacement method. A hydraulic retention time (HRT) of 60 days was selected based on standard retention 

periods used in mesophilic anaerobic digestion of cattle manure, as well as the high fiber content and slow 

biodegradation rate of the substrate. This duration ensured sufficient time for complete VS reduction and stable 

methane production under both stirred and non-stirred conditions. 
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(a)                                                                                        (b) 

Fig. 2: (a) Continues Stirred Tank Reactor (CSTR),      (b) Arrangement of stirring mechanism in CSTR 

Specifically, the experiments were conducted in two distinct phases (with and without stirring), and each con-

dition was tested in triplicate using the same reactor configuration and operational parameters. Variations among 

replicates were minimal, with less than 5% deviation in cumulative methane yield, confirming the consistency 

of the experimental outcomes. 

2.4 Analytical Methods 

The pH, VS, TA, and VFA were measured by extracting samples from CSTR, two to three times weekly. 

A pH meter was utilized to determine the pH of the reactor on a daily basis. The ideal pH range for anaerobic 

digestion was 6.8–7.2 maintained by adding sodium bicarbonate (NaHCO₃) if necessary. The VFA analysis was 

done by titration method adding 0.1 M HCl  & NaOH of 0.01 M. The VFAs concentration was monitored to 

ensure that the accumulation did not inhibit methanogenic activity. The TS and VS of the feedstock and digestate 

were determined using standard gravimetric methods (APHA, 2005). TS was measured by drying the samples 

at 105°C, and VS was determined by igniting the dried samples at 550°C.  
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2.5 Experimentation Design and Optimization 

The current study optimized the variables by assembling CSTR in 1:1 feedstock combination. The most 

effective method to produce biogas from CSTR with and without stirring was determined using the Design-

Expert (version 13.0.5.0, Stat-Ease) program. The Box-Behnken design (BBD) was used for optimizing the 

production of biogas via cattle manure mixing with water. Compared to full factorial or central composite de-

signs, BBD requires fewer experimental runs, especially when dealing with four independent variables, as in 

our case (VS, VFA, TA, and pH). This makes it cost-effective and time-efficient without compromising statis-

tical power. BBD is specifically suited for developing second-order (quadratic) models, which are ideal for 

capturing nonlinear interactions among variables influencing methane yield. Unlike central composite designs, 

BBD does not include extreme (corner) points, which helps prevent unsafe or unstable operational conditions, 

particularly important in anaerobic digestion, where factors like excessive VFA or extreme pH can inhibit mi-

crobial activity. The ranges of TA (A), VS (B), VFA (C), and pH (D) were taken into consideration for optimi-

zation, as indicated in Table 2. 

Table 2. Levels of factors and variables used for optimization 

Variables Parameters 
Levels 

-1 0 1 

A TA (mg/L) 2354 2791 3087 

B VS (%) 90.16 91.9 93.82 

C VFA (%) 413 552 699 

D pH 6.3 6.7 7.3 

For each variable under consideration, the three levels were assigned as -1, 0 and +1 in coded factors. 

Biogas production (m3/kg VS) has been evaluated under two different situations as a response variable. Seven 

replications of the center locations were used in a total of twenty separate experiments (Table 3). Additionally, 

a regression model with a p-value < 0.05 and an F-value with a 95% confidence level was developed by fitting 

a second ordinal polynomial model function for optimal point prediction to the experimental results using anal-

ysis of variance (ANOVA). The appropriateness of the model for optimization was represented by the coeffi-

cient of determination (R2). If the parameters are modified at the same time, a relationship between them will 

impact the outcomes. In order to determine the ideal proportion of variables, the software was used to develop 
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3D graphs that explored the impacts of each variable separately as well as their relationship to one another. Due 

to maximum responses, numerical and point prediction methods have been used to optimize the outcomes of 

each variable (Fig. 4). To verify the model's accuracy in a range of RSM scenarios, the outcomes of the labora-

tory tests have been compared with those that the model suggested. 
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Table 3. Real value of variables and response variables. 1 

Std Run 
Factor 1 

Day (A) 

Factor 2 

VS% (B) 

Factor 3 

VFA mg/L 

(C)  

Factor 4 TA 

mg/L (D) 

Factor 5 pH 

(E) 

Factor 6 Temperature 

in Degree Celsius (F) 

