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Abstract

The dependence on fossil fuels as primary energy source has led to global climate
change, environmental degradation, and human health problems. The process of
anaerobic digestion has the potential of converting biodegradable organics into biogas
which can serve as alternative source of energy to fossil fuel. In this study, the potential
of biogas production was investigated using a batch fed anaerobic digester of 10L
capacity operating at an optimum temperature of 40°C and at a pH of 6.8 using
vegetable/food residues as the feed. The effects of slurry concentrations of carbohydrate,
protein and fat in the slurry on the biogas production rate were examined. The durry
concentration was varied from 72.0-700 kgm™. The effect of carbohydrate, protein and
fat concentrations were studied by varying their ratios in the range of 6.9:4.3:1-
12.1:4.3:1, 5.6:7.0:1-5.6:13.0:1 and 7.2:10:1.6-7.2:10:5 respectively. Rate of biogas
generation was found to rise from 0 to 1.1 x 10" mol/dm®week in the first 4 weeks. A
deterministic mathematical moddl using differential system equations was developed for
predicting the behaviour of the digester.

Nomenclature

Ks saturation constant (kg®m

C concentration (kg

Ki inhibition constants(kg

X biomass concentration (kg’m

pmax maximum specific growth raté'(d

Y yield coefficients as kilogram masticonsumed or
Produced/kilogram of biomass sgsthed

HACc acetic acid

HPr propionic acid

Hbu butyric acid

Hval valeric acid

LCFA long chain fatty acid

Sl slurry

Carb carbohydrate

Pr Protein

Subscripts

I related to acidogenic degradation of carbohydrate
I related to acidogenic degradation of amino acid
I. related to acidogenic degradation of fat
Il. related to acetogenic degradation of propionic acid
[l. related to acetogenic degradation of butyric acid

V. related to acetogenic degradation of valeric acid
V. related toacetogenic degradation of LCFA
VI. related to aceticlastic degradation of acetic acid
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related to carbohydrate in acidogenic/acetogersti@lastic steps
related to protein in acidogenic/acetogenic/acasiot steps
related to fat in acidogenic/acetogenic/acetodasgips
related to HAc in acidogenic/acetogenic/acetictasteps
related to HPr in acidogenic/acetogenic/acetiadasteps
related to HBu in acidogenic/acetogenic/acetiatastieps
related to HVal in acidogenic/acetogenic/acetiatasteps
related to LCFA in acidogenic/acetogenic/acetittasteps
related to CQin acidogenic/acetogenic/aceticlastic steps
10. related to NH in acidogenic/acetogenic/aceticlastic steps
11. related to HS in acidogenic/acetogenic/aceticlastic steps
12. related to CHin acidogenic/acetogenic/aceticlastic steps
13. related to HO in acidogenic/acetogenic/aceticlastic steps
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1.0 Introduction

Biogas is produced by the process of anaerobicstiage of organic material by anaerobes. It can tmelyced either
from biodegradable waste materials or by the usenefrgy crops fed into anaerobic digesters to supght gas yields.
Biogas plants produce methane gas sustainably aldthigcarbon dioxide from biomass which may comenfrorganic
household or industrial waste or from speciallyvgnenergy plants [1]. The advantage of the biogasgss is the option to
use the polysaccharide constituents of plant natriproduce energy, such as electrical powerhaad, in relatively easy-
to-manage and small industrial units. Alternatiyeéhe gas can be compressed after purificationesmnidhment and then fed
to the gas grid or used as a fuel in combustionesgr cars. Its greatest advantage is the ermeotelly friendly aspect of
the technology which includes the potential for ptete recycling of minerals, nutrients (phosphatd end fibre material
(for humidification) which come from the fields aneturn to the soil, playing a functional role lustaining the soils vitality
for future plantation. The technology is curremfature, but there is plenty of room for optimizatiavhich will result in
large high-tech production plants with integratéiization of by-products [2].

Substrate can be cow manure which is also usefuhézulation, manure from other farm animal sustpas, chickens
and horses, fat from slaughter waste or frying oifjanic household or garden waste, municipal setdte and rotten
foodstuff. Even organic waste from hospitals caritej paper and cotton, municipal sewage sludgetensasm agriculture
or food production, organic-rich industrial wastater etc. can be used as consumable substrate, ©ftergy crops such as
maize (whole plant including the corn), clover, sayoung poplar and willow are especially grownlfimgas production
and added purely or in mixture. To ensure a homeges substrate quality throughout the year, thergmant material is
usually stored as silage, preferably by a procagsuring homofermentative lactobacilli to minimiearbon loss [2].Biogas
formation from plant fibres is generally a fourgggorocess involving a different set of anaerobit facultatively anaerobic
microorganism in each stage:

1. Hydrolysis of polysaccharides (starch, celluloseemhcellulose etc.), proteins and fats into
oligosaccharides and sugars, fatty acids and gicer

2. Acidogenesis: the fermentation of these producdts mainly acetic, propionic and butyric acid, carbo
dioxide , hydrogen, alcohols and other minor conmuisu

3. Acetogenesis: the production of acetic acid anttaadioxide. Due to the long generation time ofsthe
bacteria this seems to be the limiting process step

4. Methanogenesis with up to 70 % (v/v) £ldnd 30 % C® and the by-products NfHand HS by slow-
growing archaea, which are sentitive to acidifieatiammonia accumulation, low amounts of oxygen atfnr
factors.

