
 

Abstract—The effect of anaerobic co-digestion (ACoD) of 

winery solid waste (WSW) and Zebra manure (ZM) on the 

enhancement of biogas production was investigated. Biogas was 

produced by means of an automated single batch anaerobic digester 

equipped with a pH and temperature control. The fermentation of 

WSW and ZM was conducted as mono anaerobic digestion (MAD) 

separately as well as ACoD (1WSW: 2ZM) at 37°C for 30days. Gas 

production was predicted using Gompertz Model (GM) and 

Logistic Equation (LE) and measured through downward 

displacement of acidified water. Results showed the ACoD 

(1WSW: 2ZM) method produced higher amount of cumulative 

biogas (952.6mL) as compared to MAD with 30.4mL for WSW and 

139.9mL for ZM respectively, after 30 days of retention time. A 

close fit between the predicted and measured biogas values was 

observed with correlation coefficient of 0.965 and 0.953 for GM 

and LE model respectively. Hence, the models can be used to 

predict biogas yields from ACoD of biodegradable organic waste 

and ZM. The findings showed the effect of combining WSW with 

ZM, which could provide essential information and direction for 

scaling up of biogas production by high-performance ACoD 

system.  

Keywords—Anaerobic co-digestion (ACoD), biogas, winery solid 

waste, zebra manure.  

I. INTRODUCTION 

Municipal waste materials are bound to proliferate as 

urbanization increases, posing serious environmental problems 

and high costs of disposal. Current method of disposal, such as 

land filling, burning and indiscriminate dumping can be 

alleviated by biochemical conversion of waste to bioenergy, 

such as in the biogas production technology. Biogas production 

by anaerobic digestion is an antique technology which was 

observed when rotting vegetable matter gave off a flammable 

gas in ancient Persia [1]. Anaerobic digestion (AD) is the 

conversion of organic material into biogas by means of a 

microbial consortium in an environment free of oxygen [2]. 
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.  

Biogas mainly consists of methane (50 – 65%), carbon dioxide 

(30 – 45%), nitrogen (0 – 3%), hydrogen (0 – 1%) and hydrogen 

sulphide (0 – 1%) [3, 4]. Current depletion of fossil fuels and its 

adverse environmental effect has recently led to an increasing 

trend of alternative energy security research including biofuels, 

with a focus on improving its economic viability [5]. However, 

with so many substrate mixtures to produce biogas such as 

municipal waste, sewage, manure, green waste or food waste, 

simulation models are necessary in order to optimize biogas 

plants efficiency [6]. In sewage treatment, biogas production 

has been observed to have the advantages of reducing the 

amount of sludge for disposal, kill most of the pathogens 

initially present and reducing the bad odour linked to the 

remaining putrescible substance in the sludge [7]. AD for biogas 

production is a complex process that needs strict conditions to 

operate, and also depends on coordination of microbial activity 

responsible for converting organic matter into biogas [8]. 

Studies have reported the use of various agro-waste materials 

containing potential chemical constituents in co-digestion with 

animal waste to produce biogas [9-11] as presented in Table I.  
TABLE I:  CHEMICAL CONSTITUENTS OF WINERY SOLID WASTE 

AND ZEBRA MANURE.  

Parameter Unit Food 

waste 

[10] 

Winery 

solid 

waste 

(This 

study) 

Cow 

Manure 

[10] 

Zebra 

manure 

(This 

study) 

Total solids (TS) % 18.5 17.8 16.3 25.2 

Volatile solids (VS) 

 

%TS 17.0 82 13.2 71 

Hydrogen 

 

% - 6.47 - 4.53 

Calcium % 0.03 0.68 2.27 0.77 

Iron ppm 100 300, 150 3600 

Potassium 

 

% 2.3 1.93 1.27 1.28 

Magnesium 

 

% 0.16 0.19 4.99 0.24 

Manganese ppm 110 - 950 300 

Sodium 

 

% 3.45 0.11 1.44 0.25 

Zinc ppm 160 - 250 200 

Carbon 

 

 46.5 46.49 26.7 32.83 

Nitrogen 

 

