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Abstract
The present study optimized the substrate to seed inoculum (S/I) ratio and evaluated its in�uence on biogas yield using mixed vegetable market complex
waste (VMCW). The batch biochemical methane potential (BMP) experiment was conducted at mesophilic conditions using varying S/I ratio of 1:1, 2:1, 3:1,
4:1, 5:1 and the results were compared with the control reactor. An increasing trend in cumulative biogas yield was observed with increase in S/I ratio until 3:1
and a further increase of the same depicted a reduced cumulative biogas yield, which is attributed to Volatile Fatty Acid (VFA) accumulated toxicity beyond 3:1
(4:1 and 5:1) S/I ratio. The daily and cumulative biogas yield maxima were observed as 122 mL/day on 9th day and 1631 mL at 3:1 S/I ratio, whereas the
minima were recorded as 22 mL/day on 33rd day and 316 mL in the control reactor respectively. The observed �vefold higher cumulative biogas yield at 3:1
S/I ratio than the control reactor was attributed to an optimum oxidation-reduction potential (ORP) of -390 mV to -103 mV. This was also con�rmed from the
observed high R2 between ORP and pH (0.9061), pH and VFA (0.6383), VFA and alkalinity (0.8024), alkalinity and ammonia (0.9189) and volatile solids
removed (VSr) and speci�c methane yield/gm VSr (0.61) in the 3:1 S/I ratio than the other ratios experimented. Thus, this study concludes the pre-acclimatised
anaerobic seed inoculum of 3:1 S/I ratio favoured an enhanced biogas yield for VMCW.

1. Introduction
The Vegetable market complex waste (VMCW)comprising of vegetables, fruits, and �owers of varying constituents generated in large quantities in urban
areas. The urban agglomeration and increase in population always lead to increased consumption of daily vegetables, fruits, and �owers. The wholesale
distribution of these vegetables reduces the decentralized waste generation. Koyambedu Wholesale Market Complex (KWMC) is Asia’s biggest vegetable
market in heart of the Chennai city, in Tamil Nadu, India receives 2885 tonnes of vegetables, �owers, fruits every day. KWMC generates 300 tonnes per day
(TPD) of mixed vegetable waste (MVW), �owers, and fruits that are managed through open dumping, and less quantity (30 TPD) are treated through waste to
energy biogas plant at Koyambedu itself. The existing vegetable waste management practice such as open dumping, incineration, composting, vermin-
composting, and piggery feeder creates severe pungent odour, groundwater contamination, health diseases, climate change problems, etc. Interestingly, Taha
Abdelfattah et al. 2020, Teerasak & Noppong. 2020 has investigated about the anaerobic digestion process became an e�cient solid waste management tool
for many municipal and industrial organic solid wastes (OSW), especially organic fraction of municipal solid waste (OFMSW). The existing 30 TPD large scale
bio-methanation plant for KWMC waste produced an average biogas yield of 60 m3/tonne of mixed KWMC vegetable waste per day (Sri Bala Kameswari et al.
2007) which has necessitated the present study for enhanced biogas yield. This lower biogas yield is attributed to improper anaerobic digestion process high
volatile fatty acids and ammonia accumulation, improper hydrolytic and methanogenic process, pH, lack of equilibrium between Volatile fatty acid (VFA)
producers and consumers, the improper substrate to seed inoculum ratio while starting the digester (Montusiewicz 2008 and Morgan 2019). The improper
substrate to seed inoculum is one of the major causes of concern for initiating and maintaining optimum food to microorganism ratio (F/M) in anaerobic
digester which decides the types and survival of appropriate microbial species required for maximized biogas yield. Much Anaerobic digestion (AD) plants are
traditionally seeded with cow-dung, rumen-�uid, activated sludge inappropriately for food waste, vegetable waste, slaughterhouse waste, kitchen waste, etc., in
which the anaerobic substrate degradation will not be compatible for maximum microbial population dynamics and biogas yield if the microbes are not
cultured, pre-acclimatized with a speci�c type of organic waste before the commencement of installation and seeding of the digester. Interestingly some of the
researchers investigated about the anaerobic processes and solid waste management’s & biofuels projects with subsidy (Mardoyan and Braun, 2015,
Marousek et al. 2020(a), Paulsen et al., 2020). Because of this, many researchers have reported having enhanced the biogas yield while using the substrate-
speci�c pre-cultured anaerobic seed inoculum and �oral waste as feed (Nguyen 2019 and Owen 1979, Nand et al. 1991, Milind and Ghanegaonka 2019). The
seeding of biogas plants with substrate-speci�c pre-cultured seed sludge facilitates the equilibria between hydrolytic, acidogenic, acetogenic, and
methanogenic reactions are not only in�uenced by the predominant waste composition such as fat, or protein or carbohydrate (Rozzi and Remigi 2004,
Gunaseelan 2004) but also the type of microbial species survives at an optimum anaerobic bioprocess condition (Lawal-Akinlami and Shanmugam 2017;
Carucci et al. 2005, Binbin et al. 2020). Marousek et al. 2013 (a,b), has reported about the application of Napus straw and the water plasma expansion for
phytomass disintegration. Interestingly, Ali, et al. 2017 has experimented with the enhancement of methane production by using Fe3O4 nanoparticles. The
application of biogas by using an internal combustion engine has also been discussed by Gnanamoorthi & Navin 2019. Stephen Bernard et al. 2020 and Jiang
et al. 2012 have experimented with the biogas station operating on farming residues and FVW, which seems to be a good example of a sustainable energy
source (Marousek et al. 2020(b)). Besides, Kouichi et al. 2010 and Fisgativa 2016 have investigated the effects of particle size reduction and solubilization on
biogas production from food waste (FW) and composition of food waste used in their study based on the wet weight percentages for biogas production.
Some of the application by algae for biogas production also studied and evidenced that the microalgae Chlorella spp have great potential for bioenergy
generation by anaerobic digestion by Sanjeev Kumar et al. 2014 and Debowski et al. 2012. Also, the effect of various forms of vegetable wastes and their
performances were studied in batch anaerobic digestion reactor by Tang et al. 2020.

