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Abstract

Municipal solid waste [MSW] has gained prominence in
recent years as the rate of its generation has increased
significantly. The serious problem of MSW management
exists in almost all regions of India. This study aims to
generate energy from MSW by selecting a suitable MSWM
technology with the help of MSW characterization of
Haridwar city. The suitable technique chosen was
anaerobic digestion (AD) by physical and chemical
characterization of MSW. The organic fraction of
municipal solid waste (OFMSW) of 96 sub-samples with
two different inoculums i.e., livestock dung and anaerobic
sludge were used for AD experiments. A total of eight
batch-type laboratory-scale anaerobic reactors were used
in mesophilic conditions with different subtract-inoculum
ratios (1/3, 1/2, 1/1, and 2/1). The S/I ratio of 1/1 was
optimum for both inoculums. In this situation, the average
cumulative biogas and methane yields for livestock dung
were 461 NmL/g OM and 440 NmL/g OM, respectively,

compared to 628 NmL/g OM and 474 NmL/g OM for
anaerobic sludge. The anaerobic sludge inoculum was
found to be better than livestock dung, with cumulative
biogas production and methane yield being 3.5% and 4.2%
higher, respectively.

Keywords: Municipal solid waste, waste characterization,
waste management, anaerobic digestion, MSW

1. Introduction

Energy security, environmental protection, and resource
depletion are important challenges at present. Generating
electricity and heat from fossil fuels releases large
amounts of greenhouse gases (GHGs) into the
atmosphere (Kumar and Samadder 2017). Petroleum-
based fuels have released 35,300 million tons of CO2 into
the atmosphere to date, with an estimated daily CO:
release of 29,000 megatons (Yukesh Kannah et al. 2021).
The negative effects of fossil fuel use can be reduced by
using renewable energy sources more effectively.
Currently, municipal solid waste (MSW) is seen as a
renewable source of energy (Tyagi et al. 2018; Sharma
and Jain 2020; Ravindran et al. 2022). Unsanitary
landfilling release greenhouse gases (GHGs) such as CO2,
CHa, and leachate, all of which are a serious threat to the
environment. The second most prevalent greenhouse gas
is CHa, which contributes to 14% of global GHG emissions
and consequently climate change. CHs produces 21 times
more global warming than COz. Over the long term, 1 ton
of CHa is equivalent to 21 tons of CO, although, in the first
year after emissions, CHs is 71 times more potent than
CO: (Sharma and Jain 2019). Therefore, 18 EU countries
have banned the landfilling of all recyclable solid waste in
2015, while several others (including the United States,
France, and Poland) have imposed taxes on landfilling to
make it a less desirable alternative for waste disposal
(Scarlat et al. 2018; Zhao and Liu 2019). It is also because
with aims to enhance the waste hierarchy, which first
prepares to prevent waste generation, then prioritizes
reuse, recycling, recovery, and disposal (WEC 2016).
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In 2016, the World produced 2.01 BT (0.74 kg/person/day)
of MSW, of which 33% was handled in an unsustainable
and conservative manner. Additionally, it is anticipated
that by 2030, this amount of MSW generation will rise to
2.59 BT (7.10 MT/day), and by 2050, it will reach 3.40 BT
(9.32 MT/day). It has been estimated that every year
around 15 metric ton of MSW is being added to the solid
waste market (World Bank Group 2018). Organic waste,
which includes food and green garbage, makes up the
greatest portion of MSW in the world (44%), followed by
paper and cardboard (17%), plastic (12%), glass (5%),
metal (4%), wood (2%), rubber and leather (2%) and other
(14%). (WEC, 2016; World Bank Group, 2018).