 2.2 1.92 5.1 1.5 

Carbon: Nitrogen  21.1 24.21 5.2 21.89 
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Winery waste (wastes generated from wine production) 

contains a high concentration of organic compounds especially 

organic acids (malic, propionic, acetic and tartaric), 

polyphenols alcohols and esters. The main wastes from a winery 

are grape stalks, pomace, lees, and stillage as well as wastewater 

sludge. Grape stalk contain high amount of fibres (lignin and 

cellulose) as well as a high proportion of nutritive mineral 

elements such as nitrogen and potassium [12-14]. Winery 

wastewater comes from cleaning operations of some spilled 

grape juice and wine as well as the cleaning of tanks, floors and 

equipment [12, 14]. Inorganic compounds present are mainly 

pottasium (K), calcium (Ca), Iron (Fe), magnesium (Mg) and 

others (See Table I). Approximately 1.3 to 1.5kg of residue per 

litre of wine is produced [12], and almost 20 million tons of 

wastes generated from wine production with several potential 

biological activities are thrown away every year worldwide 

[13]. The major environmental concern of this waste is the 

build-up of inorganic material in the soil [14].  

Zebras (Equus quagga burchelii) are wild herbivores also 

called African equids (horse family) with distinct stripes. They 

eat mainly grass but sometimes eat leaves, shrubs, twigs, herbs 

and bark. Their digestive system allows them to eat food with 

minimal nutritional value than other herbivores. Zebra’s 

dropping have been found to contain clostridium bacteria that 

can convert cellulose to butanol. Zebra manure (ZM) is 

analogous to horse manure, hence it contains high concentration 

of lignocelluloses and is heterogeneous in composition, size and 

structure as well as the ability to degrade easily by enzymes or 

bacteria. ZM is rich in nitrogen, phosphorus and pottasium 

(Table I) than cow and horse manure, with abundance organic 

waste and little shear stress for non-mixing reactor helping to 

keep the microbial consortia [9-11, 15].  

Effective biogas production requires selection of a suitable 

digester technique together with appropriate design. Digester 

structures depending on the condition of the process selected 

may be; batch or continuous, one or two phase, dry or wet mode 

and mesophilic or thermophilic. Other developments in 

bioreactor technology to improve and optimize biogas 

production operation conditions include upflow anaerobic filter 

process, upflow anaerobic sludge blanket, and anaerobic 

fluidized-bed reactor [16-18]. AD is a multistep biochemical 

process performed by a consortium of diverse symbiotic 

microorganisms in the fundamental steps of hydrolysis, 

acidogenesis, acetogenesis and methanogenesis [8]. Biomass 

contains organic polymers, namely; proteins, carbohydrates and 

fats which need to be broken down into micro molecules such as 

sugars, fatty acids and amino acids by hydrolysis [19]. 

Hydrolysis is a rate limiting, an essential step in AD of 

semi-solid waste [20] since cellulose and hemicellulose are 

crystalline, preventing polysaccharides from enzymatic attack 

[21-23], hence; pretreatment is indispensable to speed up the 

sludge or biomass hydrolysis [24,25]. Acidogenesis can be 

affected by the process design or structure, hydraulic retention 

time, concentration of the substrate, pH and temperature [26]. In 

some cases pretreatment of substrate with dilute acid can 

enhance acidogenic fermentation [27]. At this stage, bacteria 

involving in fermentation process create in the reaction vessel 

an environment that is acidic in nature which they can’t tolerate 

with the release of carbonic acids, shorter volatile fatty acids, 

NH3, H2S, H2, CO2, alcohols and trace amounts of other 

derivatives [8]. The acetogenic microorganisms catabolize 

products from acidogenesis to produce acetate, H2 and CO2 as 

well as other organic acids such as propionic and butyric acid. 

Acetogenic bacteria that produce H2 are capable of producing 

acetate in the presence fatty acids [28]. Methanogenesis is the 

final stage of AD where methanogenic archaea form methane 

from products generated through acetogenesis as well as from 

some intermediate derivatives released during the process of 

hydrolysis and acidogenesis [29]. Substrates like formate and 

methanol can also form biomethane through methanogenesis 

[30].  

Besides microbes governing the anaerobic bioconversion 

process, other important factors which also play a crucial role 

include, organic loading rate which affects AD, depending on 

the quantity of substrate used, as well as the quality of microbial 

community [31]. Biomass yield is subject to whether it is 

seasonally produced or constantly supplied year round to feed 

into the AD vessels. Substrate utilization rate depends on its 

complexity to be degraded by resident microbial flora. 