Therefore, seeding of anaerobic digester initially with appropriate substrate-speci�c microbial consortia is vital for maximized biogas production (Hashimoto
1989, Lopes et al. 2004, Patcharin and Apinya 2020). The excess S/I ratio in anaerobic digestion beyond the available substrate quantity leads to rapid VFA
production for a short time and drops pH below 6.5, becomes toxic to methanogenesis. The high concentration of active methanogenic sludge can contribute
to overcoming that inhibition, since the inoculum should be able to process a higher �ow of metabolites such as hydrogen, acetate, and other VFA, preventing
their accumulation (Neves et al. 2004). Besides, the substrate(s) used to feed a master culture would be a key factor to consider for harmonization purposes,
as it in�uences the degradation ability of the sludge by favoring the growth of speci�c microbial consortia (Rozzi and Remigi 2004), it also having the
traditional oxidation and redox capacity of degrading the organic matter into biogas. Interestingly, Marousek et al. 2014 has investigated about nutrient
management by processing the food waste for the economic analysis and biogas generation.

The anaerobic bacteria/archaea species are genetically classi�ed as facultative, moderate, and strict anaerobes survive at an oxidation-reduction potential
(ORP) of -50 to -150mV, -150 to -250 mV, and − 250 to -390 mV respectively. Consequently, re�ects the predominant species-speci�c electron or proton motive
force led to a pH gradient between the bacterial cytoplasmic and periplasmic physiological structure that transports more electronation or protonation into the
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outer liquid medium of AD (Gerardi 2003). The microbial species speci�city is also in�uenced by the predominance in waste composition such as protein or
carbohydrate or fat. The high proteinaceous waste with low C/N ratio releases more ammonia upon degradation is imminent with ammonia toxicity and
seeding such digester with cow-dung having a low C/N ratio becomes detrimental with increased ammonia toxicity. Besides, the hydrolytic substrate and
microbial species compatibility and speci�city, in�uences the types of anaerobic fermentation to occur as either butyric acid or acetic acid or propionic acid
type, which in turn decides the predominant composition of methane precursor (acetic acids) among the VFA pro�le (Lee 2008). Eventually in�uences the
predominant type of methanogenesis whether acetoclastic, or hydrogenotrophic to occur which in turn decides the percentage of methane and calori�c value
of biogas produced from the type of waste used in fermentation processes, This VFA and pH increase or decrease the level of alkalinity and buffering capacity,
or balanced conversion of volatile fatty acids to CH4, CO2 and maximized biogas yield by either irreversible or reversible biochemical reactions. In irreversible
acidi�cation, VFA consumption is inhibited by the low pH resulting in a complete stuck-digester. In reversible acidi�cation, although VFAs accumulate and pH
drops during the initial phase of digestion due to the high production rate of VFAs in this phase, the produced VFAs are consumed, and therefore, the declining
pH recovers during the digestion period (Kawai et al. 2014, Chulhwan et al. 2005). Supporting to this Wang et al. 2018 has demonstrated the relationships of
ORP with VFA, alkalinity, pH and CH4/CO2 gas ratio are mostly of inverse in nature and further con�rmed that the ORP of the digester should not be allowed to
increase above − 300mv, because methane-forming bacteria cannot produce methane at an ORP value greater than − 300mv in a mixed culture. The change in
pH values in the range of 5.5–6.0 and ORP values ranged from − 300 mv to -130 mv, contributes the formation of butyric acid-type fermentation and revealed
that the biogas production rate was higher in butyric acid- type fermentation and revealed that the optimum range of pH and ORP were 7.00 to 8.01 and − 340
mV to -355 mV, respectively ( Vongvichiankula et al. 2017, Lee 2008).

