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ABSTRACT

Energy recovery from waste can provide a safe technologically advanced means of waste disposal that reduc-
es greenhouse gases and generates clean energy. The study describes the characteristics of urban solid waste (USW)
produced in five urban areas of the Solan district of Himachal Pradesh as well as its potential for energy recovery and
power generation. Physical characterization of the USW generated at the study locations showed high percentages of
organic/food waste. The results revealed that the organic fractions were 52.12%, 50.68%, 50.51%, 50.34%, and 49.41%
for Arki, Nalagarh, Baddi, Parwanoo and Solan respectively. The energy content of solid waste produced in various
urban locations ranged from 11,532.432 to 14,850.416 kJ-kg ', and the waste is appropriate for energy generation when
the heating value of the garbage is at least 6,000 to 7,000 kJ-kg . The values of energy recovery potential through bi-
ochemical conversion were 959.988 kWh, 933.395 kWh, 930.269 kWh, 927.111 kWh, and 910.036 kWh per annum
for Arki, Nalagarh, Baddi, Parwanoo and Solan. The power generation potential of different urban areas ranged from
37.918 to 39.999 kW. It is anticipated that these findings would be informative and enhance collaboration among the
various parties involved in the intermunicipal arrangements. Future studies about innovative consortia approaches that
take energy recovery into account in their projects should be stimulated by the characterization and calculation of ener-
gy recovery and power generating potential.
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ARTICLE INFO 1. Introduction

Solid waste production is a significant by-product of socioec-
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higher living standards in cities all contribute to an increase in the
volume and complexity of solid waste production'”. According to
Hoornweg ez al.”| the pace of garbage generation has increased
tenfold since the turn of the century and is expected to double
by 2025. From six million tonnes in 1947 to 48 million tonnes
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in 1997 to 90 million tonnes in 2009, it’s project-
ed to rise to 300 million tonnes by 2047, and the
amount of solid garbage being produced in Indian
cities has skyrocketed'”. Continuous municipal
solid waste disposal is quick and associated with
poverty, poor management, urban development,
population increase, poor health, low levels of envi-
ronmental awareness, and insufficient environmen-
tal awareness management!”’. People have moved
from villages to cities as a result of India’s rapid
industrialization and population growth, which pro-
duces 276,342 tonnes per day (TPD) of USW every
day. The 2014 report by the task force on Waste to
Energy (WtE) under the planning commission esti-
mates that urban India will generate 450,132 TPD
of waste by 2031 and 1,195,000 TPD by 2050. The
buildup of USW in every nook and cranny is the re-
sult of insufficient collection and transportation'™. It
is feared that improper handling of municipal solid
waste could pose a serious threat to environmental
damage. Due to a lack of records and the frequently
informal nature of waste management and disposal,
insufficient data on waste management, handling,
and screening in developing nations can be blamed
for the ineffectiveness of their urban waste man-
agement systems"’. According to Senzige et al.'"”,
pertinent information on waste disposal would alert
waste management authorities to potential environ-
mental risks as well as the possibility of recycling,
composting, and energy efficiency, which would
reduce the amount of waste that managers would
need to dispose of at landfills. In order to com-
ply with waste management problems and protect
the environment, adequate programs (reduction,
reuse, and recycling, or R3) and proper dispos-
al are needed!"". The first step in the successful
implementation of a planned waste management
strategy in any city, according to Thanh ez al."”, is
the collection of trustworthy data on the disposal
of municipal solid waste. The waste characteristics
must be taken into consideration when selecting a
WHE technology. WtE technology comes in many
forms, including biochemical and thermochemical
ones, for turning solid waste into energy (steam or
electricity). Each location has its own unique solid
waste characteristics and volume. Average income
levels, available resources, population, social status,
climate, industrial production, and the market for
waste disposal are all factors that affect quantity and

composition'”). Asian developing nations share a
number of similarities in the mix and characteristics
of their garbage. Low calorific value is caused by
the high moisture content caused by the high per-
centage of organic waste component. Due to this,
it cannot be heated, making it ideal for biological
processes like composting and anaerobic digestion.
The use of waste energy content may be one of the
most important concepts for such advancement in
waste management, especially where existing waste
management tends to be subpar. By using thermo-
chemical processes (such as combustion, pyrolysis,
or gasification) or biological processes, the energy
content of waste can be recovered (anaerobic diges-
tion).