The bacterial community engaged in these four stagay be similar to those in cows rumen [3] or iastewater
treatment plants [4]. However, their compositiomies depending on the substrate, the type of fereneand the process
(e.g. mesophilic or thermophilic; [5-8]). Some tma@ involved have been isolated and characterizat comprehensive
studies on the biological system in pure plant l@esnfermenting plants are still widely missing,ezsglly on the hydrolytic
and the thermophilic processes.

Traditional farm biogas plants are run as a simglevo-stage process at around°87with an uncontrolled secondary
fermentation in large storage tanks. Due to differgptional conditions specific for the hydrolyémd the methanogenic
bacteria, two-stage processes are increasinglyeappérticularly in large industrial biogas plarntost biogas fermentation
tanks are run as liquid fermenters. The biogas detation tank may contain more than 12 % (w/v) migss (so-called dry
fermentation) or less (liquid fermentation).
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The German Renewable Energy Act (EEG) and a sidailain Austria has spurred the construction of 3&)+600(A)
biogas plants with an average electrical powepwubf 500kW (and even more heat) in combined hedt power plant.
Larger plants of 5 MW electrical power output atéd sare, but will be constructed in increasingnmoers. Their size is
limited by land intensive production and the traorsation costs for bulky substrate.

The large quantity of energy crops required forgh® production provoked discussions among envirotatists,
especially in Germany, about the issues of monorlind resulting soil deprivation. However, propep rotation and the
recycling of materials, minerals and nutrients, sanimize these effects [9].

Further development of biogas technology is exqukbdb increase production efficiency. Presentiylyamp to a
maximum of about 70 % of the organic matter in lasmis converted to Glnd CQ in order for this to increase, the
hydrolysis stage must be enhanced. The separdtithe @rocess for hydrolysis and for acetogenesiianogenesis allows
for the application of different optimized condit®in the two stages, such as pH and temperatjustaeknt. The main aim
of this study is to develop a mathematical modeltfee prediction of biogas generation charactegstif an anaerobic
digester based on food/vegetable residues usitapsriisoftware.

2.0  Materials and Methods

2.1 Experimental set up and operation

A 10 L digester with a height to diameter ratio3of was used for the experimental studies. Thesthgeavas equipped
with an external jacket and a mechanical stirrdre Tigester was seeded with slurry containing feeterials in various
solid concentration ranges. Before the start oheaao, the bioreactor was inoculated with 10%(ffeshly prepared seed
microorganisms cultured in the nutrient agar medfvom the broth of a running biogas plant of Ranstkra Mission
Ashram, Narendrapur West Bengal, India. The workimjume of the digester was kept at 8 L. Biogaaifn of
Vegetable/food residues was carried out at mesopbhdndition (40°C) by circulating warm water from a constant
temperature bath through the external jacket. Tiieeedigester was properly thermally insulatedisThorking temperature
was selected on the basis of the observation @its performance above and below this tempera@mnee inoculated, the
bioreactor was run at a stirrer speed of 50 rpm @mperature of 4. The system pH was adjusted intermittently during
experimental runs. Biogas coming out of the digrestas collected continuously in a sampling batyethe downward
displacement

of water and was analyzed by a gas chromatograplstudy the effect of carbohydrate, protein andrfdividually on
the rate of production and the composition of bBmgheir concentrations were varied in the fead\slby using their sole
sources, namely sucrose, papain, vanaspati aibeatively, keeping the concentration of natu@hstituents namely
vegetable waste, oil cake and whey constant. Theratlvslurry concentration was varied by changihg amount of
vegetable/food residues.

2.2 Mathematical analysis

To ensure a high degree of accuracy and numeriabllisy, the classical Runge-Kutta method of ftuorder was
adopted.

During biogas generation a complex array of degradaeactions of carbohydrate, protein and fattplace. In the
present investigation biodegradation reactionsutned by Angelidaki et al [10] in his pioneerimgprk on anaerobic cow
dung digestion was selected for developing kinetixlel equations. Since the concentration of carthatig, protein, and fat
in the slurry is very high with respect to othemstituents like inorganic salts, etc., this pars lieen considered to be
constituted of carbohydrate, protein and fat oMgreover while selecting the reaction mechanismctirecept of enzymatic
hydrolysis, acidogenic, acetogenic, aceticlasepstof carbohydrate, protein, and fat have beesidered as proposed by
Angelidaki et al [10]. The data from Ojolo et allJiwas applied to the model in Equation 6 and Was solved using fourth-
order Runge-Kutta method using a basis of 1 molaarfas with the aid of FORTRAN.