The energetic use of MSW plays an important role in
reducing GHGs emissions as well as providing energy
security (Amornsamankul et al. 2019; Kakadellis et al.
2022). It is estimated that by the year 2020, Europe and
its former Soviet Union will have produced 250 billion
cubic meters (m3N) of bio-methane, which will be enough
to cover half of the current consumption (Ferronato et al.
2018). Anaerobic Digestion (AD) is an attractive solution
for biodegradable waste treatment. It is estimated that
controlled AD produces 2-4 times as much methane in just
3 weeks from 1 metric tonne of MSW in comparison to
what 1 metric tonne of waste in a landfill would produce
in 6—7 years. AD is considered preferable to incineration if
more than 50% of the waste is biodegradable (Khan et al.
2016). AD of the organic fraction of municipal solid waste
(OFMSW) offers a dual benefit by producing biogas and
treating the residues at the same time, hence decreasing
the need of land for sanitary landfills (Lamnatou et al.
2019; Muhammad and Chandra 2021). According to the
techno-scientific literature, the AD of OFMSW provides
the best environmental and economic performance
among the other biological treatment techniques of the
OFMSW (Ardolino et al. 2018). Recent experimental
research found that because of its bromatological,
physical-chemical, and elemental composition, OFMSW is
an appropriate carbon source for biorefinery systems
(Rossi et al. 2022). Since OFMSW is a major part of MSW,
employing OFMSW as a substrate for AD is a responsible
choice for the management of MSW from an
environmental standpoint. AD of OFMSW into high-
volume but low-value products (such as biogas, biofuels,
and electric power) and high-value but low-volume
products (such as chemicals as fertilizers and volatile fatty
acids (VFTs)) is an example of a biorefinery that is
catalyzed by the bacterial community (Kumar and
Samadder 2017; Taherymoosavi et al. 2017; Bala et al.
2019). When OFMSW contains a significant amount of
food waste (FW), the accumulation of volatile fatty acids
(VFAs) and long-chain fatty acids prevents the
methanogenic activity, which can affect the stability of the
AD process (Xiao et al. 2019; Amodeo et al. 2021).

In recent years, many studies have been carried out on
the optimization of biogas production. For example,
Zeshan found that 32 is the most feasible C/N ratio to
avoid ammonia inhibition (Zeshan et al. 2012). The effect
of the organic loading rate (OLR) on the generation of

SHARMA AND JAIN

biogas has been studied by several authors. When food
waste and rice husk were co-digested in a mesophilic
environment, Jabeen found an inverse relationship
between OLR and biogas production (Jabeen et al. 2015).
The majority of research has also been done at the
laboratory scale level on how operating parameters affect
VFA production. For instance, during the fermentation of
OFMSW at both thermophilic and mesophilic
temperatures, alkaline conditions enhance the
concentration of VFA.

There are just a few studies for Haridwar city that briefly
characterize MSW and are mostly concerned with organic
and inorganic wastes. However, there is currently no
research that characterizes MSW in depth. Therefore, this
paper is partitioned into two portions. Section 1 is focused
on the detailed characterization of MSW and OFMSW and,
section 2 is related to the AD of OFMSW under different
conditions. The detailed characterization of MSW s
extremely helpful to select the appropriate Municipal
solid waste management (MSWM) technology and related
issues. In this study, OFMSW has been used as a single
substrate to produce biogas under mesophilic conditions.
At the laboratory scale level, the AD of four different
substrate/inoculum (S/I) ratios has been evaluated in
terms of biogas production, methane yield, and stability of
the process for two different inoculums i.e., livestock
dung and anaerobic sludge.

2. Materials and methods

2.1. Description of study area

Haridwar is regarded as one of the seven holy towns in
India. After Dehradun, Haridwar is the second-largest
district in the state of Uttarakhand’s southwest, with a
total area of around 2,360 km?.

et

MSW Dumping Site
Haridwar;Bhagtanpur,
g )

Figure 1. MSW dumpsite of Haridwar City

It is located at 314 meters above sea level, its latitude and
longitude are 29.962N and 78.159E respectively
(Khabarwala and Jaintanwala 2019). The Ganges River
exits the mountains and first flows into the Haridwar
plains. Therefore, Haridwar is referred to as the "Gateway
to God". The study was carried out at Haridwar, which is
the second-largest city in the Uttarakhand State in terms
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of population after Dehradun City. The location of the
MSW dumpsite in the city of Haridwar is close to the Sarai
village, Bhagtanpur, with coordinates of Latitude: 29.9008
and Longitude: 78.092943 and a land area of 50.50
hectares, as shown in Figure 1.

2.2. Background of MSWM in haridwar

Thirty municipal wards in Haridwar City produce an
average of 220 metric tons of MSW each day, most of
which are discarded in the open at the Sarai Village Dump
Site. So, according to statistics, every person generates
around 0.94 kg of waste per day. By the year 2041, it is
anticipated that this amount will have reached a daily
average of about 370 MT (Government of Uttrakhand
2019). Although the problem of increasing solid waste in
Haridwar is not very big at this time, it is necessary to pay
attention to it before things get worse.