Environmental conditions, such as; operating temperature, pH 

are also essential, since some microbes for the AD process are 

sensitive to environmental stress [32, 33]. The modeling of 

bacteria growth, batch and steady state of processes depends on 

substrate concentration, the level of substrate degradation and 

autocatalytic reaction. The cumulative production of biogas 

with time is described with Gompertz and Logistic equation. It 

systematically characterizes the basis structure for kinetic of 

biogas production process simulation [34]. To the best of our 

knowledge there is no known study on the anaerobic 

co-digestion (ACoD) of winery solid waste (WSW) and zebra 

manure (ZM) for biogas production. This study therefore 

investigated the chemical analysis of winery waste and zebra 

manure used in the laboratory production of biogas and the 

effect of ACoD on biogas production compared to mono 

anaerobic digestion (MAD). It further predicts the biogas yield 

using Gompertz Model (GM) and Logistic Equation (LE).  

II. MATERIALS AND METHODS  

A. Design and Construction of Anaerobic Digester  

An acrylic glass digester with a total capacity of 5L and a 

working volume of 4L was commercially purchased from Glass 

Chem
®
, Stellenbosch South Africa. The digester was designed 

for the production of biogas (methane) and used in the 

Biotechnology and Chemical Engineering Departments, Cape 

Peninsula University of Technology (Fig. 1A & B).  
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Fig. 1. A, Automatic 5L digester reactor system for the production 

of biogas. B, Control system. (a) Gas meter, (b) 5L Digester, (c) Auto 

sampler, (d) System control.  

B. Sample Collection and Preparation  

Fresh WSW and ZM were aseptically collected into sterile 

plastic bags from Agricultural Research Council (ARC) winery 

farm and a game reserve in Stellenbosch respectively. The 

samples were transported within 45 minutes to the lab, soaked in 

warm water and sieved using 4 mm mesh (200 mm diameter) 

prior to use. Samples were mixed in a Conair™ Waring™ 

Laboratory blender (Thermo Fisher Scientific, SA) set at 200 x 

rpm for 10 minutes. The preparation of seed cultures was done 

by mixing slurries of WSW and ZM with distilled water at the 

ratio of 1:2 in 1L Schott Duran
®
 bottle. An aliquot of 200mL of 

fresh ZM was used as seed culture. Excess fresh samples were 

stored at –20°C to prevent further biological decomposition and 

all stock samples were thawed overnight at 4°C before use.  

C. Chemical analysis  

Total solids (TS) and volatile solids (VS) of the samples were 

carried out according to the standard methods for the 

examination of water and wastewater [35]. The elemental 

analyses (Ca, Fe, K, Mg, Mn, Na and Zn ) of WSW and ZM was 

done using a microwave digester (Mars 5 Xpress vessels 2011, 

USA) and the Inductively Couple Plasma Optical Emission 

Spectroscopy (ICP – OES) [Thermo Scientific™ iCAP™ 7200 

ICP-OES Analyzer, 2009 USA]. Elemental values with <100 

ppb were considered to be below the detection limit of the ICP – 

OES [36]. Total carbon (C) and (N) nitrogen were determined 

by TruSPEC microanalyser (LECO 2009, UK) and the results 

were reported on a dry basis with the detection limit of 0.002% 

and 0.02% respectively.  

D.   Biogas Production   

Biogas production from ACoD of WSW and ZM was done 

using a single batch 1L Schott Duran
®
 bottle (digester) with a 

working volume of 750mL and later scaled up to 5L digester 

with a working volume of 4L equipped with a pH and 

temperature control (Fig. 1). The fermentation of WSW and ZM 

for biogas production was conducted as MAD separately as well 

as ACoD (1WSW: 2ZM) at 37°C for 30 days. Samples were 

purged with nitrogen before set up to create anaerobic 

conditions. Volume of biogas produced in the batch digester 

was measured by the downward displacement of water in an 

inverted measuring cylinder. Biogas produced was measured 

daily and tested using flame test with the pH, stirring and 

temperature monitored through an automated probe. Biogas 

production with ACoD (1WSW: 2ZM) was predicted using 

Gompertz Model (GM) and Logistic Equation (LE) as shown in 

Equations 1 and 2 below:  

  

G(t)=G0*EXP(-EXP(((μmax*2.7183)/G0)*(λ-t)+1))      (1)   

 

 

L(t)=L0/(1+EXP(((4*μmax)/L0)*(λ-t)+2))                      (2)   

 

Where, G (L) is the cumulative of the specific biogas 

production (mL), G0/L0 is the biogas production potential (mL) 

or initial value (starting point), µmax is the maximum biogas 

production rate (mL/day), λ is the lag phase period or the 

minimum time required to produce biogas (day) and t is the 

cumulative time for biogas production (days).   