Interestingly, the decreased total alkalinity was reported with the decreased substrate to seed inoculums (S/I) ratio (Nguyen et al. 2019). Increasing the S/I
ratio has a positive impact on the maximum methane production rate. This was supported by the increased volatile matter removal was linear between S/I
ratios of 1:0.5 and 2:0.5. Further increasing the ratio to 2 or higher allows a lower DOC accumulation in the system and therefore the risk of pH decrease led to
acid inhibition (Boulanger et al. 2012, Hashimoto 1989). However, limited study has been reported on the in�uence of the S/I ratio for mixed vegetable organic
solid waste AD process and its impact on biogas yield. Therefore, the present study optimized the S/I ratio and its impact on biogas yield using vegetable
market complex waste, for enhanced biogas production.

2 Materials And Methods
2.1 Vegetable Waste Source Emission Inventory

The individual and MVW source emission inventory was conducted in KWMC, Chennai. The in�ow quantity of 15 raw vegetables and waste generation from
KWMC was quanti�ed based on regular availability of all months. The total quantity of raw vegetables received by KWMC from different parts of the
Tamilnadu and its adjoining states in India were weighed in the weighing bridge with the load at the time of entry into the market and with an empty laden
weight at the time of exit from the market. The difference in weight was taken as the weight of raw vegetables received by the KWMC. Subsequently, the total
weight of each vegetable was taken from the weighmen sheet and depicted. Meanwhile, the generation of vegetable wastes was calculated from the solid
wastes collection data available with Market Management Committee (MMC).

2.2 Sample collection and preservation

Mixed vegetable waste from KWMC was collected in sample bags from vegetable waste heaps in KWMC using a random sampling technique based on the
amount of waste generated and grouped into a homogeneous compound MVW.  Samples were stored in a refrigerator at Central Leather Research Institute
(CLRI) Laboratory in Chennai and municipal sludge was collected from Koyambedu Sewage Treatment Plant, Chennai near KWMC to prepare anaerobic seed
sludge by adding vegetable waste.

2.3 Size reduction of vegetable waste

Immediately after transporting the vegetable waste, the waste was reduced in size using the standard size laboratory mincer (Jai Lakshmi, model CM / L
3713860). Vegetable waste was minced and ground in a shredder (0.5 mm) and pulverizer at 15000 rpm for about 10 minutes. Then, the chopped organic
waste was stored in the refrigerator at 4°C and used in the experiment.

2.4 Anaerobic seed inoculum preparation

The concentrated (TS of 20%) activated sludge (2L) from the STP of Koyambedu (Chennai, India) STP was pre-fermented for 5 days by adding 2kg of
composite minced vegetable wastes. This was added with the following nutrients; Sucrose (20 g-1L), NH4HCO3 (5.24 g-1 L), K2HPO4 (0.125 g-1L), MgCl2.4H2O

(0.1 g-1L), FeSO4.7H2O (0.025 g-1L), MnSO4.6H2O (0.015 g-1L), CuSO4.5H2O (0.005 g-1L), CoCl2.5H2O (0.00125) g-1L, NaHCO3 (6.72 g-1L) (Lawal-Akinlami and
Shanmugam 2017, Owen et al. 1979) and the pH was adjusted to 7 and incubated in an anaerobic condition for 30 days of pre-fermentation until enough gas
was produced and maintained. The minced vegetable solid waste was fed into the seed sludge reactor once in every three days.  The seed sludge was ensured
with high biogas yield with high methane content. Later, this seed sludge was used as an anaerobic seed inoculum whenever the BMP experiment was
conducted at varying S/I ratios. In other hand, Ambrose H.W et al. 2020 has experimented and concluded that the two-stage anaerobic digester demonstrated
better process stability furthermore, biogas production with 75 % mixed waste activated sludge (MWAS) and 25 % fruits and vegetable waste (FVW).