2.3. Sampling and sorting procedure

According to ASTM D5231-92, a total of 96 sub-samples
(32 in winter, 32 in summer, and 32 in the rainy season)
have been collected from 8 strata of the Sarai village
dumping site above 1 foot (0.308 meters) of the MSW
surface. The sample size has been determined using
Cochran Eq. (1), which is stated in the ASTM D5231-92
(ASTM D 5231-92 2003). At a time, 8 sub-samples were
collected (one from each strata) then all sub-samples
were converted into a single sample using the “Quartering
and Coining technique” (CPHEEO-Part | 2016). Similarly,
there are 12 samples (A to L) in all 96 sub-samples, on
which the study has been performed. Similarly, 12
samples (A to L) have been taken in this study, those are
taken from 96 sub-samples. Four team members started
manually sorting MSW at the dumpsite in accordance with
ASTM D 5223-92 to determine the final sample size (ASTM
D 5223-92 2014).

Z xoY (1)

Where, n- Sample size, Z- Standard normal variant, a-
standard deviation, E- Margin error

2.4. Characterization of MSW

The only way to solve the MSWM problem is to choose
the proper technology to manage MSW; just technology is
not a miracle cure. Sometimes, the incorrect choice of
waste treatment method might result in the collapse of
the entire waste management system. MSW generation
rate, physical composition, and chemical characterization
play a major role in the selection and adoption of an
effective and environmentally friendly MSWM technique.
During the study, MSW Samples were oven-dried in the
oven at 105°C for physical characterization until the
weight of each component become stable. Manual sorting
has been done to know the physical composition of MSW
samples for both RB (Received basis) and DB (Dry basis).
After that proximity analysis was done to determine
physical characteristics and ultimate analysis was
performed for chemical characteristics. The calorific value

was found using a bomb calorimeter for both the MSW
and OFMSW samples. Proximate analysis, ultimate
analysis, and heating values of MSW have significant
importance for the assessment of the feasibility of energy
recovery from the MSWM system (Adeleke et al. 2021).

2.5. Production of biogas

AD is an attractive solution to produce biogas from
biodegradable waste treatment. It is estimated that
controlled AD produces 2-4 times as much methane in just
3 weeks from 1 metric ton of MSW in comparison to what
1 metric ton of waste in a landfill would produce in 6-7
years. AD is considered preferable to incineration if more
than 50% of the waste is biodegradable (Sharholy et al.
2008; Unnikrishnan and Singh 2010; Singh et al. 2011;
Kalyani and Pandey 2014; Khan et al. 2016). AD is a
biological conversion process where micro-organisms
break down organic waste in the absence of an electron
acceptor such as oxygen to produce biogas. Biogas that
has been dried and is Sulphur-free can be used to
generate heat and electricity in cogeneration unit
combined heat and power (CHP) (Starostina et al. 2018).

Hydrolysis, acidogenesis, acetogenesis, and
methanogenesis are the four biochemical fundamental
steps involved in the production of biogas as shown in
Figure 2 (Qian et al. 2019; Van et al. 2020). The first step
in the biogas decomposition process is hydrolysis., in
which large organic polymer chains (carbohydrates) are
broken down into smaller molecules (sugars, amino acids,
fatty acids) (Cesaro et al. 2019). In the second step, the
hydrolysis products undergo, in which acidogenic
microorganisms further break down the substrate and
generate an acidic environment, producing NHs, Hz, CO>,
H2S, fatty acids, organic acids, and alcohols (Cheng et al.
2016; Ge et al. 2016).
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Figure2. Biochemical steps to produce Biogas

In the third step, acetogens produce acetate, an acetic
acid derivative, from carbon and energy sources. It is a
very min step that needs close cooperation between the
organisms responsible for oxidation and the methane-
producing organisms involved in the next stage of
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methane generation (Khalil et al. 2019). The final stage is
methanogenesis, in which various methane-producing
microorganisms known as methanogens produce carbon
dioxide and methane (biogas) (Chen et al. 2016; Li et al.
2019; Liu et al. 2019; Zhang et al. 2019).

2.6. Substrates and inoculum

OFMSW was used as a single substrate for this study. The
substrate was the mixture of OFMSW of all 12 samples in
equal quantity. OFMSW is manually separated from the
collected samples of MSW. It was basically the mixture of
food waste, green waste, non-hazardous wood waste, etc.
Equal samples of waste were collected in all three seasons
i.e., winter, summer, and rainy. The particle size of the
dried samples of OFMSW was reduced to an average
particle size of 1 mm by a household electric grinder. Two
fresh inoculums, livestock dung and anaerobic sludge
were collected for AD experiments. When not
immediately used, the inoculums were stored in a
refrigerator under a temperature of 4°C for later use.

