Modelling and Optimization of Biogas Production from Co-digestion of Cow Dung and Brewer’s Spent Grain Using Response Surface Methodology
Abstract
The optimization of biogas production from a mixture of cow dung and brewer’s spent grain was investigated using the anaerobic digestion in 50litres digester. The experiment was batch operated and daily gas yield from the plant was monitored for 30 days. The slurry was characterized before charging with the American Public Health Association standard. The digester was charged with the cow dung and brewer’s spent grain in the ratio of (1:1):2 (waste) to water respectively. The mesophilic ambient temperatures range attained within the testing period were 20 – 32 oC and a slurry temperature range of 22 – 36 oC. The biogas produced was analyzed with digital gas analyzer. The biogas production process from the sample was done using response surface methodology (RSM). The results obtained from the gas production showed that the sample produced the gas with methane content of 45%. The optimum conditions obtained for biogas production using equal proportion of cow dung and brewery’ spent grain are pH of 7.01, retention time of 19 days and organic loading rate of 6.23 kg/m3 with maximum yield of 9.9 L of biogas. These results showed that the cow dung can produce biogas as well as serve as inoculums for production of biogas.
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1.0 Introduction
The recent increase in energy demands as well as the tide over the current energy crisis occasioned by over dependence on non-renewable energy sources such as fossil fuels, most countries of the world have now shifted emphasis on the exploitation of renewable energy sources. The exploitation of bio-fermentation energy is one of the steps in this direction (Ezeonu, 2002). Interest in the production of biogas from industrial wastes and biomass has stimulated intensive studies of the methane fermentation process (Goodger, 1980).

Anaerobic digestion (AD) is a technology widely used for treatment of organic waste for biogas production. AD that utilizes manure for biogas production is one of the most promising uses of biomass wastes because it provides a source of energy while simultaneously resolving ecological and agrochemical issues. The anaerobic fermentation of manure for biogas production does not reduce its value as a fertilizer supplement, as available nitrogen and other substances remained in the treated sludge (Okogbue and Ojo, 2003).

Biogas is a gaseous mixture of methane, carbon dioxide, hydrogen sulphide and several other gases, produced by anaerobic fermentation of organic materials such as plant, animal and human wastes, under specified conditions. It is very important because of the presence of methane which gives it the property of combustion and makes it suitable for cooking, lighting and powering prime movers.	
 Normal biogas fermentation is impossible without sufficient quantity of biogas microbes. It is these microbes that perform the function of degrading, organic substances anaerobically to yield methane. Inoculums of different sources contain different colonies of biogas microbes. Each of the colonies acts upon some particular materials most efficiently. Reports have shown that addition of bacteria seed or inoculums is known to enrich the bacteria of the digester, which will enhance their action on the substrate and hence on the quantity as well as quality of the biogas generated (Muyiiya and Kasisira, 2009). Some inhibitors such as oxygen, high volatile acid and ammonia nitrogen concentration, agricultural chemicals (toxic ones), etc., have to be depleted before the strict anaerobic microorganisms can finally generate methane at the end of the process (Maishanu and Maishanu, 1998). 
In this study, optimization of biogas production from brewery spent grains using cow dung as inoculums was investigated. 

2.0 Materials and Methods
The biodigester used for this work is a 50L capacity metallic prototype digester and the study was carried out Energy Centre Nsukka, Nigeria. Cow dung and brewer spent grain were the two wastes used for this study. Fresh cow dung was collected from the slaughter house, in Ugwuoba Gariki Market, Enugu, Nigeria whereas brewer spent grain waste were collected from Ama Brewery, 9th Mile Ngwo, Enugu, Nigeria. Other materials such as Top loading balance (50kg “Five goat” model Z051599), 13L calibrated plastic transparent bucket, and Digital pH meter and thermometer were used. A minimum and maximum ambient temperature of 20 oC and 32 oC respectively and a minimum and maximum slurry temperature of 22 oC and 36 oC respectively were recorded.

2.1 Substrate Preparation
The quantity of cow dung and brewer’s spent grain was each mixed with water for biogas production as stated in Table 1. 
Table 1: Compositions of materials in each sample.
	Sample
	Mass brewer spent grain
(kg)
	Mass of cow dung
(kg)
	Mass of water (kg)
	Ratio

	
	25
	25
	50
	1:1:2



2.2 Analytical Methods
The samples taken were analyzed for total solids (TV), volatile solids (VS), moisture content and chemical oxygen demand (COD) using the American Public Health Association standard (1998). The biogas was analyzed using digital gas analyzer.

