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EXECUTIVE SUMMARY
INTRODUCTION

Indian cities are expanding rapidly with their population growth and economic developments
significantly impact the generation rate of Municipal Solid Waste (MSW). The rate of
production of MSW in India is 160038.9 TPD out of which 50% is treated, 18.4% is disposed-
off in landfills and 31% is unaccounted which contributes to the release of greenhouse gases
(Annual Report on Solid Waste Management (2020-21)). At the same time, the segregation of
MSW has gained momentum which led towards more production of Organic Fraction of
Municipal Solid Waste (OFMSW). Biodegradable organic matter which is a significant portion
of MSW also known as the Organic Fraction of Municipal Solid Waste (OFMSW). If this
biodegradable organic matter is disposed-off in a landfill without treatment, it will naturally
decay and produce greenhouse gases. It is feasible to segregate the OFMSW and process it
using composting, vermicomposting, incineration and anaerobic digestion. OFMSW is the
most favourable substrate to meet the goal of waste-to-energy conversion through anaerobic

digestion.

The increasing population generates more sewage. There are 1093 sewage treatment plants in
operational condition in India which can treat approximately 20235 MLD of sewage (CPCB
annual report, 2021). Sewage treated with UASB-based treatment technology is the most
advantageous due to its low operational and maintenance costs. However, sewage treated with
UASB is required post-treatment using ASP to meet inland surface water disposal standards
specific to Indian conditions. After the UASB process, when the sewage is treated with the
ASP, it results in the production of bio-flocculated sludge which requires proper attention for
its treatment and disposal. The bio-flocculated sludge generated from SST has low porosity, is

low in quantity is rich in microbial nutrients and needs special attention for disposal.

Anaerobic digestion has emerged as a highly preferred process due to its cost-effectiveness for
growing nations like India with low investment and potential for revenue generation. Anaerobic
digestion of OFMSW has issues such as large particle size, high solids, slow biodegradation,
lignin-rich waste and the heterogeneous nature of the waste makes the process challenging.
India is a diverse country with significant differences in geographical regions and living
standards in these areas, resulting in different patterns of garbage generation. Substrate

availability, composition, characteristics, geographical condition, climatic condition, economic
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condition, treatment processes, waste management approach etc. are the key factors for the
anaerobic digestion process. The study of the substrate and its efficiency for a particular area

is a significant factor in the success of any anaerobic process.

Need of the study:

Anaerobic digestion of OFMSW needs liquefication for a higher degradability rate. The sludge
formed in the SST (post-UASB) is less in quantity, has poor porosity is difficult to dewater, is
low in solid content and therefore difficult to dispose-off in conventional sludge drying
systems. This sludge must go through some process to reduce volume, improve its
characteristics, and reduce health problems and hindrances to meet disposal standards and
acceptance. The bio-flocculated sludge produced in the SST has an abundance of
microorganisms that can enhance the anaerobic digestion process. Hence, bio-flocculated
sludge can become the potential co-substrate and enhance methane generation. The prime use
of bio-flocculated sludge from SST (post-UASB) for the anaerobic co-digestion process still
needs to be focused based on various parameters and availability in Indian conditions to
enhance the anaerobic digestion process of OFMSW. The favourable meteorological conditions
(20C to 40 C for more than 9 months of a year) in the majority of states of India help in the
anaerobic co-digestion process. The estimated quantity of OFMSW generation and bio-
flocculated sludge generation rate is 600kg/d and 104kg/d respectively, for 1 lakh of the
population

The report published by the Ministry of Housing and Urban Affairs under the flagship of the
Swachh Bharat Mission adopting circular economy mission states that bio-methanation of wet
solid waste is significantly more profitable than composting. It also highlighted the concern
about municipal sewage sludge management as it is being utilized unscientifically and without
regulatory standards in India.

The study of anaerobic co-digestion of OFMSW and bio-flocculated sludge from SST (post-
UASB) is required to check the synergistic effect that can arise by using solid-liquid waste to
enhance the methanation process (Figure 1). This study underscores the potential of integrated

waste management practices for sustainable and economical solutions
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Figure 1: Substrate for anaerobic co-digestion process
Objectives of the present study

» To check the feasibility of an anaerobic process for the co-digestion of OFMSW & Bio
flocculated sludge generated in ASP (Post UASB) of conventional sewage treatment in

Indian conditions.

» To identify optimum conditions for various parameters to achieve satisfactory

degradation and gas production for the co-digestion process.

» To scale up an analytical model for running a treatment scheme as suggested.



BRIEF RESEARCH METHODOLOGY

MSW comprises a maximum bio-degradable waste of 42-53% including fruits & vegetable
waste & food waste. The cities of India according to population size can generate an average
of 41-52% of biodegradable waste. The wet mass of OFMSW is finalized with 60-70%
vegetable and fruit waste, 20-30% food waste, 0.5 to 1 % paper waste and 2-5% yard waste

considered for lab-scale experimental work.