2.7. Experimental setup

Eight batch-type laboratory-scale anaerobic reactors with
a capacity of 2 liters each were used for the AD
experiments as shown in Figure 3.

Figure 3. Biogas production set-up (a) Top View and (b) Side
View

All experiments were conducted at a time under the
mesophilic condition (35 + 2) °C. Each reactor was loaded
with a substrate of the mixed OFMSW of all 12 samples
and the required Inoculum fraction. After feeding, all-glass
reactors were kept in a water-filled tub, in which the
temperature of the water was maintained using the mini
electric immersion rod connected with a thermocouple
sensor in series. After the process started, the amount of
biogas generated was daily measured using the water

Table 1. Feeding conditions of all reactors
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displacement method. Each reactor was manually shaken
for 2 minutes thrice a day. Each reactor was manually
shaken three times a day for two minutes.

The mass of VS fed to each reactor was 120 gm, which
was the same for all the eight setups, while the
substrate/inoculum (S/I) ratio has been changed. Four
different S/I ratios were tested for both anaerobic sludge
and livestock dung inoculums, which were 1/3, 1/2, 1/1,
and 2/1. The feeding condition of each reactor is shown in
Table 1. A digital pH meter with a combination electrode
was used to measure the initial and final pH values of the
mixture of substrate and inoculum. Biogas was collected
in an inverted column to measure the amount of biogas
generated from each reactor per day. All inverted column
heads were fitted with a rubber cap from which the entire
biogas was drawn out daily with the help of a syringe.
Some of the biogas was filled in sampling bags and sent
for gas chromatography, which measured the amount of
methane present in the biogas.

3. Results and discussion

3.1. Physical and chemical characteristics of MSW and
OFMSW

The detailed physical characterization of MSW has been
presented in Table 2. Each MSW sample has been
classified into various components and sub-components
on the received basis (RB) as well as the dry basis (DB). It
is clear that the MSW of Haridwar city contains almost all
the components of the solid waste stream. The moisture
content in the MSW samples was calculated from the
difference between the weights of RB and DB, similarly
used to calculate the moisture present in OFMSW. Which
showed that MSW has a significant moisture content,
which averages 28% of the total mass. The major
component of the MSW for RB is organic waste (52%),
followed by inert (18%), plastics (10%), paper & textile
(9%), metal (5%), and others (5%); while for DB is organic
waste (42%), inert (22%), plastics (12%), paper & textile
(8%), metal (7%), and other (6%), as shown in Figure 4.
The results show that the MSW of Haridwar city has about
40-60% wet biodegradable waste (organic waste), which is
best suitable for energy recovery technology i.e., AD,
Gasification, and Composting.

S.No. Inoculum Type S/1 Ratio Mass of VS (g) PH Value
Substrate Inoculum Total Subtract Inoculum
1 Livestock dung 1/3 30 90 120 5.75 7.5
2 Livestock dung 1/2 40 80 120 5.75 7.5
3 Livestock dung 1/1 60 60 120 5.75 7.5
4 Livestock dung 2/1 80 40 120 5.75 7.5
5 Anaerobic Sludge 1/3 30 90 120 5.75 8.1
6 Anaerobic Sludge 1/2 40 80 120 5.75 8.1
7 Anaerobic Sludge 1/1 60 60 120 5.75 8.1
8 Anaerobic Sludge 2/1 80 40 120 5.75 8.1
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Table 2. Physical composition (%) of MSW on Received Basis (RB) and Dry Basis (DB) in %
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MSW Samples Composition (%)