Processes for thermochemical conversion are
helpful for waste that has a high proportion of or-
ganic matter and little moisture. Biochemical con-
version processes, on the other hand, are preferred
to waste with a high percentage of biodegradable
(putrescible) and high levels of moisture/water
content, which facilitates microbial activity. The
trajectory of the global temperature has shifted as
a result of rising greenhouse gas (GHG) emissions,
affecting both human health and ecology'*. Meth-
ane produced from landfills is one of the biggest
sources of GHGs. Methane (CH,) is one of the
most important GHGs due to its ability to cause
global warming, which is 28 times more than that
of CO,"” over a 100-year period. Over the last few
millennia, the amount of CH,, in the atmosphere has
rapidly increased. Urban solid waste can contribute
up to 11% of all anthropogenic emissions, which
are a major factor in global warming. In terms of
the state’s urban population, Solan, one of Him-
achal Pradesh’s fastest-growing districts, is ranked
second. Due to urbanization, waste production in
the area has increased. As per the prevailing system,
the biodegradable waste is disposed of in pits at Sa-
logara, while the non-biodegradable waste is sent to
a Shimla-based plant. The major goals of this study
were to evaluate USW’s potential for energy recov-
ery, power generation, and methane emissions.

2. Material and methods
2.1 Study area

The current study was carried out in the Solan
district of Himachal Pradesh during the years 2018



and 2019 and is located within the North Latitude
of 30°44°53” to 31°22°01” and the East Longitude
of 76°36°10” to 77°15°14”. There are four distinct
seasons in the district’s sub-tropical to sub-temper-
ate climate throughout the year. The spring season
runs from March through April and ends in May,
followed by the summer season from June through
August, the autumn season from September through
November, and the winter season from December

through February. In this region, the monsoon sea-
son, which lasts from June to September, is when
70% of rain falls. Around 1,140 mm of rain falls on
the district each year on average. Between 4 °C and
40 °C are the average lowest and maximum temper-
atures. Five urban areas were chosen for the study
namely: Arki, Baddi, Parwanoo, Nalagarh, and
Solan (Figure 1).
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Figure 1. Location map of study area.



2.2 Quantification and characteriza-
tion of waste

In order to compile fundamental data, eval-
uate working conditions, and analyze the state of
solid waste management at the moment, the survey
was carried out in the study region. A 10% sample
from various urban locations was taken based on
the survey. By using a stratified random sampling
technique, the samples were collected from various
locations. Physical sorting was done manually to
separate various components after estimating the
total waste generated separately for each site. The
segregated components included food waste (fruits,
vegetables, leftover food, eggshells, and dairy
products), paper waste (packaging cardboard, news-
papers, magazines, tissue paper, and tetra packs),
plastic waste (bottles, packaging, bags, lids, plastic
cutlery, toys, and gift wraps), glass waste (bottles,
jars, broken glassware, light bulbs, and colored
glass), metal waste (cans, foil, and appliances), tex-
tiles waste (linens, towels, and thread waste), rub-
ber/leather waste (shoes and bags) and other wastes
(batteries, ash, stone, rock, diapers, medicines, and
paint boxes).

2.3 Energy content

Using the following equation, provided by
Khan and Abu Gharah''%, the energy content of ur-
ban solid waste was determined.

HHV (kJ-kg ') =53.5 (F + 3.6 CP) + 372 PLR

Where, F = Food (%); CP = Cardboard &
paper (%); PLR = Plastic, leather and rubber in a
waste mixture (%).

2.4 Energy recovery potential through
biochemical conversion

Energy recovery potential of urban solid waste
was assessed from its organic fraction as per meth-
od detailed by CPHEEO"”". Only the biodegradable
portion of the organic matter can contribute to the
energy output during biochemical conversion.

Total waste quantity: W (tonnes per day);

Total Organic/Volatile Solids: VS = 50%; say
Organic bio-degradable fraction: approx. 66% of
VS =033 xW;

Typical digestion efficiency = 60%;

Typical bio-gas yield: B (m®) = 0.80 m’/kg of
VS destroyed,;

=0.80 x 0.60 x 0.33 x W x 1,000 = 158.4 x W;

Calorific Value of bio-gas = 5,000 kcal/m’

(typical);
Energy recovery potential (kWh) = B x

5,000/860 =921 x W;

Power generation potential (kW) = 921 x
W/24 =384 xW;

Typical conversion efficiency = 30%;

Net power generation potential (kW)=11.5xW.

2.5 Methane emission potential of ur-
ban solid waste

According to IPCC"* methodology, methane
emissions were determined based on the volume of
waste disposed of in various types of solid waste
disposal sites, the portion of degradable organic car-
bon that actually breaks down, and the proportion
of CH, in landfill gas. The following formular was
used to calculate it:

Methane emissions (Gg-yr') = (USW, x
USW; x MCF x DOC x F x 16/12 —R) x (1 — OX)

Where, USWT = total urban solid waste gen-
erated (Gg-yr'); USW, = fraction of urban solid
waste disposed to solid waste disposal sites; MCF
= methane correction factor (default value is 0.6);
DOC = degradable organic carbon (fraction); F =
fraction of CH, in landfill gas (default is 0.5); R =
recovered CH, (Gg-yr'); OX= oxidation factor (de-
fault value is 0).