Gas Production 

without CSTR 

(m³/kg VS) Re-

sponse 2 

Gas Production 

with CSTR 

(m³/kg VS)  Re-

sponse 2 

10 1 3 92.47 413 2364 7.3 30.5 0.01117 0.00667 

11 2 6 91.34 428 2645 7.3 30.5 0.01500 0.02056 

4 3 9 91.64 421 3020 7.2 31.0 0.01972 0.04389 

16 4 12 91.45 426 3131 7.2 31.0 0.02039 0.04833 

19 5 15 92.42 532 3542 7.0 31.0 0.02100 0.04360 

1 6 18 91.34 564 3087 7.1 31.5 0.02150 0.04278 

2 7 21 91.34 566 3016 6.9 30.0 0.02320 0.04389 

13 8 24 90.16 579 2983 6.8 31.2 0.03060 0.04111 

6 9 27 92.41 594 2648 6.6 26.5 0.02389 0.02640 

5 10 30 90.47 679 2534 6.6 33.0 0.02250 0.02100 

14 11 33 93.67 648 2645 6.5 30.5 0.01300 0.02889 

9 12 36 92.14 699 2548 6.5 34.5 0.02111 0.01340 

3 13 39 89.66 753 2498 6.5 34.5 0.02333 0.01722 

20 14 42 93.14 642 2634 6.5 33.5 0.01500 0.01720 

17 15 45 92.64 621 2354 6.3 30.5 0.01278 0.01240 

18 16 48 91.49 601 2594 6.4 31.0 0.01210 0.00100 

8 17 51 92.43 504 2683 6.5 31.0 0.01120 0.01000 

15 18 54 93.82 514 3019 6.5 31.0 0.01220 0.01100 

7 19 57 92.57 434 3055 6.3 31.5 0.01100 0.01000 

12 20 60 91.44 432 2831 6.3 30.0 0.01010 0.01200 

 2 
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3. RESULTS AND DISCUSSION  

3.1 Gas Production  

This study was conducted using a laboratory-scale Continuous Stirred Tank Reactor (CSTR) to evaluate 

and compare biogas production under stirred and non-stirred conditions. The Fig. 3 presents two graphs that 

compare gas production over time (in days) under two different conditions: one using a Continuous Stirred Tank 

Reactor (CSTR) and the other without it. Gas production measures in m³/kg of VS added over a 60-day period. 

 

Fig. 3: Gas production with and without CSTR mechanism 

The gas production with CSTR starts low, around 0.0067 m³/kg at day 3, and rises to the highest being 

around 0.0439 m³/kg on days 9, 12, and 15. After this peak, there is a general decline with fluctuations, dropping 

to as low as 0.0100 m³/kg around day 48. The total biogas volume is 0.4713 m³/kg  VS by day 60. Gas production 

without CSTR also starts low, around 0.0112 m³/kg on day 3, and increases to a peak of 0.0306 m³/kg on day 

24. Following this, it decreases with more visible fluctuations compared to with CSTR. The production rate 

reaches lower values about 0.0101 m³/kg VS and total volume is 0.3508 m³/kg VS  by the day 60. It was ob-

served that gas production was increased with stirring mechanism as degradation occurs uniformly due to 
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continuous mixing. A significant portion of the VS would have already been degraded after day 15, reducing 

the availability of energy sources for methanogens. As a result, methane yield naturally declines even if stirring 

continues. The experiment was conducted in triplicate under both stirred and non-stirred conditions using the 

same reactor design and operational parameters. Daily biogas production and methane content were monitored, 

and high consistency was observed across the three parallel trials, with less than 5% variation in cumulative 

methane yield. The mean values of methane yield and cumulative gas production have been presented along 

with their respective standard deviations (SD). Some  key performance parameters, such as maximum methane 

yield (0.4713 m³/kg VS), the standard error of the mean (±0.011) has been included in the results. The optimized 

methane yield achieved in this study was 0.4713 m³/kg VS, under mesophilic conditions with intermittent stir-

ring. This yield is comparable to or slightly higher than those reported in similar studies. For instance, El-

Mashad and Zhang 2010 reported a methane yield of 0.22–0.27 m³/kg VS for dairy manure in a continuously 

stirred CSTR at 35°C. Khoshnevisan et al. 2018 obtained yields in the range of 0.25–0.30 m³/kg VS using 

mesophilic single-phase digestion.  Kasinath et al. 2021 observed a yield of 0.30–0.35 m³/kg VS in lab-scale 

digesters with optimized co-digestion strategies. While higher methane yields (up to 0.50–0.55 m³/kg VS) have 

been reported in two-phase or thermophilic systems, these often require more complex configurations and en-

ergy input. Therefore, the methane yield achieved in this study demonstrates that simple, cost-effective process 

modifications such as intermittent stirring can significantly enhance methane recovery from cattle manure, ap-

proaching the efficiency of more complex systems without the associated operational burden. 