Average
MSW Composition Summer Season Rainy Season Winter Season (%)
F G J K
RB DB RB DB RB DB RB DB RB DB RB DB RB DB RB DB RB DB RB DB RB DB RB DB RB DB
Food Waste 60 50 56 50 39 28 42 32 39 30 43 30 39 28 50 40 42 32 56 45 55 40 54 45 49 39
Wood 1 2 2 2 0 0 2 1 5 4 0 0 9 9 2 1 3 2 4 6 0 0 2 2
Paper 1 1 8 9 14 9 10 8 13 11 14 9 5 4 10 8 0 0 4 4 2 2 5 5
Plastic 5 8 4 6 4 5 6 8 8 11 11 15 4 5 5 7 6 8 8 11 8 11 4 5 7 10
Metal 1 2 2 3 10 14 7 9 4 5 3 4 10 14 2 3 7 9 3 3 6 9 8 11 4 6
Thermocol 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0
Polythene 10 9 0 0 0 0 2 2 4 4 0 0 0 0 5 4 2 2 0 0 2 2 2 3 3 3
Hair/Jute 2 2 0 0 2 3 0 0 0 0 0 0 2 3 0 0 0 0 0 0 0 0 1 2 1 1
Glass 5 7 2 3 0 0 2 2 4 5 10 12 0 0 1 1 2 2 0 0 0 0 6 7 2 3
Inert 14 19 0 0 23 31T 22 27 16 21 27 32 23 31 20 28 22 27 25 31 21 26 12 13 18 22
Textile 0 0 11 12 0 0 5 5 6 7 3 4 0 0 0 0 5 5 4 5 0 0 9 10 4 4
Garden Waste 0 0 14 14 5 5 0 0 0 0 0 0 5 5 0 0 0 0 0 0 2 2 0 0 2 3
Wire 0 0 0 0 0 0 4 5 0 0 0 0 0 0 0 0 4 5 2 2 0 0 2 2 1 1
Rubber 0 0 1 1 3 5 0 0 1 1 0 0 3 5 0 0 0 0 0 0 0 0 0 0 0 1
Foam 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 4 0 0 0 0 0 0 2 2 1 0
Al Foil 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Total organic
waste 60 50 70 64 44 33 42 32 39 30 43 30 44 33 50 40 42 32 56 45 56 42 54 45 52 42
Moisture Content
21 30 24 36 28

MSW (%)
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Figure 4. Composition of MSW at RB and DB
3.1.1. Proximate analysis

The approximate analysis is basically used to calculate the
percentage of moisture content by heating the MSW to
105°C, volatile solid (VS) at 550°C, fixed carbon (FC) at
980°C, and ash content (Azam et al. 2020). TS is the sum
of dissolved solids and suspended solids. TS and pH play
an important role to evaluate the effectiveness of the AD
process. VS is the organic portion of TS that biodegrade in
the anaerobic process (Khabarwala and Jaintanwala
2019). The proximate analysis has been performed on
Muffle Furnace according to the ASTM D7582-12 standard
method (Titiladunayo, I. F, Akinnuli, B.O, lbikunle, R. A,
Agboola, 0.0,0gunsemi 2018). To determine the values of
TS, VS, and MC, equations (2) to (4) have been used
respectively. The results of the proximate analysis are
presented in Table 3. According to the standard energy
Table 3. Results of Proximate analysis
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triangle, the best waste-to-energy conversion technology
will be AD if MSW contains 5-50% moisture, 10-32%
volatile matter, and 25-80% non-combustible material
(Fetanat et al. 2019). The results of the proximate analysis
indicate that AD is suitable for the MSWM of Haridwar
city.

75 (%)= Mt 100 (2)
szf
7S (%) = Mases = Mounea 109 (3)
wet
MC (%) :WMOO (4)

dried

Where, Mdried = Mass of dried sample (mg), Mwet= Mass of
wet sample (mg), Moured = Mass of burned sample (mg).
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Figure 5. Calorific Value vs Moisture content, Volatile Solid, and
Fixed carbon

Samples Moisture (%) Volatile Matter (%) Fixed Carbon (%) Ash (%)
A 29 20 22 29
B 31 23 20 26
C 32 27 18 23
D 32 25 20 23
E 26 18 27 29
F 21 15 31 33
G 30 20 23 27
H 31 18 22 29
| 24 16 29 31
J 24 19 27 30
K 36 28 16 20
L 25 17 26 32

Average 28 21 23 28

3.1.2. Ultimate analysis

The ultimate analysis is basically used to find out the
chemical constituents of MSW such as C, H, O, N, S, P,
potash, and ash, as well as the C/N ratio and heating value.
The ultimate analysis has been performed on the CHNSO
analyzer (Model no. FLASH EA 1112) according to ASTM
D3176-84 standard method. The results of the ultimate
analysis have been presented in Table 4. The calorific value of

each sample has been calculated through the Modified
Dulong formula (eq. 2).