2.5 Characterization of Vegetable waste

The characterization of vegetable wastes includes proximate analysis such as moisture, Total Solids (TS), Volatile Solids (VS), ash, and Fixed Solids (FS) and
ultimate analysis such as Carbon (C), Hydrogen (H), Nitrogen(N), and Oxygen (O).
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2.5.1 Proximate Analysis

The vegetable wastes used as substrates were characterized using the standard methods for the examination of water and wastewater (APHA 2005). A known
weight of the MVW sample was taken and oven-dried at 105ºC for 12 hours and the difference in initial and after evaporation weight was measured as TS in
percentage weight of samples and the moisture content was calculated as initial sample weight - TS (% moisture). The residual dry matter (TS) was used for
measurement of VS upon loss on ignition at 550ºC and the total dry matter minus the residual ash FS (�xed solids) was taken as weight loss on ignition as
VS and quanti�ed the percentage of VS in TS as described elsewhere (APHA 2005). The average water content in sewage sludge was 97% with 70% total
volatile solids concentrations in total solids (TS) coincided with already published results (Bernat et al. 2008).

2.5.2 Ultimate analysis

The elemental compositions (C, H, N, and O) of MVW were determined using CHNS Analyzer (Model Euro vector 3000 series, Italy) available in CSIR-CLRI,
Chennai, India according to ASTM D-5291 method based on the dry weight. The oxygen content was calculated by the difference in VS and the sum of C, H, N.
An aliquot of the sample was oven-dried at 105ºC and kept in a desiccator before analysis. 0.5–1 mg of the dried sample was taken into an aluminium boat.
The initial weights were noted and the boats were loaded in the CHNS analyzer. The CHNO and VS and ash data were used and simulated the empirical
formula, stoichiometric COD, SMP as described by Shanmugam and Horan 2009 and estimated the CEV using Equation (1) (Channiwala and Parikh 2002).
The actual CEV was analyzed using a Bomb calorimeter.

CEV  =  0.349C+1.1783H-0.1034 O-0.015N-0.0211A → (1)

2.6 Experimental Setup for Biochemical Methane Potential test

Batch anaerobic BMP reactors measuring Bio-Methane were fabricated using 500 mL Borosil glass bottles with an effective volume of 400 mL and headspace
gas volume of 100 mL. These bottles were hermetically sealed with a rubber cork and the gas opening and closing valves were �xed inside the rubber cork.
The gas leak was tested by passing the air inside through the gas vent off valves using detergents solution. The experiment was conducted in the mechanical
shaking incubator at a mesophilic temperature of 35℃ carried out the BMP experiment for 30 days and measured the daily biogas production (Fig. 1). The
liquid displacing aspirator bottle was �lled with water and kept for water displacement. The daily biogas production was measured by connecting the gas vent
off the pipe with the aspirator bottle and the displaced water was measured for total biogas produced per day (Nm L day-1) by connecting a standard
measuring jar at the outlet of the aspirator bottle. The CH4 content was quanti�ed using a 5% NaOH scrubbing solution to scrub off CO2 and the speci�c
methane yield (SMY) was calculated.

2.7 Optimization of Substrate to anaerobic Seed Inoculum (S/I) ratio

The weight of minced vegetable wastes appropriate to the waste generation was mixed with the substrate to anaerobic seed inoculum ratio of 1:1, 2:1, 3:1, 4:1,
5:1 (wet weight), by adding the required volume of minced vegetable waste materials to seed inoculum ratio with an effective volume of 400 ml and gas
volume of 100 ml in a 500 ml capacity mesophilic BMP reactors. The BMP bottles were sealed with rubber stoppers and aluminium crimps. The BMP reactors
were kept in the anaerobic chamber at a mesophilic temperature of 35 ℃ for 30 days.