3.2 Volatile Solids 

VS are of the highest importance among all other solids present in the feedstocks, as they directly indicate 

the amount of energy generation (Singh, Szamosi, and Siménfalvi 2019). Additionally, the conversion of VS 

indicates the quantity of methane available in biogas (Hagos et al. 2017). Fig. 4 presents the percentage of VS  

over time, measured at regular intervals (every 3 days) across a 60-day period. There is a gradual decrease over 

the first 21 days, reaching a minimum of 90.16% on day 21. The reduction suggests some degradation of VS 

during this period. After day 21, there is a slight recovery in the volatile solids, with values increasing to 92.41% 

on day 24, followed by small fluctuations.  A notable drop occurs at day 33, where the VS percentage reaches 

its lowest value i.e. 89.66%. This likely reflects a more intense phase of VS reduction or microbial activity. By 
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the end of the period (day 60), the VS percentage is recorded at 91.44%, showing that the solids have stabilized 

at this value after some fluctuations. The reduction and fluctuation of VS over time suggest that degradation or 

conversion of organic matter occurred throughout the 60-day period. The lowest VS percentage i.e. 89.66% on 

day 33 indicates a critical point of degradation, possibly corresponding to a peak in microbial activity or anaer-

obic digestion. 

 

Fig. 4: VS in slurry 

3.3 pH and Temperature 

The optimal range of pH for anaerobic degradation, such as acid forming or methane forming bacteria, is 

6.8 to 7.6, whereas the normal pH range is 6.5 to 7.5 (Warade, Daryapurkar, and P B Nagarnaik 2019). The rate 

at which methane is produced might be decreased when the pH is in the lower range i.e. up to 6.1 and higher up 

to 8.0 (Lohan et al. 2015). High concentration of hydrolysis and acidogenesis was obtained by AD of cattle 

manure with 86% TOC and 82% COD, with a pH of around 7.0 (Li et al. 2018). Ideal pH range has been 

maintained by adding lime, bicarbonate or carbonate salt (E et al. 2013). Fig. 5 shows the variation of pH and 

temperature over time during a 60-day period. This visualization helps to observe how the pH and temperature 
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changed and possibly interacted throughout the experiment. The initial drop in pH (from 7.2 to 6.2) reflects the 

production of acidic byproducts, such as VFA, during microbial digestion. The gradual stabilization of pH in 

the latter half of the experiment suggests that the system reached equilibrium, likely due to the depletion of 

easily degradable substrates or buffering mechanisms that stabilized the acidity. The increase in temperature 

from day 21 to day 33, followed by fluctuations, suggests periods of high microbial metabolic activity, espe-

cially during peak degradation phases. The eventual stabilization of temperature indicates that microbial pro-

cesses slowed down or reached a steady state after day 45. 

 

Fig. 5: Variations in pH & Temperature 

3.4 VFA and Total Alkalinity 

Acetate, propionate, butyrate, and lactate are among the intermediate compounds known as VFA that are 

generated during the acidogenesis stage (Warade, Daryapurkar, and P. B. Nagarnaik 2019). The AD process, 

which lowers pH, is severely affected by the excess VFA generated in the CSTR (Filer, Ding, and Chang 2019). 

The alkalinity of Cattle manure is high but if VFA generation in large amounts during AD, it has a detrimental 

effect on the AD process, which ultimately affects the production of biogas (Muralidharan 2017). A VFA to 
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alkalinity ratio in the range of 0.05 to 0.25 is optimal (Sanskruti Ajay Mukwane et al. 2024). When VFA in-

creases in proportion to alkalinity, at a ratio greater than 0.25 is cause for considerable concern in AD (Warade, 

Daryapurkar, and P B Nagarnaik 2019). It must be prevented by a proper neutralization, such water or lime 

(Warade 2021). Furthermore, the amount of methane that controls the production of biogas in specific feedstock 

has a negative correlation with VFA generation (Achinas and Euverink 2016). The alkalinity ratio and VFA 

with and without CSTR have been shown in Fig. 6. In every proportion trial, the appropriate values were ob-

tained when the reactor was in a stable condition. The rapid rise in VFAs and the relatively stable alkalinity 

during the early phase (up to day 15) suggests an intense phase of acidogenesis, where organic matter is rapidly 

converted into VFA. The stable alkalinity during this time helps to buffer the system, preventing an immediate 

pH drop. The peak of VFA at day 15 indicates the highest level of acid production, after which the concentration 

starts to decrease as VFAs are likely being converted into biogas. The rise in alkalinity during this phase (day 

21–36) suggests increased buffering to neutralize the acids, preventing the system from becoming too acidic 

and ensuring continued microbial activity. Both parameters stabilize after day 36. VFAs remain at lower levels 

compared to the peak, indicating a reduction in acid production and possibly a more stable anaerobic digestion 

process. Meanwhile, the high alkalinity ensures that the system remains stable, allowing for the final breakdown 

of organic matter without any major disruptions to pH. 