The differential mass balance equations for differeeacting components undergoing acidogenic, geeio and
aceticlastic steps and the corresponding bactaasakes are as follows.

dc, _ HiX,

t _ZH:ZJ: an W
X 2)
dt ] J

v (o, /ctt) ;
" +(de, /dt), G

j(1-v1) are different acidogenic, acetogenic aackticlastic reactions occurring during biogas gatien.
In all cases ‘n’ indicates the substrate/prodectscimed or generated in the array of reactions.vahees of n designated to
different components are as follows.
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Carbohydrate: n = 1; protein: n = 2; fat: n = 3;¢4A = 4; HPr:n =5; HBu: n =6; HVal: n=7; LCFA=8; CQ: n = 9;
NH;:n=10;HS:n=11; CH: n=12; HO: n=13.

The initial values of different components for eastperimental condition have been shown by Angkliéaal (10). dg/dt
used in the definition of Y, is positive whepis a product and negative wheni€ a substrate. Equations 1 to 3 was solved
numerically using fouth-order Runge-Kutta methodgrammed in FORTRAN. The model constants and rgpeessions
necessary for the simulation work were obtainedchfngelidaki et al (10).

2.3 The General Mole Balance Equation

To perform a mole balance on any system, the sysumdaries must first be specified. The volumelosea by these
boundaries will be referred to as the system volufenole balance on species j in a system volunteera species |
represents the particular chemical species oféstein this case biogas will be performed .

A mole balance of species j at any instant in ting{elds the following equation:

Rate of flow rate of generation rate of flow of rate of accuiaithn
Of j into the + of j by chemical - j out of the = of j withthe
System reaction within system

(moles/time) the system (moles/time) (moles/time)

(moles/time)

F + G . iF = U (4)
Where N represents the number of moles of species j irsyistem at time t. If all the system variables (emperature,
catalytic activity, and concentration of the cheahispecies) are spatially uniform throughout thetesyn volume, the rate of
generation of species j;Gs just the product of the reaction volume V, #melrate of formation of speciesj, r

G=rV (5)

2.31 Batch Feed Digester (Batch Reactor)
A batch reactor has neither inflow nor outflow ehctants or products while the reaction is beingemhout; i, = F =0

[12]. The resulting general mole balance on spgdies

dN ;
—J = er
dt

3.0 Results and Discussion
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Fig. 1 Assessment of scattering of experimental wvalues of methane
concentration in biogas on 15th day by comparison with the diagonal
showing the plot of expected and predicted values when concentrations of

sharry, carbohwydrate, protein and fat are the parametlers; | En 18
Sl =72kegm™ ", A, Sl =300kgm™?; B, Sl =700kgm™"; ©, ratio of
carb: Pr: fat = 6.9:4.3:1; —, ratio of carb: Pr: fat = 7.8:4.3:1; =, ratio of
carb;: Pr: fat = 12.1:4.3:1; <<, ratio of carb: Pr: fat = 5.6:7.0:1; 4+, ratio of
carb: Pr: fat = 5.6:9.1:1, %, ratio of carb: Pr: fat = 5.6:13.0:1; —, ratio

of carb: Pr: Fat = 7.2:10:1 _6; /A, ratio of carb: Pr: fat = 7.2:10:2; @&, ratico
of carb: Pr: fat = 7.2:10:5.
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Figure 2: Profile of rate of biogas generation vs retention time
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Figure 3: Profile of rate of biogas generation per week

To assess the validity of the model developed utliepresent investigation, in Figurel, the expental results was
compared with the simulated ones with referencenéthane concentration in biogas with the variatioooncentration of
slurry, carbohydrate, protein and fat. In this Fegthe expected values to be obtained under ideadittons was plotted
against the predicted values and the scatteriegx@érimental values was observed.

In any bio-digester, effectiveness of the processisually represented in terms of biogas generataie. While
assessing the effects of concentrations of slwaybohydrate and protein carbohydrate on bioga®rgéan rate it is
observed that the latter increases with increasemeentrations of respective parameters. This lmeague to the production
of larger volume of carbondioxide by the acidogdwacteria in presence of increased quantity ofeethge substrates. It is
also noticed that biogas generation rate is alimolgpendent of the proportion of fat present ingiistem. This is possibly
due to the fact that although increased quantitfFA®btained through the lipolytic degradation of auses an increased
methane production rate, the rate of productioomtbér major constituent of biogas, ie. Carbon-diexidecreases as it is
consumed simultaneously in the lipolytic degradatid fat as well as in the acetogenic degradatfobhGFA. Thus due to
these two antagonistic affects the overall productate of biogas remains unaffected with respefdttconcentration.

Figures 2 and 3, shows lag-time of nine days befaees of biogas generation became observablasitobserved that
the rate of biogas generation was at its peak er2# day of experimental period and more gas was predlirc the fourth
week.
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Conclusion

Mathematical modeling for the prediction of bioggesneration characteristics of a municipal solid te/aanaerobic
digester was successful developed and tested wjikrienental data. The validation of the model devith the aid of
FORTRAN software. The experimental results were mamad with the simulated ones with reference toharet
concentration in biogas with the variation in cameation of slurry, carbohydrate, protein and fethe comparison shows

that the model can be used to predict biogas ggoereharacteristics from municipal waste anaerahbgester to a large
extent.
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