2.6 Carbon dioxide (CO,) equivalent
estimation

Comparing differing GHG emissions often
involves converting them to carbon dioxide equiv-
alents. According to pcct CO, equivalents were
calculated based on their potential to cause global
warming. The CO, equivalents were estimated by
multiplying CH, (Gg) with its global warming po-
tential (21).

3. Results and discussions

3.1 Physical characterization of urban
solid waste and its energy content

According to Pandit and Bhardwaj™”, the
generation of solid waste in various urban regions
ranged from 0.896 to 19.527 t-day '. Solan (19.527
t-day ') generated the most urban solid waste, fol-
lowed by Baddi (13.905 t-day '), Nalagarh (3.177
t-day '), Parwanoo (2.682 t-day ') and Arki (0.896



t-day ). The generation of solid waste in various
urban regions ranged from 0.896 to 19.527 t-day .
Solan’s higher rate of urban solid waste generation
may be attributed to the area’s increased commer-
cialization and growth. New commercial areas have
also been added to keep up with the region’s growth
and to accommodate the modern needs of the ex-
panding population. Further, it may be attributed
to higher income and standards of life causing an
increase in the consumption of goods and services,
thereby resulting in increased proportions of dis-
posable materials, especially packaging materials

[21]

as reported by Medina*” . Out of total waste gener-
ated in Solan, the percentage of food waste (49.41)
was discerned to be maximum followed by paper
(24.71), plastic (16.75), glass (4.26), others (1.66),
textiles (1.29), metal (0.97) and rubber/leather
waste (0.96). The percentage of different compo-
nents of solid waste generated in Baddi followed
the order: food waste (50.51) > plastic (20.67) >
paper (18.00) > glass (4.48) > others (2.82) > metal
(1.52) > rubber/leather (1.13) > textiles waste (0.87).
Out of total waste generated in Nalagarh food waste
percentage (50.68) was found to be maximum
followed by paper (21.62), plastic (18.79), glass
(4.19), others (1.64), metal (1.26), textiles (1.04)
and rubber/leather waste (0.79). The percentage of
different components of solid waste generated in
Parwanoo followed the order: food waste (50.34) >
paper (21.29) > plastic (19.54) > glass (3.62) > oth-
ers (2.16) > metal (1.12) > rubber/leather (1.01) >
textiles waste (0.97). Out of total waste generated in
Arki, the percentage of food waste (52.12) was per-
ceived to be maximum followed by paper (25.33),
plastic (15.51), glass (2.57), others (2.01), metal
(1.00), rubber/leather (0.89) and textiles waste
(0.67). The waste energy content was perceived to
be maximum in Baddi (14,850.416 kJ-kg") fol-
lowed by Parwanoo (14,110.210 kJ-kg '), Solan
(13,369.065 kJ-kg "), Nalagarh (12,376.783 kJ-kg ")
and Arki (11,532.432 kJ-kg ') as depicted in Table
1. The maximum value of Baddi may be ascribed to
the maximum percentage of manufactured materi-
als such as paper and plastics as these components
contribute to its higher energy content. According
to Tsheleza et al.””, it may also be linked to in-
creasing income and standards of living, which lead
to higher levels of consumption of products and
services and, in turn, higher proportions of waste

materials, particularly packaging materials. Bad-
di (14,850.416-kJ-kg ") was classified to have the
highest waste energy content, followed by Parwan-
00 (14,110.210 kJ-kg "), Solan (13,369.065 kJ-kg "),
Nalagarh (12,376.783 kJ-kg ') and Arki (11,532.432
kJ-kg"). The highest percentage of manufactured
materials, including paper, metals, plastics, etc., can
be attributed to Baddi’s highest value because they
all contribute to higher energy content. The out-

I conclu-

comes are consistent with Nandan et al.
sions. Waste produced in the various urban centers
of the Solan district is ideal for energy recovery
since the heating value of waste must be at least
[24]

6,000 to 7,000 kJ-kg ' for energy generation

Table 1. Energy content of urban solid waste (t-day ') of Solan
district, Himachal Pradesh

Urban areas Energy content (kJ-kg™")

Arki 11,532.432
Baddi 14,850.416
Nalagarh 12,376.783
Parwanoo 14,110.210
Solan 13,369.065