 

Fig. 6: VFA Alkalinity ratio 
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3.5 Regression Analysis and Modelling 

The twenty cycles of projected and actual experimental responses for coded CCD models used in biogas 

production with and without CSTR are displayed in Table 3. To evaluate the quadratic regression model, re-

searcher use four variables: TA (A), VS (B), VFA (C), and pH (D). CCD's quadratic design structure substan-

tially enhanced modelling efficiency while requiring lower RSM trials. Equations (1), (2), (3), and (4) were used 

by CCD to demonstrate the ideal production of biogas in terms of actual and projected responses for each vari-

able using the mathematical model for AD as per the RSM. The mathematical model's accuracy, significance, 

and error reduction were assessed using ANOVA. Responses for a certain set of factor values, which is described 

in its natural units, are predicted by this equation expressed in terms of fundamental factors. Although the point 

of intersection doesn't reside in the design center, the equation's coefficients were scaled to be undefined; as a 

result, they cannot be used to evaluate the relative importance of each component. Using an ANOVA, the mod-

el's effectiveness was evaluated using the F test, wherein F-value indicates whether or not the second-order 

polynomial equation is statistically significant. It displays a value of 12.11, which indicates that the model sig-

nificance. In addition, the quadratic regression model's ANOVA table had an average value below 0.05, indi-

cating that the results were highly significant. The conclusion would be that these variables are significant since 

they were all controlled variables with lower p-values indicating a higher relevance level; all of them display 

values less than 0.05. Subsequent regression analysis revealed that while the linear term and the interaction at 

(A, D) were not significant at p > 0.05, terms in the linear, quadratic, and interaction models were significant, p 

< 0.05. According to Table 5, the polynomial equation's R2 coefficient was 0.9499. However, Table 6 shows a 

F value of 47.85, revealing the model's validity. At p < 0.05, the quadratic regression model's ANOVA was 

significant. The experimental design's regression analysis revealed significant terms for the linear and quadratic 

models, as well as interaction models, at p < 0.05. With a p-value > 0.05, there was no significant difference 

between the linear term and the interaction term at (A, D). The value of R2 was 0.8482 (Table 7). 

Equation (1) was used to express the system response as the biogas production without CSTR in terms of 

coded factors & Equation (2) was used to express the system response as the biogas production without CSTR 

in terms of actual factors. 
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Table 4: Regression model for gas production with & without CSTR 

Responses Factor Regression Model Eq. 

Sqrt (Gas Production with-

out CSTR)  

Coded +0.1765-0.0188A-0.0834B+0.0243C+0.0324D-0.0443E-0.0117F 1 

Actual 
+0.984572-0.000890A-0.008703B+0.000127C+ 0.000034 D -

0.019804E-0.001837F 
2 

Sqrt (Gas Production with 

CSTR)  

Coded +0.1519-0.0536A-0.0463B+0.0262C+0.1110D-0.1238E-0.0215F 3 

Actual 
+0.746073-0.002543A-0.004826B+0.000137C +0.000116D-

0.055349E-0.003366F 
4 

Equation (3) was used to express the system response as the biogas production with CSTR in terms of 

coded factors & Equation (4) was used to express the system response as the biogas production with CSTR in 

terms of actual factors (Table 4). 

 Table 5: Analysis of variance (ANOVA) of the model for without CSTR. 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0078 6 0.0013 12.11 0.0001 Significant 

A-Day 0.0002 1 0.0002 1.97 0.1834  

B-VS 0.0014 1 0.0014 12.9 0.0033  

C-VFA 0.0008 1 0.0008 7.25 0.0185  

D-TA 0.0015 1 0.0015 14.38 0.0022  

E-pH 0 1 0 0.3043 0.5905  

F-Temperature 0.0001 1 0.0001 0.9925 0.3373  

Residual 0.0014 13 0.0001    

Cor Total 0.0091 19     

 

The fig. 7 compare gas production during anaerobic digestion of cattle manure with and without a Contin-

uous Stirred Tank Reactor (CSTR). The top row of scatter plots shows predicted versus actual gas production 

values, with points aligning closely to the diagonal, indicating good predictive accuracy for both setups. Gas 

production is more efficient with CSTR, as indicated by the color gradient. The middle row contour plots display 

gas production levels based on days and VS % for each setup; the CSTR setup shows a stronger response, with 

higher gas production (red areas) compared to the non-stirred system. The bottom row of 3D surface plots 

further illustrates that while gas production without CSTR is limited and highly sensitive to changes in VS % 

and days, the CSTR setup maintains more consistent and higher gas yields across these parameters. Overall, the 
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results highlight that CSTR significantly enhances biogas production efficiency and stability under varying con-

ditions. 