III. RESULTS AND DISCUSSION  

A. Chemical Analysis of the Biomass  

Fig. 2 shows the metal elements of WSW and ZM with Na 

and K content of 0.11%, 1.93% and 0.25%, 1.28%, 

respectively. The concentrations of Ca, Mg, Mn and Zn in ZM 

were 0.77%, 0.24%, 300ppm and 200ppm, respectively, which 

were higher compared to WSW and was in line with other 

findings reported [10]. WSW contains a high concentration of 

malic, tartaric, acetic, esters and polyphenols as well as; K, Na, 

Ca and Mg [14], which corroborated with our findings.  

High Fe (3600ppm) content and high TS (25.2%) were 

observed for ZM (Fig. 2). High Fe content has been observed to 

have a stimulatory effect on anaerobic digestion (AD) [20]. Fe 

acts as an external electron acceptor during anaerobic 

respiration, hence; helping the degradation of organic 

substances in the sediment and subsurface. Strains Acidiphilium 

cryptum and Shewanella saccharophila have been observed to 

oxidize glucose completely to CO2 and acetate respectively in 

the presence of Fe [9, 10, 20]. Many enzymes and co-enzymes 

require trace elements for their activation and activity [37, 38]. 

Trace elements in ZM may play a crucial role in boosting 

methanogen activity in AD when used in co-digestion with 

WSW. Trace elements are lower in WSW and addition of ZM 

enhanced trace elements concentration in the AD system. The 

effect of C/N ratio on the performance of AD has been reported 

and compared to that of operating temperature [39]. The range 

of pH values of 6.5 - 8.5 with C/N ratios of 15 – 25 and 25 – 30 

during the whole digestion is mostly observed [39], which was 

suitable for methanogenic bacteria and found to reduce the 

negative effects of ammonium nitrogen and free ammonia at 

35°C thereby increasing biogas production. Too low C/N ratio 

contains high amounts of ammonia, exceeding amounts 

necessary for bacterial growth which can lead to AD inhibition. 

High TS for ZM has been observed to be of benefit because of 

increase in bacteria and archaea species necessary for AD [40]. 

However, for this study the TS content was medium; therefore 

lower requirement of it as a supplement from WSW was needed 

during AD. High VS is an important parameter in methane 
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production as a corresponding increase in methane production 

was observed with increase in VS depending on the load [33]. 

Increased loading resulted in decreasing methane production 

due to intermediate volatile fatty acids (VFA) products which 

inhibit methanogens [33]. The VS also determines how much 

residual remain after the AD process as shown by the pale 

colour and low density of the digestate.  

 

 
Fig. 2. Chemical analysis of winery waste and zebra manure used as 

co-digestion biomass for biogas  production. FW, food waste; ZM, 

zebra manure; TS, total solids; VS, volatile solids; H, hydrogen; Ca, 

 calcium; Fe, Iron; K, potassium; Mg, magnesium; Mn, manganese; 

Na, sodium; Zn, zinc; C, carbon; N, nitrogen; C:N, carbon: nitrogen 

ratio.  

B.  Cumulative Biogas Production  

ACoD [1WSW: 2ZM] method produced 952.6 milliliter 

(mL) of cumulative biogas after 30 days as compared to MAD 

of 30.4mL/d (WSW) and 139.9mL (ZM) after 30 days of 

retention time in the digester. Exponential production of biogas 

was observed for ACoD between 4 to 13 days with 100.2mL 

(day 5) and 783.6mL (day 12) of biogas produced. Meanwhile 

for MAD, 80.7mL and 123.5mL (ZM); 24.5mL and 25.0mL 

(WSW) were observed on the same days respectively (Fig. 3). 

ACoD increased biogas production than MAD because of the 

combination of both ZM and WSW, which is in line with the 

study conducted by Nielfa et al. [41]. Rumen microorganisms in 

ZM are effective inoculum for digesting lignocellulose biomass 

[23]. Buffering is also introduced by adding ZM which prevents 

acid accumulation and enhance the supply of macro-nutrients as 

well as trace elements required by the microflora [23]. Rumen 

microorganisms were observed to adhere to fibers and it is 

important for subsequent degradation of lignocellulosic 

biomass [42]. Grinding reduces the size of the particles and also 

enhances the distribution of biomass, thereby increasing the 

surface area and methane yield [43]. However, if maximum AD 

process is to be achieved, more future developments in 

understanding important relationships between bacterial and 

archeal microflora in the biomass is needed. The results 

obtained from this study showed the synergistic effect of WSW 

with ZM, which could provide essential information and 

direction for scaling up of biogas production by 

high-performance ACoD system in the future.  