2.8 Anaerobic Digestion Performance Evaluation

The BMP bottles were withdrawn every day from the shaking incubator and measured the biogas production as described earlier (Lawal-Akinlami and
Shanmugam 2017). A known quantity of sample 5 mL was withdrawn every three days and the pH and ORP were measured immediately after sample
collection using Orion Stara 111 pH meter and the ORP using standard ORP meter (Orion Stara 111). The free ammonia (NH3) and other parameters were
quanti�ed using standard methods for the examination of water and wastewater (APHA 2005). The anaerobic bioprocess performance was evaluated using
the percentage of VSr (Equation 2 and 3), speci�c methane produced per gram of VSr as described in Equation 4. The statistical methods of regression
analysis were carried out between ORP and pH, pH and VFA, VFA and alkalinity, Alkalinity and ammonia, VSr and SMY, ammonia and cumulative biogas yield
using varying S/I ratios of 1:1, 2:1, 3:1, 4:1, and 5:1 and compared with control rector contain only seed inoculum.

3. Results And Discussion
The study optimized varying S/I ratio in�uenced for maximum biogas yield using mixed vegetable organic solid waste obtained from KWMC. The proximate,
ultimate characteristics of vegetable solid waste and ORP, pH, VFA, alkalinity, and ammonia of the anaerobic AD were carried out and evaluated and compared
with the control reactor.
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3.1. Vegetable waste source emission characteristics at KWMC

The total weight of each vegetable was taken from the weighment sheet and depicted in Fig. 2. The generation of individual and MVWs was calculated from
vegetable load entered(in�ow) and waste generated per day. The daily average in�ow of vegetables into the market was 2885 TPD from which the average
vegetable wastes generation was observed as 106 TPD. Besides, the �ower waste generation was 15-20 TPD and the average fruits waste was 100 TPD and
the total solid waste generation (including vegetables, fruits and �owers) was found to be 250-300 TPD, which is around 10% of the raw vegetables, fruits and
�owers in�ow into the market. Interestingly, based on regular supply and availability, the in�ow of 15 individual vegetable wastes and their percentage
contribution was recorded as; Tomato - 600 TPD, Onion – 979.29 TPD, Small Onion – 32.86 TPD, Potato – 572.86 TPD, Brinjal – 70.71 TPD, Cabbage – 113.57
TPD, Beans – 46.43 TPD, Broad beans – 52.14 TPD, Carrot – 51.43 TPD, Radish – 67.86, Okra -39.29 TPD, Drumstick - 112.14 TPD, Beetroot – 45.71 TPD, Chilli,
- 37.86 TPD, Snake gourd – 57.14 TPD. Subsequently, the average waste generation per day from the above vegetables was recorded as; Tomato – 18.57 TPD
(3.07%), Onion – 27.00 TPD (2.76%), Small Onion – 5.00 TPD (15.22%), Potato – 21.57 TPD (21.57%), Brinjal – 7.86 TPD (11.11%) , Cabbage – 4.00 TPD
(3.52%), Beans – 2.71 TPD (5.85%), Broad beans – 2.57 TPD (4.93 %), Carrot – 2.29 TPD (4.4%), Radish – 2.86 TPD (4.21 %), Okra - 2 TPD (5.09 %), Drumstick
– 2.57 TPD (2.29 %), Beetroot - 2 TPD (4.38 %), Chilli, - 2.71 TPD 7.17 %, Snake gourd – 2.57 TPD (4.50 % ), the graphical representation is shown in Fig. 2.

3.2. Characteristics of mixed vegetable waste (MVW)

The TS, VS, FS levels were recorded as 6.37%, 82.81%, 17.19% respectively (Table 1). The C/N ratio of the MVW was found to be 8.09. The empirical formula
estimated calori�c energy value (CEV (MJ Kg-1)), SMP, practical CEV (MJ Kg-1) were observed as C9H20NO5, 0.55 (L CH4g-1 VS), 19.55 (MJ Kg-1), 15.64 (MJ Kg-

1) respectively (Table 1).

3.3. Daily and cumulative biogas yield

Among the 5 optimized substrates to inoculum ratios, the maximum cumulative biogas yield (1631 mL) was observed at a 3:1 ratio which is �ve times higher
than the control reactor (316 mL) (Fig. 3(a)), and the same as the control, 1:1, 2:1, 4:1 and 5:1 were recorded as 316 mL, 941 mL, 1106 mL, 793 mL, and 646
mL respectively. The minima and maxima biogas yield were observed on day 18 and day 9 with a minimum of 5 mL/day and maximum 122 mL/day
respectively at a 2:1 S/I ratio and 3:1 S/I ratio (Table 2). Around 5.16-fold enhanced biogas yield was observed from the control reactor to the S/I ratio of 3:1.
The enhanced cumulative biogas yield observed in 3:1 reactor than the other reactor was attributed to acclimatized chemical and microbial equilibria as
evidenced by ORP (Fig. 3(b)), pH (Fig. 3(c)), VFA (Fig. 3(d)).