Without CSTR With CSTR 

  

  

      

Fig. 7: The effects of variables independently and their relationships in determining the optimal level of variables in 

with or without CSTR 
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Table 6: Analysis of variance (ANOVA) of the model for with CSTR. 

Source Sum of Squares df Mean Square F-value p-value   

Model 0.0392 6 0.0065 6.50 0.0024 Significant 

A-Day 0.0017 1 0.0017 1.71 0.2131  

B-VS 0.0004 1 0.0004 0.4215 0.5275  

C-VFA 0.0009 1 0.0009 0.8978 0.3606  

D-TA 0.0181 1 0.0181 18.00 0.0010  

E-pH 0.0003 1 0.0003 0.2527 0.6236  

F-Temperature 0.0004 1 0.0004 0.3540 0.5620  

Residual 0.0131 13 0.0010    

Cor Total 0.0522 19     

 

Table 7: Statistics of the Gas Production with & Without CSTR 

Statistics With CSTR Without CSTR 

R2 0.9499 0.8482 

Adjusted R2 0.6345 0.7782 

Predicted R2 0.4030 0.5366 

Adequate precision 8.9203 9.6930 

 

3.6 Optimization 

The fig. 8 reveals that most parameters in the anaerobic digestion process for biogas production in a CSTR 

are highly optimized. The duration (Day), VFA, TA, pH, and temperature all show near-perfect desirability 

scores, indicating these conditions are well-suited for maximizing biogas output. Gas production with CSTR 

achieves a score of 1, demonstrating full optimization, while production without CSTR slightly trails at 

0.951805. The VS parameter has a lower desirability score of 0.412274, suggesting room for improvement in 

this area. Overall, the combined desirability score of 0.871656 reflects a highly optimized system, with enhance-

ments to VS processing offering potential for further gains in biogas efficiency (fig. 9).  TS % shown significant 

positive influence on biogas yield up to an optimal threshold, beyond which substrate inhibition may occur. Its 

significance was supported by a low p-value (< 0.05) and a strong linear term in the regression model. Intermit-

tent stirring at controlled speeds (20–30 rpm) had a notable effect on improving gas-liquid contact, enhancing 

substrate breakdown. We observed diminishing returns at higher RPM levels, suggesting that overly vigorous 

mixing may disturb microbial communities. The interaction between VFA and TA, and between pH and RPM, 
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was also found to be significant, highlighting the importance of balancing biological and mechanical factors in 

maximizing methane production. 

 

Fig. 8: Optimization & desirability in key parameters 
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Fig. 9: Optimization & desirability Contours 

4. CONCLUSIONS 

The current study demonstrated that anaerobic digestion of cattle manure in a Continuous Stirred Tank 

Reactor (CSTR), especially with optimized stirring, can significantly enhance biogas production by 34.36%. By 

maintaining optimal conditions for variables such as VS, VFA, TA, and pH, methane yield improved due to 

increased microbial activity and better degradation of organic matter. The RSM and Box-Behnken design suc-

cessfully optimized these parameters, as confirmed by ANOVA, validating the reliability of the regression 

model. The results indicate that a stirred CSTR configuration, compared to non-stirred systems, achieves higher 

biogas efficiency i.e. up to 0.4713 m3/kg VS, suggesting its potential for sustainable energy production from 

organic waste in centralized biogas facilities. Future research could explore scaling these findings for larger 

biogas operations and the use of diverse organic substrates to further maximize yield. 



NEPT 10 of 24 
 

 Author Contributions: For research articles with multiple authors, include a brief paragraph outlining 

each author's contributions using the following format: “Conceptualization, H.W.; D.G.; and K.A.; methodol-

ogy, H.M.; software, D.G.; and K.A; validation, S.A., S.K. and A.M.; formal analysis, H.M.; investigation, D.G 

resources, H.M.; data curation, H.W.; D.G.; and K.A.; writing—original draft preparation, H.W.; D.G.; and 

K.A.; writing—review and editing, S.A.; S.K.; and S.J.M; visualization, S.J.M and A.M.; supervision, H.W.; 

D.G.; and K.A.; project administration, H.M; funding acquisition, S.A; S.J.M; and A.M; All authors have read 

and agreed to the published version of the manuscript.” Authorship should be restricted to individuals who have 

made significant contributions to the research. 

Funding: For the Funding section, please include one of the following statements: “This research received no external 

funding” or “This research was funded by [NAME OF FUNDER], grant number [XXX]. 

Institutional Review Board Statement: In this section, include the Institutional Review Board Statement and ap-

proval number if applicable to your study. If the study did not require ethical approval, this statement can be omitted. 