2.3 Synthesis of biogas
Cow dung and brewer’s spent grain were used as substrate in the experiments. A 50 L digester equipped with pH probe, stirrer, and sampling port were used in this study. The working volume of the bioreactor was maintained at 37.5L and ran under controlled pH, which is with acid or base solution. Experiment was carried out at 30 and the mixing was aided by a mechanical stirrer at a set speed of 150rpm.  The reactor was seeded with the two samples using a known organic loading rate of and stirred for 5minutes at interval of 3h thrice daily. After 3 days, retention biogas evolved from the reactor was measured and collected in a gas holder by water displacement. The experiment was repeated with different pH, retention time and organic loading rate as shown in design matrix Table 3.

2.4. Design of experiment for biogas production
Design Expert software (version 9.0.7.1) was used in this study to design the experiment and to optimize the reaction conditions. The experimental design employed in this work was a two-level-three factor full factorial design, including 20 experiments. pH, retention time and organic loading rate were selected as independent factors for the optimization study. The response chosen was the biogas production yield obtained from anaerobic fermentation of mixture of cow dung and brewery wastes. Six replications of centre points were used in order to predict a good estimation of errors and experiments were performed in a randomized order. The actual and coded levels of each factor are shown in Table 2. The coded values were designated by −1 (minimum), 0 (centre), +1 (maximum), −α and +α. Alpha is defined as a distance from the centre point which can be either inside or outside the range, with the maximum value of 2n/4, where n is the number of factors. Hereby the value of alpha is set at 0.5. It is noteworthy to point out that the software uses the concept of the coded values for the investigation of the significant terms, thus equation in coded values is used to study the effect of the variables on the response. The empirical equation is represented as shown below:
Y =  +  +  +  ……………… (1)
 Selection of levels for each factor was based on the experiments performed to study the effects of process variables on the anaerobic fermentation of mixture of cow dung and brewery spent grain. The lower level of pH is 6.0 and the upper level of pH is 8.0. The levels of retention time were selected between 10 and 30 days and the organic loading rate was limited between 4 and 8 Kg/m3.

Table 2: Studied range of each factor in actual and coded form.
	Factor
	Units
	Low level
	High level
	-⍺
	+⍺
	0 level

	pH
(A)
	
	6(-1)
	8(+1)
	5(-2)
	9(+2)
	7

	Retention time  (B)
	Days
	12(-1)
	24(+1)
	6(-2)
	30(+2)
	18

	Organic loading rate (C)
	Kg/m3
	4(-1)
	8(+1)
	2(-2)
	10(+2)
	6








Table 3: Experimental design Matrix for anaerobic fermentation of cow dung and brewer’s spent grain.
	Run order
	pH
()
	Retention time
(Day)
()
	Organic Loading rate 
(Kg/m3)
()
	Biogas Volume (L)

	
	Coded
	Real
	Coded
	Real
	Coded
	Real
	

	1
	-1
	6
	-1
	12
	-1
	4
	3

	2
	+1
	8
	-1
	12
	-1
	4
	4

	3
	-1
	6
	+1
	24
	-1
	4
	5

	4
	+1
	8
	+1
	24
	-1
	4
	6

	5
	-1
	6
	-1
	12
	+1
	8
	6

	6
	+1
	8
	-1
	12
	+1
	8
	5

	7
	-1
	6
	+1
	24
	+1
	8
	5

	8
	+1
	8
	+1
	24
	+1
	8
	5

	9
	-2
	5
	0
	18
	0
	6
	3

	10
	+2
	9
	0
	18
	0
	6
	3

	11
	0
	7
	-2
	6
	0
	6
	2

	12
	0
	7
	+2
	30
	0
	6
	5

	13
	0
	7
	0
	18
	-2
	2
	3

	14
	0
	7
	0
	18
	+2
	10
	5

	15
	0
	7
	0
	18
	0
	6
	10

	16
	0
	7
	0
	18
	0
	6
	10

	17
	0
	7
	0
	18
	0
	6
	10

	18
	0
	7
	0
	18
	0
	6
	9

	19
	0
	7
	0
	18
	0
	6
	10

	20
	0
	7
	0
	18
	0
	6
	10







3.0 Result and Discussion
3.1 Characterization of the substrate
The properties of all the substrates used are shown in Table 4. It was shown that all samples contain total volatile solids, chemical oxygen demand (COD), volatile solid, protein, moisture content, nitrogen and carbon content. The sample is alkaline. 