3.4. ORP, pH, VFA, alkalinity, and ammonia levels at different S/I ratio

The anaerobic digestion process is categorized as strict anaerobic, moderate anaerobic, and facultative anaerobic processes that possess the physiological
optimum ORP level of -390 to -250 mV, -250 to -150 mV – 50 to -150mV respectively (Wang et al. 2018, Gerardi 2003).  The present AD study was initiated in
the hermetically sealed anaerobic mesophilic conditions. The extreme negative electrode redox potential and acidic pH (observed in 4:1 S/I ratio) at strict
anaerobic conditions were found to have increased the production of VFA 4921.2 mg L-1. The increased VFA observed in the 4:1 S/I ratio did not yield the
maximum biogas, which is attributed to VFA accumulated toxicity as described elsewhere (Vongvichiankula et al. 2017). But the next lower level of VFA of
4631 mg L-1 observed at 3:1 ratio favoured maximum gas production (Fig. 3(c)), which could due to the high buffering capacity attained at an observed
optimum VFA/Alkalinity ratio (0.43) coincides with the results reported elsewhere (Raposo et al. 2006). The lowest level of VFA observed in the control reactor
was attributed to a lack of adequate substrates. This was in line with the observed pH minima (5.20) and maxima (8.69) in the 4:1 S/I ratio and control
reactor. The observed lowest pH in 4:1(5.2) and high pH at control (8.69) was consistent with the maximum level of VFA (4921 mg L-1) and 745 mg L-1 in the
former and latter respectively (Fig. 4(b)). The alkalinity maxima (18400 mL) in the 5:1 S/I ratio was corroborated well with maxima ammonia level of 1904 mg
L-1 (Table 2) depicts increased S/I ratio which was not conducive to high buffering capacity in AD led to having favoured ammonia toxicity. The lower level of
VFA in the control reactor was also in line with higher alkalinity whereas the higher VFA in 4:1 S/I ratio was consistent with lower alkalinity (Fig.4 (c)). The
minima speci�c methane yield of 0.02 L g-1 VSr was observed in the control reactor whereas the maxima SMY was noticed in the S/I ratio of 3:1 (0.53 L g-1

VSr) (Fig. 4(f)). This observed higher SMY (0.53 L g-1 VSr) has coincided with high VSr e�ciency which is the vital parameter for �vefold enhanced biogas
yield from the control reactor to 3:1 S/I ratio (Table 2) (Fig. 4(f)). This reveals that the pre-acclimatized anaerobic seed sludge with vegetable waste favoured
enhanced biogas than the other seed sludge materials: cow dung and AD fermented sludge.

3.6. Sequential co-relation of bioprocess parameters for enhanced biogas yield

The anaerobic digestion is predominantly a biochemical reduction process which signi�es the redox potential of the digester in�uenced by the predominant
presence of facultative, moderate, strict anaerobic conditions. The initial acclimatization of AD leads to moderate anaerobic conditions with ORP of -150 mV,
and once the AD is completely devoid of oxygen as the time elapsed, the optimum biochemical reduction process predominates, that lead to high electrode
potential between -100 to -350mV (Gerardi 2003). Many authors have expressed the optimum ORP as a key parameter that triggers the level of pH, VFA,
Alkalinity, Ammonia, VSr, SMY for enhanced biogas production (Nguyen et al. 2019, Wang et al. 2018, Vonvichiankula et al. 2017, Blanc and Molof 1973). The
consequential in�uence of ORP at its optimum S/I ratio that triggered the remaining biochemical process parameters was correlated to understand the level of
signi�cance with R2 values.