The Editorial Office may request additional information if needed. Use one of the following statements based on your study 

type: For human studies: “The study was conducted in accordance with the Declaration of Helsinki, and approved by the 

Institutional Review Board (or Ethics Committee) of [NAME OF INSTITUTE] (protocol code [XXX] and date of ap-

proval).” For animal studies: “The animal study protocol was approved by the Institutional Review Board (or Ethics Com-

mittee) of [NAME OF INSTITUTE] (protocol code [XXX] and date of approval).” If ethical review was waived: “Ethical 

review and approval were waived for this study due to [REASON] (please provide a detailed justification).” For studies 

not involving humans or animals: “Not applicable.” 

Informed Consent Statement: Any research article that describes a study involving human participants must include 

this statement. Please add one of the following options: “Informed consent was obtained from all subjects involved in the 

study.” “Patient consent was waived due to [REASON] (please provide a detailed justification).” “Not applicable.” (for 

studies not involving humans) 

You may choose to omit this statement if the study did not involve human participants. Additionally, if applicable, 

include the following statement: “Written informed consent has been obtained from the patient(s) to publish this paper” for 

any participating patients who can be identified, including by the patients themselves. 

Acknowledgments: In this section, you can acknowledge any support given which is not covered by the author 

contribution or funding sections. This may include administrative and technical support, or donations in kind (e.g., materi-

als used for experiments). 

Conflicts of Interest: Authors must declare any conflicts of interest or state, “The authors declare no conflicts of 

interest.” It is essential to identify and disclose any personal circumstances or interests that may be perceived as influencing 

the representation or interpretation of the reported research results. Additionally, any involvement of funders in the design 

of the study, data collection, analysis, interpretation, manuscript writing, or decision to publish must be clearly stated. If 

there was no role for the funders, please include the statement: “The funders had no role in the design of the study; in the 

collection, analysis, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.” 



NEPT 10 of 24 
 

 

REFERENCES 

Abdulhameed, A. S., Al Omari, R. H., Younes, M. K., Abualhaija, M., & Algburi, S. (2024). Highly efficient adsorption 

of eosin yellow dye from aqueous solutions using polymer-based nanocomposite developed from cross-linked 

chitosan-citrate and Co2O3 nanoparticles. Surfaces and Interfaces, 54, 105146.  

Abdulhameed, A. S., Khan, M. K., Alshahrani, H., Younes, M. K., & Algburi, S. (2024). Newly developed polymer 

nanocomposite of chitosan-citrate/ZrO2 nanoparticles for safranin O dye adsorption: Physiochemical proper-

ties and response surface methodology. Materials Chemistry and Physics, 324, 129699.  

Achinas, Spyridon, and Gerrit Jan Willem Euverink. 2016. “Theoretical Analysis of Biogas Potential Prediction from 

Agricultural Waste.” Resource-Efficient Technologies 2(3):143–47. doi: 10.1016/j.reffit.2016.08.001. 

 Achinas, Spyridon, Vasileios Achinas, and Gerrit Jan Willem Euverink. 2017. “A Technological Overview of Biogas 

Production from Biowaste.” Engineering 3(3):299–307. doi: 10.1016/J.ENG.2017.03.002. 

Agha, H. M., Abdulhameed, A. S., Wu, R., Jawad, A. H., ALOthman, Z. A., & Algburi, S. (2024). Chitosan-grafted 

salicylaldehyde/algae composite for methyl violet dye removal: adsorption modeling and optimization. Inter-

national Journal of Phytoremediation, 26(8), 1348-1358. 

Agrawal, Dhiraj, Khalid Ansari, Uday Waghe, Manmohan Goel, S. P. Raut, Harshal Warade, Essam Althaqafi, Saiful 

Islam, and Osamah J. Al-sareji. 2025. “Exploring the Impact of Pretreatment and Particle Size Variation on Prop-

erties of Rubberized Concrete.” Scientific Reports 15(1). doi: 10.1038/s41598-025-96402-y. 

Anon. 2014. “Intensified CSTR for Bio-Methane Generation from Petrochemical Wastewater.” International Institute of 

Engineers. 

Cavinato, C., F. Fatone, D. Bolzonella, and P. Pavan. 2010. “Thermophilic Anaerobic Co-Digestion of Cattle Manure 

with Agro-Wastes and Energy Crops: Comparison of Pilot and Full Scale Experiences.” Bioresource Technology 

101(2):545–50. doi: 10.1016/j.biortech.2009.08.043. 

Chanakya, H. N., B. V. V. Reddy, and Jayant Modak. 2009. “Biomethanation of Herbaceous Biomass Residues Using 3-

Zone Plug Flow like Digesters - A Case Study from India.” Renewable Energy 34(2):416–20. doi: 

10.1016/j.renene.2008.05.003. 

