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Abstract -

The aim of this study was to investigate the optimal conditions for biogas production from
anaerobic digestion of agricultural waste (namely cow dung, chicken waste and saw dqst)
using full factorial design of experiments to study the effect of four factors: concentration
(A), feed type (B), seeding (C) and time (D) on biogas produced after 28 days of anacrobic
digestion. Main effects and interaction effects of these factors were analyzed using stat:sthal
techniques. The experimental results showed that the linear model terms of concentration,
feed type, seeding and time had significant effect on yield with (p < 0.05). However, thcrc
was interactive effect between these variables (p < 0.05), though, concentration and .mnc
show no interaction (p> 0.05). The full model equation developed for biogas production is: Y
= K-11.5842A+19.9868D constant K for biogas production with seeding = 930.877 for cow
dung, 1483.28 for chicken waste and 555.692 for sawdust respectively. While K for biogas
production without seeding = 351.309 for cow dung, 903.717 for chicken waste and -23.8759
for sawdust respectively. The highest amount of biogas produced was 1973.33mL at optimum
conditions of 20% concentration, chicken waste, seeding and retention time of 28 days.

Keywords: Agricultural Waste, Anacrobic Digestion, Modelling, Optimization, Biogas, Full
Factorial Design.

Introduction produced under anaerobic conditions
Today, the issues of global warming and during degradation of organic materials by
climate change arc strongly receiving certain  micro-organisms. The major
public attention and have become a major biological sources of methane include
environmental concern both at national natural wetlands, rice paddies, landfills,
and international level. The increasing ruminants, termites, river beds, and lakes
concentration of atmospheric greenhouse (Steven, 2007). Methane is an important
gases as a result of culpable human greenhouse gas with the ability of global
activities represents the major cause for warming 25 times greater than that of
this problem (Alhassan et al., 2016). The carbon dioxide (IPCC, 2007). It is
most important Greenhouse gases from estimated that more than 60% of the global
such activities are carbon dioxide, methane release is connected to human
methane, nitrous oxide, and fluorinated activities. Methane emission accounts for
gases such as sulfur hexafluoride and 16% of all global greenhouse gas
hydro fluorocarbon (US EPA, 2007). The emissions and the current value of global
atmospheric concentration of such gases average atmospheric methane
importantly influences the carth’s climate concentration is about 1720 ppbv (parts
and cause global warming, In the context per billion by volume) which is more than
of global warming, carbon dioxide gas double of the concentration during the pre-
currently gains more public attention than industrial period 800 ppbv (Mosicr et al..
other greenhouse gases. However, it is 1998). Methane is therefore important
important to also consider other gases. One greenhouse gas, which needs a serious
of these is methane (CHy) gas which is consideration.  With regard (o source,
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agriculture appears to be the major
contributor of atmospheric methane.
Worldwide, 35% of greenhouse gas
emission is from agriculture (IPCC, 1996).
According to Mosier et al. (1998) as cited
by Olesen et al., (2006) agriculture is a
responsible  sector for 50%  of
anthropogenic emission of methane. The
major sources of agriculture methane are
enteric fermentation and rice paddies.

The rate of energy consumption and
waste generation in developing
countries necessitates the adoption of
technologies that promote renewable
energy and the conversion of waste into
viable commodity. The biogas technology
is one of such systems and has been found
to be cost effective and environmentally
sound (Brown, 2003). Biogas is a clean,
environmental friendly and renewable
form of energy gencrated when micro-
organisms degrade organic materials in an
oxygen free environment. The formation
of biogas can occur ecither in natural
environment or controlled conditions in
constructed biogas plants, so called
anaerobic degradation (AD). Swamps,
marshes, river beds, rumen of herbivore
animal are some of the areas where biogas
is formed naturally (Marchaim, 1992). The
same microbial activities are achieved in
both natural and controlled conditions. The
feedstock for biogas production in
constructed plants is more or less any
organic fractions from household organic
waste to dedicated energy crops like maize
(Lantz er al, 2007). The potential
feedstock for the production of biogas
include; municipal solid waste, industrial
organic waste, garden waste, agricultural
waste (manure and crop residue), energy
crops, cellulose rich biomass, algac and
seaweed (water based), by-products of
ethanol and bio diesel production (Lantz et
al., 2007; Demetriades, 2008; Bérjesson
and Mattiasson, 2007; SGC, 2007).
Several researchers (Adelekan and
Bamgboye, 2009; Adeyosoye et al., 2010,
Ofoefule, et al. 2011) have reported
production of biogas from different
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substrate such as cassava peels, SWeet
potato peel. wild cocoyam peel, pouly