The lowest R2 observed in the control reactor attributed to devoid of substrates and the highest R2 (0.90) recorded between ORP and pH at 3:1S/I ratio
sequentially con�rmed to have in�uenced the other bioprocess parameters (Fig. 4(a)) such as VFA, Alkalinity, free ammonia, etc., High R2 observed between pH
and VFA has shown an increased VFA correlated with a decreased pH towards optimum at S/I ratio of 3:1 and no such trend was observed in the control
reactor (R2 - 0.63) in Fig. 4(b). An increasing trend in cumulative biogas yield was observed until the 3:1 S/I ratio and a further increase of the same depicted a
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reduced cumulative biogas yield. This con�rms that the higher S/I ratio was led to the accumulation of VFA became toxic to methanogenesis and reduced the
biogas yield in 4:1 S/I ratio. But in 3:1 an optimum buffering capacity at optimum VFA/Alkalinity ratio would have favoured maximum biogas yield (Lee 2008,
Anderson and Yang 1992). The optimum consumption of volatile fatty acids was also con�rmed with an increased level of alkalinity observed between high
VFA and alkalinity (R2 - 0.80) from Fig. 4 (c). Consequently, the increased alkalinity in�uenced the release of free ammonia attributed to the degradation of the
protein (Fig. 4(d)), as the AD processes are sensitive to ammonia.

The high correlation (0.75) observed between the decreased cumulative biogas yield with increased ammonia level (0.85) at a 1:1 S/I ratio coincided with the
lower biogas yield (Fig. 4(e)). Eventually, the higher SMY per gm of VSr depicted high R2 (0.61) con�rms that the in�uence of all the above parameters at an
optimum condition has favoured an enhanced biogas yield at a 3:1 S/I ratio than the other ratios experimented (Fig. 4(f)). Pokoj et al. (2014) revealed that the
speci�c biogas production rate and biogas yield for maize alone were 1.34 L L-1d-1 and 0.71 L g ODM-1 respectively. When 10% of glycerine was added the
speci�c biogas production rate and biogas yield decreased to 0.50 L L-1d-1 and 0.13 L g ODM-1 respectively.

4. Conclusion
The KWMC generates around 300 tonnes of vegetables, �owers, and fruit wastes per day from 2885 TPD of raw vegetables, fruits, and �owers input in the
market, necessitated an e�cient waste to energy technology for solid waste management. Many optimum parameters were reported previously. However, the
optimum S/I ratio favoured to have in�uenced more on bioprocess parameters for an enhanced biogas yield. An increased S/I ratio depicts an increased
biogas yield until the S/I ratio of 3:1 further decrease in S/I ratio and does not favour biogas yield. The high correlation observed between ORP and pH, pH and
VFA, VFA and alkalinity, alkalinity and ammonia, VSr and SMY, ammonia and cumulative biogas yield have eventually favoured the maximum cumulative
biogas yield at 3:1 S/I ratio than the control, 1:1, 2:1, 4:1 and 5:1 respectively. At this optimum S/I ratio and based on the observed SMY the total biogas yield
estimated per tonne of wholesale VMCW was 110 m3/tonne which was two-fold higher than the yield being realized in the existing large-scale biogas plant
was not seeded with pre acclimatized anaerobic vegetable waste seed sludge. Thus, this study recommends that adopting the precultured anaerobic digester
seed inoculum for MVW can increase the net biogas yield and the energy potential for sustainable solid waste management.

Abbreviations And Nomenclature List
AD Anaerobic digestion

C/N ratio Carbon to nitrogen ratio

CMDA Chennai metropolitan development authority

FS Fixed solids, (% TS)

FVW Fruits and Vegetable Wastes

KWMC Koyambedu Wholesale Market Complex

MMC Market Management Committee

MVW Mixed Vegetable Waste

MWAS Mixed Waste Activated Sludge

OFMSW Organic fraction of municipal solid waste

ORP Oxidation-reduction potential (mill volts, mV)

OSW Organic solid wastes

SMY Speci�c methane yield, (NmL/g VSr)

TS Total solids, (%)

TPD Tonnes per day

VFA Volatile fatty acid, (mg/L)

VFA/Alkr VFA/ alkalinity ratio

VMCW Vegetable market complex waste

VS Volatile solids, (% TS)

VSr VS removed
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S. No Parameters Values of MVW

1. Total Solids 6.37

2. Volatile Solids (% of TS) 82.81

3. Fixed Solids (% of TS) 17.19

4. Organic/Inorganic ratio 4.81

5. Carbon (% TS) 41.24

6. Hydrogen (% TS) 7.31

7. Oxygen (% TS) 5.10

8. Nitrogen (% TS) 29.16

9. Empirical formula C9H20NO5

10. C/N Ratio 8.09

12. CODeq (g COD/g VS) 1.58

13. Theoretical SMP (L CH4/g VS) 0.55

12. CEV (MJ/Kg) 19.55

13. Experimental CEV (MJ/Kg) 15.64

Table 2: Anaerobic bioprocess parameters at the varying substrate to inoculum ratio