 
Fig. 3. Comparative cumulative production of biogas  

C. GM and LE Mathematical Model for Biogas Production  

The measured data of the experimental scheme and the 

predicted responses were shown in Fig. 4 for ACoD (1WSW: 

2ZM). The parameters for operation were tested and carefully 

selected to fit within the range of standard operating conditions 

and this may justify the experimental and predicted results 

observed. Maximum specific biogas production rate and lag 

phase were estimated at 8.108 and 3.034 with standard error of 

0.874 and 0.701 respectively using GM as shown in Table II. 

This is comparable to that of LE model of 8.275 and 3.396 

(Table III) biogas production rate and lag phase respectively. 

The biogas yield depends on the maximum biogas production 

rate which is the period of digestion at which the bacteria are 

doubling in population exponentially and this is based on the 

concentration of volatile solids added and consumed, the 

density of the effluent and the reaction rate constant, which are 

all time, volume and substrate or process specific [44]. The 

maximum cumulative biogas yield at day 30 was 952.6mL for 

experimental measurement, whereas; 0.9519 and 0.9476L were 

observed for LE and GM respectively, hence; the modified 

equation can be used to predict biogas production. The 

lag-phase with correlation coefficient of 0.965 and 0.953 for 

GM and LE model were also observed respectively, thus; GM 

and LE model can be used to stimulate biogas yields by means 

co-digestion of biodegradable organic waste and ZM, which is 

similar to the study conducted by Oyejide et al. [34] with the 

biogas yield rate also reported to increase linearly as the 

hydraulic retention time increases, and decreases steadily as the 

digestion come to completion. The closer the R value is to 1, the 

higher the degree of model fitness to the actual data [45]. The 

R2 coefficient determined in this study therefore reveals the 

degree and appropriateness of data for the mathematical model.  
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Figure 4. Comparative Gompertz Model (GM) and Logistic 

Equation (LE) of biogas production  

 
TABLE II: GOMPERTZ MODEL PARAMETER ESTIMATES OF 

BIOGAS PRODUCED BY TPAC.  
 

Parameter Estimate Std. Error 

95% Confidence Interval 

Lower Bound 

Upper 

Bound 

Ra 8.108 .874 6.219 9.997 

Lb 3.034 .701 1.520 4.547 

ANOVAc 

Source Sum of Squares df 

Mean 

Squares 

Regression 77550.541 2 38775.271 

Residual 474.502 13 36.500 

Uncorrected Total 78025.044 15  

Corrected Total 13713.207 14  
aR, Maximum specific biogas production rate.  
bL, Lag phase.  
cR squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 

.965.  

 

 
TABLE III: LOGISTIC EQUATION PARAMETER ESTIMATES OF 

BIOGAS PRODUCED BY TPAC.  

 

Parameter Estimate Std. Error 

95% Confidence Interval 

Lower Bound 

Upper 

Bound 

Ra 8.275 1.150 5.791 10.760 

Lb 3.396 .922 1.404 5.388 

ANOVAc 

Source Sum of Squares df 

Mean 

Squares 

Regression 77375.401 2 38687.700 

Residual 649.643 13 49.973 

Uncorrected Total 78025.044 15  

Corrected Total 13713.207 14  
aR, Maximum specific biogas production rate.  
bL, Lag phase.   
cR squared = 1 - (Residual Sum of Squares) / (Corrected Sum of Squares) = 

.953.  

IV. CONCLUSION  

Winery waste and Zebra manure are good source of biomass 

and inoculum for biogas production as chemical analysis of total 

solids (TS) detected was 17.8% and 25.2%, while volatile solids 

(VS) of 82% and 71% were recorded for WSW and ZM 

respectively. Carbon-nitrogen ratio (C/N) of 24.21 (WSW) and 

21.89 (ZM) with 300ppm (WSW) and 3600ppm (ZM) of Iron 

(Fe) were observed. High Fe (3600ppm) content of ZM has a 

stimulatory effect on anaerobic digestion (AD); hence, 

enhancing the degradation of the constituents of WSW. ACoD 

[1WSW: 2ZM] method produced 952.6 mL of cumulative 

biogas as compared to MAD of 30.4mL (WSW) and 139.9mL 

(ZM) after 30 days of digestion. The modified equation used to 

predict biogas production showed correlation coefficient of 

0.965 and 0.953 for GM and LE model respectively, which can 

be used to stimulate or optimize biogas yields. 
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