3.2 Energy recovery and power gener-
ation potential of urban solid waste

The energy recovery potential of solid waste
produced in Solan district’s various urban areas
ranged from 910.036 to 959.988 kWh (Table 2).
It was found to be maximum in Arki (959.988
kWh) followed by Nalagarh (933.395 kWh), Bad-
di (930.269 kWh), Parwanoo (927.111 kWh) and
Solan (910.036 kWh). The maximum value of Arki
may be attributed to the maximum biodegradable/
food fraction (52.12% kWh) of the urban solid
waste generated. The power generation potential of
different urban areas ranged from 37.918 to 39.999
kW and followed the order Arki (39.999 kW) >
Nalagarh (38.891 kW) > Baddi (38.761 kW) > Par-
wanoo (38.630 kW) > Solan (37.918 kW). The net
power generation potential of different urban areas
varied from 10.304 to 224.561 kW. It was perceived
to be highest in Solan (224.561 kW), Baddi (159.908
kW), Nalagarh (36.536 kW), Parwanoo (30.843
kW) and Arki (10.304 kW). The highest net power
generation potential of Solan may be ascribed to the
maximum solid waste generated (19.527 t-day ') as
detailed in section 3.1.



Table 2. Energy recovery and power generation potential of urban solid waste of Solan district, Himachal Pradesh

Urban areas

Energy recovery potential (kWh) Power generation potential (kW) Net power generation potential (kW)

Arki 959.988 39.999
Baddi 930.269 38.761
Nalagarh 933.395 38.891
Parwanoo 927.111 38.630
Solan 910.036 37918
Total 4,660.799 194.199

10.304

159.908

36.536

30.843

224.561

462.152

3.3 Methane emissions potential

According to the data in Table 3, total meth-
ane emissions and carbon dioxide equivalent (CO,
eq.) from urban solid waste ranged from 0.016 to
0.319 Gg per year and 0.337 to 6.697 Gg per year,
respectively. Solan (0.319 Gg-yr ') had the great-
est estimated methane emission, which was fol-
lowed by Baddi (0.232 Gg-yr'), Nalagarh (0.053
Gg-yr "), Parwanoo (0.045 Gg-yr '), and Arki (0.016
Gg-yr'). A similar trend was observed in terms
of CO, eq.: Solan (6.697 Gg-yr ') > Baddi (4.859
Gg-yr') > Nalagarh (1.106 Gg-yr ') > Parwanoo
(0.936 Gg-yr'') > Arki (0.337 Gg-yr") as illustrat-
ed in Table 3. The reason Solan has the highest

which is much less than that of the national average
of 65,052.47 Gg-yr ' as advocated by INCCAP". Tt
is perceptible from Figures (2—6) that by 2025, the
methane emissions would be 0.019 Gg-yr ', 0.253
Gg-yr ', 0.054 Gg-yr', 0.055 Gg-yr ', 0.373 Gg-yr '
for Arki, Baddi, Nalagarh, Parwanoo and Solan
respectively if the methane emissions from urban
solid waste continue at the same rate. According to
INCCA, Solan currently emits 0.319 Gg of meth-
ane per year, which is significantly less than the
65,052.47 Gg per year national average.

Table 3. Methane emission potential of urban solid waste of
Solan district, Himachal Pradesh

Methane emission Carbon dioxide

Urban areas

. —1 . . —1
methane emissions may be attributed to the city’s (Ggyr ) equivalent (Ggyr ')
quick urbanization and economic development, Arki 0.016 0.337
which changed people’s lifestyles and living con- Baddi 0232 4.859
ditions generally and consequently increased the Nalagarh 0.053 1.106
production of urban solid waste. The results are in Parwanoo 0.045 0.936
conformity with the findings of Singh e al.””. The Solan 0319 6.697
present methane emission of Solan is 0.319 Gg-yr'
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4. Conclusions

According to the study, waste production in the
Himachal Pradesh district of Solan had increased as
a result of urbanization. Since the characteristics of
the created waste depend on both economic activity
and human lifestyle, they differ depending on the
region from which the samples were gathered. The
region’s larger amount of organic waste has demon-
strated the potential for biorecycling, the production
of biogas, and the manufacture of biofuels. This as-
sessment can also be used as a guide when selecting
a potential course of treatment. For the district the
potential of bio-chemical conversion for producing
energy has been observed significantly which is
about 4,660.799 kWh. This conversion of USW to
energy and power generation will be instrumental in
meeting energy demand and promoting sustainable
waste management and energy security. Among the
different thermal energy sources, USW is one of the
least expensive and most environmentally respon-
sible ways to generate electricity. Therefore, it is
recommended that USW be used to fill the region’s
energy deficit and clean up its ecology. A high frac-
tion of organics in urban solid waste implies its
higher propensity for methane gas emissions which
may contribute to climate change if not biorecycled
for useful materials.
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