S/I
ratio

Initial Final VSr% SMY Anaerobic Digestion Performance Evaluation

TS% VS% FS% TS% VS% FS% Daily biogas yield pH

Min. Max. Avg. SD Min. Max. Avg. SD

(1:1) 4.09 79.11 20.89 2.12 28.45 71.55 64.04 0.26 9

(1st d)

104

(18th

d)

39.21 20.55 5.39

(33rd

d)

7.94

(3rd d)

6.79 0.75

(2:1) 6.13 89.23 10.77 2.45 29.45 70.55 63.53 0.47 5

(21std)

98

(18th

d)

21 17.35 6.56

(6th d)

7.70 (15th

d)
7.34 0.31

(3:1) 7.35 86.03 13.97 3.16 31.38 68.62 66.99 0.53 20

(1st d)

122

(9th d)

67.96 25.93 6.62

(6th d)

7.71 (36th

d)
7.26 0.27

(4:1) 6.47 83.93 16.07 2.89 32.45 67.55 61.34 0.45 21

(1st d)

65

(33rd

d)

33.04 14.71 5.20

(33rd

d)

7.77

(3rd d)

6.86 0.91

(5:1) 3.58 68.75 31.25 2.25 27.54 72.46 59.94 0.18 32

(3rd d)

88

(18th

d)

26.92 16.97 5.28

(33rd

d)

7.80 (12th

d)
6.77 0.82

Control 0.85 75.53 24.47 0.75 55.48 44.52 26.55 0.02 11

(3rd d)

22

(33rd

d)

13.17 4.69 6.79

(9th d)

8.69 (33rd

d)
7.71 0.59
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S/I
ratio

Anaerobic Digestion Performance Evaluation

ORP VFA Ammonia Alkalinity

Min. Max. Avg. SD Min. Max. Avg. SD Min. Max. Avg. SD Min. Max. A

(1:1) -413.40

(36thd)

-156.80

(0th d)

-307.78 90.44 940.54

(1st d)

3423.4

(18th

d)

2540.90 734.75 112

(30thd)

1450

(1st d)

779.33 487.48 2700

(1st

d)

16200

(18th

d)

1

(2:1) -429.10

(36th d)

-123.20

(1st d)

-310.85 109.9 1103.0

(1st d)

4120.2

(18th

d)

3057.11 860.92 420

(30th

d)

1512

(7th d)

893.83 414.59 8500

(21st

d)

12800

(18th

d)

1

(3:1) -438.90

(33rd d)

-103.70

(2nd d)

-309.64 103.7 2564.4

(1st d)

4631.2

(15th

d)

3721.25 613.72 448

(30th

d)

1624

(14th d)

1125.5 504.14 7200

(1st

d)

15600

(9th d)

1

(4:1) -424.90

(33rd d)

-142.00

(3rd d)

-311.76 91.99 3423.4

(1st d)

4921.2

(18th

d)

4142.28 541.88 280

(30th

d)

1228

(14th d)

703.66 425.68 9800

(1st

d)

14200

(33rd

d)

1

(5:1) -443.10

(33rd d)

-132.00

(4th d)

-320.63 99.52 2712.2

(1st d)

4523.2

(18th

d)

3294.90 629.88 126

(30th

d)

1904

(1st d)

1059.6 690.70 6900

(3rd

d)

18400

(18th

d)

1

Control -430.30

(33rd d)

-198.80

(5th d)

-349.19 87.96 745.45

(6th d)

1159.1

(15th

d)

885.36 150.84 70

(7th d)

196

(27th d)

140 53.85 2800

(3rd

d)

9100

(33rd

d)

5

Min.  = Minimum; Max. = Maximum; Avg.  = Average; SD = Standard deviation, d = day

Figures

Figure 1

Water displacement method for biogas measurement
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Figure 2

Vegetable waste source emission inventory at KWMC

Figure 3

(a) Daily biogas produced at different S/I ratio (b) ORP levels at different S/I ratio (c) pH levels at different S/I ratio (d) VFA levels at different S/I ratio

Figure 4

Sequential correlation between (a) ORP and pH (b) pH and VFA (c) VFA and Alkalinity (d) Alkalinity and Ammonia (e) Ammonia and Cumulative biogas yield
(f) VSr and SMY
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