dropping, maize c?mb, rice husks and
various bulk organic wastes in Nigerjs
The country’s biogas potential has been
estimated at 6.8 million m® per day from
animal waste, while from municipal sojiq
waste it was estimated at 1.77 mijlljon
cubic tonnes per year for biOgas
Production (Mshandete and Parawira,
2009). Biogas production may therefore
be a profitable means of reducing the
country’s energy crisis and  wagte
generation. The Energy crisis in Nigeria
started far back the 1970s after the advent
of the oil boom, since then there has been
growing national concern for sustained
shortage in energy supply (GueguimKana
et al, 2012 Yadolka, 2004). Many
scholars (Preston and Murgueitio, 1992;
Mattocks, 1984, Feigelson and Babuy,
1992) have also envisaged this problem
around the globe. In the United States of
America for instance, several million
gallons of fuel is consumed on daily basis
for transportation and other activities to
meet their daily needs (Habmigem, 2003),
These fuels are obtained from non-
renewable sources which are unsustainable
due to their impacts on the environment,
Sustainability is a current global trend
which  addresses issues  conceming
environmental impacts. It first came into
play at the World Commission on
Environment and Development
(Brundtland,1985; Lele, 1991). It was
defined as development that meets the
needs of the present generation without
compromising the ability of future
generations to meet their needs
(Brundtland, 1985; Lele, 1991)

Materials and methods

The experiments were carried out on batch
laboratory  scale reactor (IL  Tin
Digesters). The batch 1 experiment
consists of three digesters and was run in
triplicate for each of the digester. These
digesters were closed with their lids. A
puncture hole was bored in the middle of
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hd tube of 12 mm

a rubber

inserted through it, sealed
fixed with araldite. The lid of each
was further made air tight by
melting candle wax all round the edges
which on cooling, sealed it up and making
air tight (completely anaerobic). Each
digester was connected via a rubber tube,
to a 1000 em’ cylinder. Organic materials
or biomasses used were Cow dung,
Chicken waste and Sawdust. Digester A,
was charged with 100 g of cow dung and
was diluted with 400 mL of water giving
the ratio of 1: 4 and concentration of 20%
as sample A, Digester A, was charged
with 100g of cow dung and was diluted
with 300 mL of water giving the ratio of
1:3 and concentration of 25% as sample
Ax Digester Ay was charged with 100 g of
cow dung and was diluted with 100 mL of
water giving the ratio of 1:1 and
concentration of 50% as sample A, Each
of the three sub-digester was run in
triplicate making a total of 9 digesters for
batch A. The same procedure was repeated
for digester B Digester B, was charged
with 100 g of Chicken waste and was
diluted with 400 mL of water giving the
ratio of 1: 4 and concentration of 20% as
sample B, Digester B; was charged with
100g of chicken waste and was diluted
with 300 mL of water giving the ratio of
1:3 and concentration of 25% as sample
B; Digester By was charged with 100g of
chicken waste and was diluted with 100
mL of water giving the ratio of 1:1 and
concentration of 50% as sample B,
Another digester C; was charged with 100
g of saw dust and was diluted with 400 mL
of water giving the ratio of I: 4 and
concentration of 20% as sample C,
Digester C; was charged with 100 g of saw
dust and was diluted with 300 mL of water
giving the ratio of 1: 3 and concentration
of 25% as sample C; Digester Cy was
charged with 100 g of saw dust and was
diluted with 100 mL of water giving the
rato of 1:1 and concentration of 50% as
sample Cy This procedure was triplicated
for both sub-digester B and € making a