Sludge generated from the SST (post-UASB) process is rich in microbial activity so it is called
bio-flocculated sludge. In the present study bio-flocculated sludge generated from SST is
collected from 43MLD UASB-based sewage treatment plants with aeration treatment (ASP
treatment) post-UASB.

Pre-treatment of OFMSW is required to improve the anaerobic co-digestion process. The
simplest and economically viable pre-treatment method applied for the present study is cutting
and grinding. The OFMSW is grinded to a size of 2 mm ~ 5 mm. Grinding enabled the increase

in surface area available for microbes (Figure 2).

OFMSW grinding OFMSW & Bio-flocculated Mixing to make slurry Measured slurry
sludge to feed reactor

Figure 2: Pre-treatment of OFMSW and substrate preparation

An anaerobic reactor of 10 L volume is made of an acrylic sheet. The substrate is fed on a wet
mass basis in each batch reactor. A mixer with paddles is used for complete mixing
(intermediate mixing) of the substrate at low speed using a 12V DC motor. To maintain the
mesophilic condition (30-35°C) inside the reactor, the water jacketing system is provided with
a heating rod. This system effectively controls the inside temperature of an anaerobic reactor
and provides optimal temperature conditions for the anaerobic digestion process. The biogas

produced during the batch study is quantified using water displacement. The biogas is routed



through the solution of NaOH which can absorb CO» from the biogas (Figure 3). The reactor is

operated for batch study and semi-continuous flow study.

Mechanical
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Water

. .
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Anaerobic mesophilic semi- Biogas measurement using
continuous reactor of OFMSW the water displacement
and Bio-flocculated sludge method

Figure 3: Schematic diagram and the lab-scale experimental setup

To determine the initial and final characteristics of the feedstock, the samples are prepared for
analysis according to the procedures prescribed in APHA, Standard Methods for Examination
of Water and Wastewater, 2017. pH, Total Solids and Volatile Solids are measured regularly
(2540-G). For the measurement of COD, a closed-reflux titration method is used (5220-C).
Total Kjeldahl nitrogen and Total Phosphate are measured with the Macro Kjeldahl method and
Stannous Chloride method (4500 Nore-B, 4500P-D) respectively. The volatile Fatty Acids to

Alkalinity ratio is measured with Kapp’s method.

OFMSW and bio-flocculated sludge mixed with different mixing ratios of 50:50, 75:25, 90:10,
100:0 &0:100 (by %mass.). The mixing ratios of OFMSW: bio-flocculated sludge optimized
using batch anaerobic co-digestion lab-scale experimental work (Figure 4). Anaerobic co-

digestion exhibits a quick phase of acclimatization and raises methane production.
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Figure 4: Methane gas yield during the lab-scale batch experimental study

An optimized mixing ratio of 75:25 (%wet mass) of OFMSW and bio-flocculated sludge is
used to perform lab scale experimental study using a semi-continuous flow anaerobic reactor.
The reactor is operated with varied Organic Loading Rates (OLRs) with slight variations in

composition and characteristics of OFMSW to reflect actual field conditions.

Kinetic studies can be used to forecast digester performance, digester design, and substrate
biodegradability. The first-order kinetic model, Modified Gompertz model and Logistic
Function model are used to model experimental methane production for all co-digestion mixing
ratios. With IBM SPSS 2021, the model's kinetic constants for Pm, Rm, and A are calculated

using the least squares fitting method (non-linear regression methodology).

Kinetic models help to quantify how fast organic matter is degraded in the anaerobic digester
which helps to select the most suitable feedstock and anaerobic digester performance. A kinetic
model is a mathematical representation of the relationship between COD concentration and
HRT for the estimation of degradation rates. The rate at which COD or VS is removed directly
impacts the rate of biogas production and kinetic models help to estimate and optimize the rate
of biogas production by correlating with the substrate removal rate. The Modified Stover-
Kincannon model, Grau’s Second-Order Model and First-order Kinetic models are utilised to

predict substrate removal efficiency.

The human brain is a complicated structure with a densely linked network of basic processing
units, or neurons. The simplified representation of the organic nervous system is called an
Artificial Neural Network or Neural Network. An artificial neural network (ANN) is a

computer learning system that uses mathematical relationships between input-output variables
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to discover the link between a set of defined input data and output data with a wide range of
operational conditions. An input layer, a hidden layer, and an output layer are the three layers
are there in ANN. Input variable (%TS, OLR gmVS/L/d, pH, HRT, VFA/Alkalinity ratio) and
output variable (%VSremovar and Methane yield (L/kgVSremoved)) are included from the
experimental data to develop the prediction model (Figure 5). ANN study is carried out with
MATLAB 2021a to implement the Feed Forward training algorithm with the curve fitting
application (fitnet). Levenberg-Marquardt, Bayesian Regulation, and Scale Conjugated
Gradient are the three training algorithms employed in this work along with the tan sigmoid

transfer functions.

layes Output

Variable b1 variable

pH

OLR
gmVS/L/d

VFA/Alkaliity

e

%VS.