Table 4: Characteristics of samples
	S/N
	Properties
	Sample

	1
	Total volatile solids (TVS) (%)
	8

	2
	Volatile solids (VS) (%)
	6.1

	3
	Moisture content (%)
	96

	4
	Carbon content (%)
	6.2

	5
	Protein content (%)
	2.1

	6
	Nitrogen (%)
	0.23

	7
	Chemical oxygen demand (mg/L)
	200

	8
	pH
	7.2



3.2 Biogas Production
The biogas production during the period of the study is shown in Figure 1. It was observed that biogas production actually started at beginning and end of observation for cow dung only. This is predicted because biogas production rate in batch condition is directly equal to specific growth of methanogenic bacteria (Chen and Hashimoto, 2008). During the first 8 days of observation, there was slow biogas production and mainly due to the lag phase of microbial growth. Whereas in the range of 9 to 18 days of observation biogas production increases substantially due to exponential growth of methanogens. This could be due to unregulated pH region employed. The pH of cow dung was found to be basic and later became neutral while brewer’s spent grain was acid and later became neutral. The unregulated pH region can lead to increase/decrease in concentration of ammonia nitrogen and might be assumed to inhibit the process. It was reported by Chen et al., (2008) that high concentration of ammonia nitrogen is toxic to anaerobes, which will decrease the efficiency of the digestion and upset the process. It is obvious from Figure 1 that cow dung is an effective feed stock and inoculums for anaerobic digestion and could significantly enhance the biogas production. 

Figure 1: Production of biogas at different period
3.3 Characterization of biogas
Table 5 presented the result of cumulative gas content of the biogas produced from mixture of cow dung and brewer’s spent grain. From the table, it could be observed that the carbon dioxide content of 30% of biogas was produced with methane content of 45%. This could be that considerable amount of anaerobic bacteria in the cow dung function effectively to degrade the organic fraction in the brewer’s spent grain to produce biogas with reasonable amount of methane content. 

Table 5: Gas content of biogas produced.
	S/N
	Cumulative Methane
CH4 gas (%)
	Cumulative CO2
(%)
	Cumulative CO
(%)
	Others
(%)
	Total


	Sample 
	45
	30
	22
	3
	100





3.4 Optimization of biogas production
The design plan as shown in Table 3 was used to optimize the volume of biogas produced by the anaerobic fermentation of a mixture of cow dung and brewer spent grain. The coded and un-coded values of the test variables were used to optimize the variables namely pH, retention time and organic loading rate, and the results of the experiment for the  volume of biogas produced was presented in Table 3. The volume of biogas produced depends on the results if there is significant variation for combination of process parameters. The empirical relationship between biogas volume (Y) and the three variables in coded values obtained by using the statistical package Design-Expert 9.0.7.1 version for determining the levels of factors which gives optimum volume of biogas was given by the equation below. A quadratic regression equation that fitted the data is:
Y = 9.8 + 0.062A + 0.56B + 0.44C + 0.13AB – 0.37AC - 0.62BC -  - 1.6  – 1.48- - - - (2)
Where Y is the response variable (volume of biogas) and A-C are the coded values of the independent variables. The above equation represents the quantitative effect of the factors (A, B and C) upon the response (Y). Coefficients with one factor represent the effect of that particular factor while the coefficients with more than one factor represent the interaction between those factors. Positive sign in front of the terms indicates synergistic effect while negative sign indicates antagonistic effect of the factor. The adequacy of the above proposed model was tested using the Design Expert sequential model sum of squares and the model test statistics. From the sequential test, it can be seen that the model F-value (90.8) of the quadratic model is large compared to the values for the other models for the equation. And from the statistics test, the regression coefficient (R2 = 0.9878) is high, and the adjusted R2 (0.9769) is in close agreement with the predicted R2 (0.9384) value. The coefficient of variance (CV) is the ratio of the standard error of the estimate to the mean value of the observed response and is considered reproducible once it is not greater than 10%. In this work, the CV obtained was 7.20%. The "Adeq Precision" value measures the signal-to-noise ratio. A ratio greater than 4 is desirable. From this experiment, a ratio of 24.871 was observed, which indicates an adequate signal. This model can be used to navigate the design space. This test is shown in Table 6.








Table 6: Significance of  regression coefficients of volume of biogas using the design-expert version 9.0.7.1. version
	Source
	Degree of freedom
	Sum of square
	F-value
	P-value (Prob >F)

	Model
	9
	149.11
	90.28
	< 0.0001

	A
	1
	0.063
	0.34
	0.5724

	B
	1
	5.06
	27.59
	0.0004

	C
	1
	3.06
	16.69
	0.0022

	AB
	1
	0.13
	0.68
	0.4285

	AC
	1
	1.12
	6.13
	0.0328

	BC
	1
	3.12
	17.03
	0.0021

	
	1
	75.01
	408.74
	< 0.0001

	
	1
	64.55
	351.72
	< 0.0001

	
	1
	54.87
	298.98
	<0.0001

	Residual
	
	1.84
	
	