and
was
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total of 27 digesters for batchl experiment.
The same procedure was repeated and 5g
of yenst was added to the substrate as
seeding for each of the sub-digester A, B
and C making a total of 27 digesters for
batch 2 experiments. The overall
experiment comprised of 54 runs. The
solution was thoroughly mixed to ensure
the formation of homogenous mixtures.
Each digester was connected via a rubber
tube, to a 1000 cm’ cylinder which was
filled with water, inverted and immersed in
a trough containing water. Anaerobic
fermentation was carried out at an ambient
temperature  (30-36°C) for a period of
twenty eight days. The effective volume of
the reactor was maintained at 0.75 L.
Biogas production from the reactors was
monitored daily by water displacement
method. The volume of water displaced
from the digester was equivalent to the
volume of gas generated. The reactor was
mixed manually by means of shaking and
swirling twice daily during the period of
fermentation. This aids the discharge of
the gas in the digester in to the cylinder
and also prevents scum formation. The
readings were taken every day at 12:00
pm.

Design of Experiment

Minitab16, statistical software was used
for the design of experiment and
simulation of the results. Design of
experiment (DOE) is a well-accepted
statistical technique able to design and
optimize the experimental process that

involves choosing the optimal
experimental design  and estimate the
effect of the several variables

independently and also the interactions
simultancously. In a full factonal
experiment, responses are measured at all
combinations of the experimental factor
levels. Each combination of factor levels
represents the conditions at which a
response measure will be taken. Each
experimental condition is called a "run”
and each measures an observation. A
factorial  design  of  experiments  was
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for cow dung, 903.717 for chicken waste
and -23.8759 for sawdust respectively.

The R-sq (adj) of 85.85% explains that
about 85.85% of the variable in the
response could be captured and explained
by the model. The Predicted Residual Sum
of Squares (PRESS) is a measure of how
well the model fitted each point in the
design. The smaller the PRESS statistics
the better would be the model fitting thé
data points (Box er al, 2005). Here the
value of PRESS found from the model
summary as 7339128,

Table 3: Analysis of Variance for Y(mL)

from full model(coded units)
Source Seq SS

Sum of squares Mean F P
Adj S8 square
adj MS
Regression 5 42976157 42976157 259521) 196.42 0.0000000
A 1 3744023 1744023 1744021 RS.559 0.0000000
B 2 23514226 23514226 1757113 268.68 0.0000000
c I 13603908 13603008 13603908 310880  0.0000000
D 1 2114001 2114001 2114001 48310 0.0000000
Error 156 6826455 6326455 43759
Lack of Fit 48 6438222 6438222 134130 37313 0.0000000
Pure Eror 108 388233 388233 3595

Tol 161 49802612

DF= degree of freedom

The statistical significance of model
equations was checked by an F-test
(ANOVA). All the corresponding data are
shown in Table 3. Moreover the model F
value of 196.42 (Table 3) implies the
model is highly significant (p < 0.0001).
ANOVA results, presented in Table 3,
showed that the term A, B, C and D have
very significant effect (p < 0.0001) on the
response Y (biogas yield). These findings
are consistent with that of Sajeena ef al.,
(2014) who studied the effect of three
process variables; initial pH, subgtrate
concentration and TOC on biogas
production. !

“Lack of Fit F-value" of 37.313 implies
the Lack of Fit is very significant
(p<0.0001) (ASA, 1983). There is only a
0.01% chance that a Lack of Fit F-value"

27

can occur. A large value for this can occur
due to noise (Winer et al, 1991). For
biogas production, the value of adjusted
square correlation coefficient, R-Sq (adj)
of 85.85% was also very high, which
indicated the higher significance of the
model. The R-Sq (pred) value of 85.26%
showed the reasonable agreement with the
"Adj R-Sq" value 0f85.85%. This
indicated a good agreement between the
observed and the predicted values (Sajeena
et al., 2014).