Heating Value(KJ / kg) =|:337><C+1428{H7(O %8)}+95x5] (5)

Normally, a C/N ratio between 20 to 30 would be
considered the ideal condition for AD. In the results of
the ultimate analysis, the average value of the C/N
ratio is 27.9, which is most suitable for the process of
AD. The calorific value of MSW is also shown in Table 4,
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which ranges from 8550 KJ/kg to 18096 Kl/kg. The
calorific value of MSW and OFMSW has also been
calculated using a bomb calorimeter as shown in the
Table 5.

It can be seen that there is no significant difference
between the calorific value of MSW calculated by the
modified Dulong formula and the bomb calorimeter.

Table 4. Results of Ultimate analysis

The trend of variation of calorific value with moisture
content, fixed carbon, and volatile solids is shown in
Figure 5. It is clear that calorific value is positively
correlated with fixed carbon while negatively
correlated with moisture content and volatile solids.

sample Carbon Hydrogen Oxygen Nitrogen Sulphur Phosphorus Potash Ash C/N Calorific Value
(%) (%) (%) (%) (%) (%) (%) (%) Ratio (K)/kg)
A 38.6 5.0 34.5 1.4 0.5 0.7 1.1 18.2 27.6 14033.7
B 35.5 3.4 41.5 1.2 0.3 0.6 0.7 16.8 29.6 9441.4
C 34.8 5.7 40.5 1.4 0.4 1.3 0.6 15.3 24.9 12677.9
D 36.2 5.5 39.3 1.3 0.3 0.8 0.6 16.1 27.8 13063.1
E 42.3 3.6 31.6 1.2 0.4 1.1 0.9 18.9 35.3 13791.4
F 44.3 4.3 27.8 1.5 0.2 0.5 0.7 20.7 29.5 16128.1
G 38.5 5.0 35.7 1.4 0.4 0.9 0.7 17.4 27.5 13782.9
H 35.2 4.2 39.1 1.6 0.2 0.7 0.7 18.3 22.0 10903.5
[ 43.8 5.8 27.9 1.3 0.4 1.0 0.7 19.2 33.7 18096.1
J 41.2 3.8 41.5 1.5 0.3 0.7 0.9 10.2 27.5 11929.7
K 31.5 4.2 455 1.3 0.6 1.3 0.7 14.9 24.2 8549.3
L 39.5 4.0 34.2 1.6 0.3 0.4 0.6 19.3 24.7 12949.2
Average 38.5 4.5 36.6 1.4 0.4 0.8 0.7 17.1 27.9 12945.5

Table 5. Heating value of MSW and OFMSW

Calorific value of Calorific value of MSW

Samples — HEMsW (K)/ke) (K)/kg)
A 15,588 13,990
B 13,909 10,020
C 15,230 12,980
D 16,145 13,320
E 15,220 14,150
F 16,490 15,880
G 17,163 14,850
H 14,356 11,350
| 18,609 17,540
J 14,647 12,280
K 13,150 9,120
L 15,168 12,485
Average 15,473 13,164

3.2. Biogas production and methane content

Experiments were carried out on all the reactors at one
time to measure the daily and cumulative biogas
production for different ratios of OFMSW and inoculum.

3.2.1. Biogas production and methane yield for OFMSW
and Livestock dung inoculum

Cumulative biogas generation and methane content from
each reactor with different S/I ratios and inoculum are
shown in Table 6. The average daily and cumulative biogas
yields were measured with different S/I ratios (1/3, 1/2,
1/1, and 2/1) for the Livestock dung shown in Figure 6. In
each case, the reactors were fed, and the biogas
generation started immediately after the feeding. It was
found that the 1/3 S/I ratio lowest biogas generation,
followed by 1/1, 2/1, and 1/1 as shown in Figure 6(a),
6(b), 6(d), and 6(c) respectively. The peak of biogas

production was observed on the second day for S/I ratios
1/3 and 1/1, while it was on the third day for S/I ratios 1/2
and 2/1. After 18 days, the 1/3 S/I ratio had cumulative
biogas production (461 NmL/g OM), while the 1/1 S/I ratio
produced the maximum (607 NmL/g OM). The methane
content was lowest in the S/I ratio of 2/1, followed by 1/3,
1/2, and 1/1. The cumulative biogas produced in the 1/1
S/I ratio was around 32% more than the biogas produced
in the 1/3 S/I ratio. The average methane content of
biogas was also maximum (72.5 %) when the S/I ratio was
1/1, while it was minimum (63.5%) for the S/I ratio of 2/1.
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Figure 6. Average per day and cumulative biogas yield for
livestock dung measured at four S/I ratio of 1/3, 1/2, 1/1, and
2/1
3.2.2. Biogas production and methane yield for OFMSW
and anaerobic sludge inoculum