Methane yield
L/kgVS,

S 50000

Figure 5: Architecture of ANN

ANN models are typically utilized to determine the association between input and output
variables. The connection weight method is the most acceptable method for knowing the
importance of the input variable. Artificial Neural Networks coupled with Particle Swarm
Optimization (ANN-PSO) have emerged as powerful predictive modelling techniques for the
anaerobic co-digestion process. ANFIS combines fuzzy logic and neural network approaches

to create a hybrid intelligent model with the advantages of both methods.

The sample retrieved from the methanogenesis phase is used to analyse microbial presence in
an anaerobic co-digestion process. The sample is analysed under a Scanning Electron

Microscope (SEM) (Figure 6).
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Figure 6: SEM image of methanogens

Metagenomic analysis is carried out to identify the dominant bacteria responsible for making
the anaerobic co-digestion of OFMSW and bio-flocculated sludge efficient. The Analysis is
carried out with genome sequencing using 16SrTRNA methodology. The sample is collected
during the acclimatization phase of the reactor for analysis. The fermentation or acidogenesis
phase is also a very important phase of the anaerobic digestion process where the presence of

microbes leads to the success of the anaerobic co-digestion process (Figure 7).
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KEY FINDINGS

>

Bio-flocculated sludge generated from SST (post-UASB) is the potential co-substrate
for OFMSW for anaerobic co-digestion due to its characteristics of high pH 7.9+0.2,
high %moisture content 94.76+0.6, low %TS 5.24 + 1.18, COD 52.22 + 4.03 mg/gm
and having potential to generate specific biogas yield 419.44+11.59 L/kg V Sadded under
optimum conditions.

75% (wet mass) of OFMSW, when co-digested with 25% (wet mass) of bio-flocculated
sludge from SST, can achieve a specific methane yield of 256.44+12.98 L/kg VSadded
which is quite higher than mono-digestion of OFMSW.

Modified Gompertz model validates the experimental methane yield in batch
experimental study for mixing ratio of 75:25 of OFMSW and bio-flocculated sludge
with goodness to fit R? 0.99 with the prediction of maximum methane production rate
137.49 L/kg VSaadea®*d and hydrolysis rate constant (k) 0.664.

The lab-scale semi-continuous flow anaerobic reactor operated with an optimized
(75:25) mixing ratio of OFMSW and bio-flocculated sludge with varied organic loading
rate. The reactor performed well with an OLR range of 2 to 3 gm VS/L/d with high
biogas yield and %VS removal efficiency.

Kinetic constants obtained for semi-continuous flow anaerobic reactor with Stover Kin-
cannon model (maximum removal rate constant Umax ~ 31.74, Saturation rate constant
Kg ™ 86.02), Grau's Second-Order kinetic constants (a = 0.578, b = 3.1) contribute for
prediction of substrate removal efficiency.

Prediction model developed using Feed Forward Neural Network (FFNN) fitting
application (fitnet) simulate experimental data of %V Sremovat and methane yield with
goodness to fit R more than 0.96 for anaerobic co-digestion process operated under
semi-continuous flow while prediction model using ANN-PSO with R? of 0.80 and
ANFIS with gauss2 membership function with R? of 0.90 shows versatility of different
modelling approach in accurate prediction of methane yield.

Metagenomic sequencing analysis 16SrRNA shows the presence of Lachnospiracea,
Lactobacillacea and Clostridiaceae are the dominant families with Anaerostignum,
Lactobacillus and Clostridium Sensu Stricto genus found with high levels of
abundance. They are dominant for the fermentation process of the anaerobic co-

digestion process.
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CONCLUSION

This study contributes to the potential use of bio-flocculated sludge from SST (post-UASB) as
a co-substrate for anaerobic co-digestion of OFMSW for the effective management of
OFMSW. This study including substrate composition and characteristics has the advantage of
its simplicity and economic affordability for replicating its use in large-scale plants in
developing nations. The developed prediction model can be used to predict methane yield and
%V Sremoval efficiency with varied substrate characteristics for large-scale plant operation. The
metagenomic analysis shows the potential of OFMSW and bio-flocculated sludge from SST
(post-UASB) as a substrate to improve the anaerobic co-digestion process. Anaerobic co-
digestion of OFMSW and bio-flocculated sludge from SST is a key to solving solid-liquid
waste management problems with in-house substrate availability within the ULBs with

minimal pretreatment to achieve waste-to-energy goals.

RECOMMENDATIONS

e Pilot-scale anaerobic digester using OFMSW and bio-flocculated sludge should be
operated.

e Field-operated data can improve the accuracy of an Artificial Neural Network-based
prediction model for methane yield.

e Life Cycle Assessment to evaluate environmental impact assessment and circular
economy of the anaerobic co-digestion process of OFMSW and bio-flocculated sludge

e Microbial insight using metagenomic analysis of each phase of the anaerobic co-
digestion process of OFMSW and bio-flocculated sludge (post-UASB)
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