Feed type
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Fig. 1: Main effects plot for Y (Biogas
yield)

The main effects plot is used to examine
differences between level means for one or
more factors. There is a main effect when
different levels of a factor affect the
response differently. A main effect plot
graphs of the response mean for each
factor level connected by a line
(Montgomery, 2004). From Figure I, the
mean response increase slightly with
increase in concentration from 20% to
25%. Further increase in concentration
decreases the mean response and this
confirms the finding of Hilkiah-Igoni
(2008) who showed that when the
percentage total solids (PTS) concentration
of municipal solid waste in an anaerobic
continuous digestion process increases.
There is a corresponding geometric
increase for biogas produced and at some
point in the increase of the TS, no further
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rise in the volume of the biogas would be
obtained. The feed type has the highest
effect on the response (biogas yield). The
mean response increases mostly with
chicken waste followed by cow dung and
saw dust (Seadi, et al, 2008). Seeding
shows significant effect on the biogas
yield as the mean response is higher with
seeding (YES) and lower without seeding
(NO). This result supports the idea raised
by Singh et al. (2001) who reported that
using microbial Stimulants could improve
biogas production by 55%. As time
increases from 14days to 28days, there is
gradual increase in mean response.
Retention time controls the types of
microorganisms that can grow in the
process and influences the degree of
degradation as well as the gas yield to a
great extent (Eder and Schulz, 2006;
Grady et al., 1999). These plots show a
clear difference in magnitude of the effect
on the response among the factors: A,B,C
and D. The factor B had the greatest effect
on Y, followed by C, D and lastly A. The
positive values of the effect show that the
increase in the magnitude of parameter
increases the response Y. Contrary;
negative values reveal that the increase in
the magnitude of parameter decreases the
response Y (Adrian ef al., 2013).
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Fig. 2: Interaction effect plot for Y (biogas
yield)
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aerobic Digestion of Agriculturg)

[nteraction plot _
An interaction plot 1s used to visualize

possible interaction when the effect of one
factor depends on the level of other factor
An interaction plot displays the levels Oi'
one variable on the X-axis and has 4
separate line for the means of each level of
the other variable on the Y-axis. Ap
interaction is effective when the change in
the response from low to high levels of a
factor is dependent on the level of second
factor. Interaction effects represent the
combined cffects of factors on the
dependent measure. When an interaction
effect is present, the impact of one factor
depends on the level of the other factor,
When an interaction is significant, the
slope of the two lines should be different
and not necessary for the lines to cross or
intersect each other within the range of the
data. Parallel lines in an interaction plot
indicate no interaction (Winer ef al, 1991),
From the Figure 2, Concentration and
seeding shows significant interaction. The

three lines of mean response of
concentration for each level of seeding are
not parallel. The three lines of

concentration have more mean response
for the level of seeding (YES) than without
seeding (NO). Concentration and time
show no interaction because the mean
response for the three lines of
concentration for each of the three levels
of time is almost parallel. There is
interaction between the two factors (feed
type and seeding); this is because the lines
of mean response of feed type are not
parallel indicating that the slopes of the
lines are different. There is more mean
response of feed type for seeding (YES)
than without seeding (Shalini sing et al,
2000). There is interaction between the
field type and time because the three lines
of mean response of feed type for each of
the three levels of time are not parallel
The lines with seeding (YES and NO)
show difference in mean response for cach
of the three levels of time. For this reasem,
there is interaction between seeding an
time (Winer et al., 1991).
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Fig. 3: Surface plot of Y

The Surface plot

The surface plot shows the relationship
between three numerical variables. The 3D
surface plot for biogas data shows how
factor A and D affect the response Y. The
surface plot of total biogas yield(Y)
produced after 28 days of anaerobic
digestion as a function of A and D is
shown in Figure 3. The 3D surface plot
shows that the maximum total biogas
yield, Y (mL) value was found
approximately at 25% concentration and at
a retention time of 28 days. The minimum
total biogas yield value was found at a
concentration of 50 % and a retention time
of 14 days. This indicates that biogas yield
increases with additional increase in
concentration (Hilkiah, 2008). Further
increase in concentration decreases biogas
yield. This also shows that increase in
retention time increases biogas yield (Eder
and Schulz, 2006; Grady et al., 1999).
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Fig. 4: contour plot of Y
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Contour plot

Contour plot is a graphical representation
of the relationships among the three
numerical variables in two dimensions.
Generally, there are two predictors and one
response variable. Contour plots are uscful
for establishing desirable response values
and operating conditions.