Corré, W. J., and J. G. Conijn. 2016. “Biogas from Agricultural Residues as Energy Source in Hybrid Concentrated Solar 

Power.” Pp. 1126–33 in Procedia Computer Science. Vol. 83. Elsevier B.V. 

E, C. Chukwuma, C. E. Umeghalu I, C. Orakwe L, E. Bassey E, and N. Chukwuma J. 2013. “Determination of Optimum 

Mixing Ratio of Cow Dung and Poultry Droppings in Biogas Production under Tropical Condition.” African 

Journal of Agricultural Research 8(18):1940–48. doi: 10.5897/ajar12.1781. 

El-Mashad, Hamed M., and Ruihong Zhang. 2010. “Biogas Production from Co-Digestion of Dairy Manure and Food 

Waste.” Bioresource Technology 101(11):4021–28. doi: 10.1016/j.biortech.2010.01.027. 

Filer, Jameson, Huihuang H. Ding, and Sheng Chang. 2019. “Biochemical Methane Potential (BMP) Assay Method for 

Anaerobic Digestion Research.” Water (Switzerland) 11(5). 

Hagos, Kiros, Jianpeng Zong, Dongxue Li, Chang Liu, and Xiaohua Lu. 2017. “Anaerobic Co-Digestion Process for 

Biogas Production: Progress, Challenges and Perspectives.” Renewable and Sustainable Energy Reviews 76:1485–

96. 

Havukainen, J., V. Uusitalo, A. Niskanen, V. Kapustina, and M. Horttanainen. 2014. “Evaluation of Methods for Esti-

mating Energy Performance of Biogas Production.” Renewable Energy 66:232–40. doi: 

10.1016/j.renene.2013.12.011. 



NEPT 10 of 24 
 

Kasinath, Archana, Sylwia Fudala-Ksiazek, Malgorzata Szopinska, Hubert Bylinski, Wojciech Artichowicz, Anna Re-

miszewska-Skwarek, and Aneta Luczkiewicz. 2021. “Biomass in Biogas Production: Pretreatment and Codiges-

tion.” Renewable and Sustainable Energy Reviews 150:111509. doi: 10.1016/j.rser.2021.111509. 

Khayum, Naseem, S. Anbarasu, and S. Murugan. 2018. “Biogas Potential from Spent Tea Waste: A Laboratory Scale 

Investigation of Co-Digestion with Cow Manure.” Energy 165:760–68. doi: 10.1016/j.energy.2018.09.163. 

Khoshnevisan, Benyamin, Panagiotis Tsapekos, Merlin Alvarado-Morales, and Irini Angelidaki. 2018. “Process Perfor-

mance and Modelling of Anaerobic Digestion Using Source-Sorted Organic Household Waste.” Bioresource 

Technology 247:486–95. doi: 10.1016/j.biortech.2017.09.122. 

Li, Wangliang, Kai Chee Loh, Jingxin Zhang, Yen Wah Tong, and Yanjun Dai. 2018. “Two-Stage Anaerobic Digestion 

of Food Waste and Horticultural Waste in High-Solid System.” Applied Energy 209:400–408. doi: 10.1016/j.apen-

ergy.2017.05.042. 

Li, Yu, Jing Zhao, Spyridon Achinas, Zhenhua Zhang, Janneke Krooneman, and Gert Jan Willem Euverink. 2020. “The 

Biomethanation of Cow Manure in a Continuous Anaerobic Digester Can Be Boosted via a Bioaugmentation 

Culture Containing Bathyarchaeota.” Science of the Total Environment 745. doi: 10.1016/j.scitotenv.2020.141042. 

Lohan, Shiv Kumar, Jagvir Dixit, Rohitashw Kumar, Yogesh Pandey, Junaid Khan, Mohd Ishaq, Sheikh Modasir, and 

Dinesh Kumar. 2015. “Biogas: A Boon for Sustainable Energy Development in India’s Cold Climate.” Renewable 

and Sustainable Energy Reviews 43:95–101. 

Matheri, A. N., S. N. Ndiweni, M. Belaid, E. Muzenda, and R. Hubert. 2017. “Optimising Biogas Production from An-

aerobic Co-Digestion of Chicken Manure and Organic Fraction of Municipal Solid Waste.” Renewable and Sus-

tainable Energy Reviews 80:756–64. 

Mittal, Shivika, Erik O. Ahlgren, and P. R. Shukla. 2018. “Barriers to Biogas Dissemination in India: A Review.” Energy 

Policy 112:361–70. doi: 10.1016/j.enpol.2017.10.027. 