The average per day and cumulative biogas production for
the anaerobic sludge inoculum were calculated using
various S/I ratios (1/3, 1/2, 1/1, and 2/1) as shown in
Figure 7. In each condition, the reactors were fed, and the
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production of biogas began right away. The lowest biogas
generation was determined to be at a 1/3 S/I ratio,
followed by 1/2, 2/1, and 1/1 as in Figure 7(a), 7(b), 7(c),
and 7(d). The peak of biogas production was observed for
S/l ratios of 1/3 and 1/1 on the second day for anaerobic
sludge, while it was seen on the third day for S/I ratios of
1/2 and 2/1. After 18 days, the cumulative biogas
production was a minimum of 492 NmL/g OM for the 1/3
S/I ratio, followed by 552 NmL/g OM for 1/2, 578 NmL/g
OM for 2/1, and 628 NmL/g OM for 1/1. The average
biogas also had a maximum methane content of 75.5%
when the S/I ratio was 1/1 and a minimum methane
content of 64.6 percent when the S/I ratio was 1/2.

It has been found that the contents of methane in biogas
were between 63% to 72% for OFMSW and livestock
dung, while between 65% to 75.5% for OFMSW and
anaerobic sludge. The S/I ratio of 1/1 was optimum for
both the inoculums. Cumulative biogas production and
methane yield were 3.5% and 4.2% higher, respectively,
for the anaerobic sludge inoculum compared to livestock
dung. The AD process remained stable for each S/I ratio.
The pH value is a critical parameter for determining the
stability of the AD process. In each experiment, the pH
value of the OFMSW substrate (5.75) was slightly acidic,
which has been balanced by the high pH value of the
inoculum, which was 7.5 for livestock dung and 8.1 for
anaerobic sludge. The initial pH values in all reactors

SHARMA AND JAIN

ranged from 7.0 to 7.9, which is an acceptable range for
the AD process. The final pH values at the end of the
procedure ranged from 8.0 and 8.3, which is affected by
the buffering capacity within the reactor.
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Figure 7. Average per day and cumulative biogas yield for
Anaerobic sludge measured at four S/I ratio of 1/3, 1/2, 1/1,
and 2/1

Table 6. Cumulative Biogas generation and methane content of reactors with different S/I ratios and conditions

S.No. Inoculum Type S/! Temperature Time Cumulative Biogas Methane Cumulative Methane pH Value
Ratio (°c) (Days) (NmL/g OM) (%) (NmL/g OM) _—
Initial Final
1 Livestock dung 1/3 35+2 18 461 65.6 302.4 7.6 8.1
2 Livestock dung 1/2 352 18 541 68.8 372.2 7.3 8.0
3 Livestock dung 1/1 352 18 607 72.5 440.1 7.1 8.3
4 Livestock dung 2/1 352 18 581 63.5 368.9 7.0 8.2
5 Anaerobic Sludge 1/3 352 18 492 68.1 335.1 7.9 8.2
6 Anaerobic Sludge 1/2 352 18 552 70.4 388.6 7.5 8.3
7 Anaerobic Sludge 1/1 352 18 628 75.5 474.1 7.2 8.3
8 Anaerobic Sludge 2/1 35+2 18 578 64.6 373.4 7.0 8.2

4. Conclusion

It was concluded that the present MSWM system in
Haridwar city is not following the MSWM Rules 2016 set
by the Indian government. Most of the waste is openly
dumped without extracting the energy. OFMSW in
Haridwar city is around 40-60% of the total MSW. The
composition of MSW as well as the results of the
proximate and ultimate analysis indicate that AD is the
most suitable technology to manage OFMSW of Haridwar
city. Experimental work of laboratory-scale anaerobic
reactors indicates that a S/I ratio of 1:1 had an optimal
biodegradation rate compared to other ratios (1/3, 1/2,
and 2/1). Anaerobic sludge inoculum will be a better
choice during the AD process than livestock dung. It is
found that cumulative biogas production and methane
yield are 3.5% and 4.2% higher for anaerobic sludge than
for livestock dung, respectively.
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