	Cor. Total
	
	150.95
	
	



Std. Dev. = 0.43; Mean = 5.95; C.V.% = 7.20; PRESS = 9.30; R2 = 0.9878; Adj. R2 = 0.9769; Pred. R2 = 0.9384; Adeq. Precision = 24.871
	
The ANOVA results for the model terms are given in Table 6. Analysis of variance (ANOVA) was applied for estimating the significance of the model at 5% significance level and shown in Table 6. A model is considered significant if the p-value (significance probability value) is less than 0.05. From the p-values presented in Table 6, it can be stated that the linear terms B and C and interaction terms AC and BC with all the quadratic terms , and are significant model terms. Based on this, the insignificant terms of the model were removed but A was included because of its importance in the model and the model reduced to equation (3):

Y = 9.8 + 0.062A + 0.56B + 0.44C  – 0.37AC - 0.62BC -  - 1.6  – 1.48- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3
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Figure 2: Plot of normal probability versus residuals           Figure 3: Plot of predicted values versus the actual for biogas volume                                                                             experimental values 
	
The experimental data in Table 3 were also analyzed to check the correlation between the experimental and predicted biogas volume, and the normal probability and residual plot, and actual and predicted plot are shown in Figures 2 and 3 respectively. It can be seen from the figures that the data points on the plot were reasonably distributed near to the straight line, indicating a good relationship between the experimental and predicted values of the response, and that the underlying assumptions of the above analysis were appropriate. The result also suggests that the selected quadratic model was adequate in predicting the response variables for the experimental data.
3.5 Three Dimensional Surface Plot and Contour Plot for volume of biogas
The 3D response surface plot and contour plot were generated to estimate the effect of the combinations of the independent variables on the volume of biogas. These plots are shown in Figures 4a, 4b; 5a, 5b and 6a, 6b. The figures show the dependency of  biogas volume on the interaction of pH, retention time and organic loading rate. As it can be seen from the Figures 4 and 5, volume of biogas increases as both the pH and retention time increased up to the mid point of these variables and then decreased. This could be that the pH has dropped below the required pH value for biogas production. Figure 6 shows that volume of biogas increased as both retention time and organic loading rate increased before decreasing. This could be that at higher organic loading rate the efficiency of converting the organic matter to methane decreased (APHA, 2005).
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Figure 4a: 3D Plot  showing the pH                                                       Figure 4b: Contour Plot  showing the pH 
and  retention time on the biogas volume.                                             and retention time on the biogas volume.
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Figure 5a: 3D Plot  showing the pH                                              Figure 5b: Contour Plot  showing the pH  
and  organic loading rate on biogas volume.                                  and  organic loading rate on biogas volume.
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Figure 6a: 3D Plot  showing the retention time.                        Figure 6b: Contour Plot  showing the retention time 
and  organic loading rate on the biogas volume.                         and  organic loading rate on the biogas volume.

The biogas volume was optimized with the design expert giving a volume of 9.9L obtained at optimum conditions of pH, 7.01, retention time, 19 days and organic loading rate, 6.23kgm-3 with desirability of 0.983. The biogas volume under the obtained optimum operating conditions was carried out in order to evaluate the precision of the quadratic model; the experimental value and predicted values are shown in Table 7. Comparing the experimental and predicted results, it can be seen that the error between the experimental and predicted is less than 0.5%, therefore it can be concluded that the generated model has sufficient accurancy to predict the biogas volume. 
Table 7:Results of the model validation (experiment to validate the optimum biogas production conditions and volume)
	Experiment
	pH
A
	Retention Time
(Days)
B
	Organic loading rate 
(kg/m3) 
C
	Biogas volume
(L)

	1
	7.01
	19
	6.23
	9.9







4.0 Conclusion
The result of this research on the production of biogas from mixture of cow dung and brewer’s spent grain has shown that flammable biogas can be produced from these wastes through anaerobic digestion for biogas generation. These wastes are always available in our environment and can be used as a source of fuel if managed properly. The study revealed further that cow dung as animal waste has great potentials for generation of biogas as well as serving as inoculums for the brewer’s spent grain to generate biogas and its use should be encourage due to its early retention time and high volume of biogas yields. Also in this study, it has been found that retention time, pH and organic loading rate are some of the factors that affected the volume yield of biogas production. The optimum conditions for biogas production using equal proportion of cow dung and brewery’ spent grain was obtained with deign expert version 9.0.7.1. The conditions are pH of 7.01, retention time of 18days and organic loading rate of 6kg/m3 with maximum yield of 9L of biogas.
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