Mittal, Shivika, Erik O. Ahlgren, and P. R. Shukla. 2019. “Future Biogas Resource Potential in India: A Bottom-up Anal-

ysis.” Renewable Energy 141:379–89. doi: 10.1016/j.renene.2019.03.133. 

Muralidharan, Arunaachalam. 2017. “Feasibility, Health and Economic Impact of Generating Biogas from Human Ex-

creta for the State of Tamil Nadu, India.” Renewable and Sustainable Energy Reviews 69:59–64. 

Neri, Alessandro, Ferdinand Hummel, Souraya Benalia, Giuseppe Zimbalatti, Wolfgang Gabauer, Ivana Mihajlovic, 

and Bruno Bernardi. 2024. “Use of Continuous Stirred Tank Reactors for Anaerobic Co-Digestion of Dairy and 

Meat Industry By-Products for Biogas Production.” Sustainability (Switzerland) 16(11). doi: 10.3390/su16114346. 

Onthong, Usa, and Niramol Juntarachat. 2017. “Evaluation of Biogas Production Potential from Raw and Processed 

Agricultural Wastes.” Pp. 205–10 in Energy Procedia. Vol. 138. Elsevier Ltd. 

Park, Mi Jung, Ji Hye Jo, Donghee Park, Dae Sung Lee, and Jong Moon Park. 2010. “Comprehensive Study on a Two-

Stage Anaerobic Digestion Process for the Sequential Production of Hydrogen and Methane from Cost-Effective 

Molasses.” Renewable Energy 35(12):6194–6202. doi: 10.1016/j.ijhydene.2010.03.135. 

Ramos-Suárez, J. L., A. Ritter, J. Mata González, and A. Camacho Pérez. 2019. “Biogas from Animal Manure: A Sus-

tainable Energy Opportunity in the Canary Islands.” Renewable and Sustainable Energy Reviews 104:137–50. 

Sanskruti Ajay Mukwane, Harshal Warade, Mohit Kale, and Ramesh Daryapurkar. 2024. A Feasibility Study on Charac-

terization of Lignocellulosic Biomass &Control Parameters in Anaerobic Digestion Process. 1st Edition. edited by Ajay 

Kumar, D. K. Rajak, Parveen Kumar, and Ashwini Kumar. Boca Raton: CRC Press. 

Singh, Buta, Zoltán Szamosi, and Zoltán Siménfalvi. 2019. “State of the Art on Mixing in an Anaerobic Digester: A 

Review.” Renewable Energy 141:922–36. 



NEPT 10 of 24 
 

Tasnim, Farzana, Salma A. Iqbal, and Aminur Rashid Chowdhury. 2017. “Biogas Production from Anaerobic Co-Di-

gestion of Cow Manure with Kitchen Waste and Water Hyacinth.” Renewable Energy 109:434–39. doi: 

10.1016/j.renene.2017.03.044. 

Warade, Harshal, Khalid Ansari, Kul Bhaskar, Zeba Naaz, Mohammad Amir Khan, Nadeem A. Khan, Sasan Zahmat-

kesh, and Mostafa Hajiaghaei-Keshteli. 2023. “Optimizing the Grass Bio Methanation in Lab Scale Reactor Uti-

lizing Response Surface Methodology.” Biofuels 14(7):721–32. doi: 10.1080/17597269.2023.2170034. 

Warade, Harshal, Ramesh Daryapurkar, and P B Nagarnaik. 2019. “Review of Biogas Production from Various Sub-

strates and Co-Substrates through Different Anaerobic Reactor.” International Journal on Emerging Technologies 

10(2):235–42. 

Warade, Harshal, Ramesh Daryapurkar, and P. B. Nagarnaik. 2019. “Assessment of Biogas Production from Energy 

Crop Using Animal Manure as Co-Substrate Through Portable Reactor.” Pp. 165–74 in Lecture Notes on Multi-

disciplinary Industrial Engineering. Vol. Part F244. Springer Nature. 

Warade, Harshal, Sanskruti Mukwane, Khalid Ansari, Dhiraj Agrawal, Perumal Asaithambi, Murat Eyvaz, and Mo-

hammad Yusuf. 2025. “Enhancing Biogas Generation: A Comprehensive Analysis of Pre-Treatment Strategies 

for Napier Grass in Anaerobic Digestion.” Discover Materials 5(1). 

Warade, Harshal’ Daryapurkar, Ramesh’ Nagarnaik Prashant. 2021. Impact of Micronutrients on Bioenergy Production 

with Addition of Animal Dung—A Pilot-Scale Study. Vol. 87. edited by L. M. Gupta, M. R. Ray, and P. K. Labha-

setwar. Singapore: Springer Singapore. 

 