From Fig. 4, the 3D contour plot shows
that the highest total biogas values (1500-
2000mL) were found at a concentration of
25% and retention time of 28 days. The
lowest total biogas value (0-500mL) was
found at a concentration of 50% and a
retention time of 14 days. This plot
confirms the surface plot of Y in the Fig. 3
that biogas yield increases with additional
increases in concentration (Hilkiah-Igoni,
2008). Further increases in concentration
decreases biogas yield. This also shows
that increases in retention time increases
biogas yield (Eder and Schulz, 2006;
Grady et al., 1999).
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Fig. 5: Interval plot of Y (Biogas) (95% CI
for the mean)

Interval plot

Interval plot is a graphical summary of the
distribution of a sample that shows the
sample's central tendency and variability.
The mean value is represented by a circle
and the interval is represented by a vertical
line with horizontal lines at the upper and
lower limits. Interval plots are used to
display the sample mean along with a
range of likely values for the population
mean. Interval plots are especially useful
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for comparing groups (Montgomery,
2004).

From the Figure 5, the interval plot shows
that at 20% concentration and seeding
(yes), chicken waste shows the highest
biogas yield with an estimated mean
values of 1973.33 and 95% confidence
interval (1861.32, 2085.35) at time of 21
and 28 days followed by cow dung at 95%
confidence interval (918.709, 1117.96)
having an estimated mean values of
1018.33. Saw dust shows the least biogas
yield at 95% confidence interval (607.739,
1142.26) and mean estimate of 875. At
25% concentration and seeding(yes), cow
dung shows higher biogas yield at 95%
confidence interval (1345.57,1924.43) and
mean estimate value of 1635 at time of 28
days followed by chicken waste at 95%
confidence interval (1402.44, 1554.22) and
an estimated mean value of 1478.33 at
time of 21 and 28 days respectively. Saw
dust is the least biogas yield at 95%
confidence interval (677.697, 888.970) and
an estimate mean value of 783.333. At
50% concentration and seeding (Yes),
chicken waste shows high biogas yield at
95% confidence interval (1110.83,
1675.84) and mean estimate value of
1393.33 at time of 28 days followed by
cow dung at 95% confidence interval
(640.632, 806.034) and an estimated mean
value of 723.333 at time of 28 days. Saw
dust is the least biogas yield at 95%
confidence interval (361.469, 461.864) and
mean estimate value of 411.667.
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Residuals

Residuals are the difference between the
observed values and predicted or fitteq
values. This part of the observation is noy
explained by the fitted model.

A residual plot is a graph that shows the
residuals on the vertical axis apg
independent variable on the horizonta]
axis. If the points in a residual plot are
randomly dispersed around the horizonta]
axis. a linear regression is appropriate for
the data. Random patterns indicating a
good fit for a linear model.

The normal probability plot is a graphical
technique for assessing whether or not a
data set is approximately normally
distributed. The data are plotted against
theoretical normal distribution in such a
way that the points approximately on
straight line. Departures from this straight
line indicate departures from normality for
the biogas yield data/ in Fig. 4. Residuals
appear to roughly follow a straight line
indicating it is normal. This shows no
evidence of non normality, outliers, or
unidentified variable exists. This result
verified the null hypothesis that residuals
are normally distributed on a straight line
(Feigelson and Babu, 1992).

A histogram is a graphical representation
of the distribution of numerical data. It is
an estimate of the probability distribution
of a continuous variable (quantitative
variable). Histogram gives a rough sense
of the density of the data. For the biogas
yield data, the histogram has a bell shape
indicating that the residuals are normal.
Because of the appearance of the
histogram can change depending on the
number of intervals used to group the data,
the normal probability plot is used to
assess whether the residuals are normal.
The normal probability plot in Figure 6
confirmed that the residuals are normal
(Feigelson and Babu, 1992).
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