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Abstract The goal of this study is to use life cycle assessment
(LCA) tool to assess possible environmental impacts of dif-
ferent municipal solid waste management (MSWM) scenarios
on various impact categories for the study area Dhanbad City,
India. The scenarios included in the present study are collec-
tion and transportation (denoted as S1); baseline scenario
consisting of recycling, open burning, open dumping, and
finally unsanitary landfilling without energy recovery (denot-
ed by S2); composting and landfilling (denoted by S3); and
recycling and composting followed by landfilling of inert
waste without energy recovery (denoted by S4). One ton of
municipal solid waste (MSW) was selected as the functional
unit. The primary data were collected through sampling, sur-
veys, and literatures. Background data were obtained from
Eco-invent data of SimaPro 8.1 libraries. The scenarios were
compared using the CML 2 baseline 2000 method, and the
results indicated that the scenario S1 had the highest impact on
marine aquatic ecotoxicity (1.86E + 04 kg 1,4-DB eq.) and
abiotic depletion (2.09E + 02 kg Sb eq.). S2 had the highest
impact on global warming potential (9.42E + 03 kg CO, eq.),
acidification (1.15E + 01 kg SO, eq.), eutrophication
(2.63E + 00 kg PO,>" eq.), photochemical oxidation
(2.12E + 00 kg C,Hy4 eq.), and human toxicity (2.25E +
01 kg 1,4-DB eq.). However, S3 had the highest impact on
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abiotic depletion (fossil fuels) (2.71E + 02 MJ), fresh water
aquatic ecotoxicity (6.54E + 00 kg 1,4-DB eq.), terrestrial
ecotoxicity (3.36E — 02 kg 1,4-DB eq.), and ozone layer de-
pletion (2.73E — 06 kg CFC-11 eq.). But S4 did not have the
highest impact on any of the environmental impact categories
due to recycling of packaging waste and landfilling of inert
waste. Landfilling without energy recovery of mixed solid
waste was found as the worst disposal alternative. The scenar-
i0 S4 was found as the most environmentally suitable technol-
ogy for the study area and recommended that S4 should be
considered for strategic planning of MSWM for the study
area.

Keywords Collection - Composting - Landfilling - Life cycle
assessment - Open burning - Open dumping - Recycling -
Transportation

Introduction

India is the second most populated country of the world. It
consists of 29 states and 7 union territories, covering 640
districts, 5767 tehsils, 7933 towns, and more than 0.6 million
villages (Census 2011, Govt. of India). The cities with popu-
lation of 4 million and above are recognized as mega cities in
India. At present, there are total eight megacities in India.
Moreover, 46 cities have population more than 1 million,
388 cities with population in between 100,000 and 1 million,
and 2493 cities have a population less than 100,000 (POC
2017). The population growth rate in India is approximately
1.3% (Census 2011, Govt. of India). The reason for high pop-
ulation growth in metro and mega cities may be due to rapid
industrialization and migration of people from villages to the
cities in search of better job prospects which has resulted in
considerable increase in the municipal solid waste (MSW)
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generation rate (Sharma and Chandel 2017; Yadav and
Samadder 2017a). With increase in MSW generation rate,
the waste collection and disposal efficiency should also in-
crease proportionately in these cities. But MSW collection
efficiency in developing countries is only 41%, whereas for
the developed countries the waste collection efficiency is
around 90% (World Bank 2012). Uncontrolled open dumping,
open burning, and unsanitary landfilling of MSW are common
waste disposal practices in developing countries like India,
Indonesia, Nepal, Bangladesh, Cameroon, Pakistan, Sri
Lanka, etc. (Table 1) (Yadav and Samadder 2017b). Open
dumping, open burning, and landfilling may lead to several
environmental problems along with toxicity to human and
animal health (UNEP 2011). The MSW disposal option with
minimum environmental impact is one of the biggest devel-
opmental challenges for India and other developing countries.

Life cycle assessment (LCA) is one of the most widely
used and accepted techniques for quantification of the envi-
ronmental impacts of MSW management (MSWM) options
(Miliute and Kazimieras Staniskis 2010). LCA methodology
is widely used in European and Asian countries such as Italy
(Buttol et al. 2007), Turkey (Banar et al. 2009; Yay 2015),
China (Hong et al. 2006 and Zhao et al. 2009), Malaysia
(Saheri et al. 2012), Thailand (Menikpura et al. 2013),
Singapore (Tan and Khoo 2006), etc. In Austria, Beigl and
Salhofer (2004) compared three scenarios of MSWM such as
the recycling options using bring collection system, kerbside
collection system with recycling, and non-recycling. Kerbside
collection was environmentally better than the bring collection
system, because the specific fuel consumption was lower for
collection and transport in kerbside collection. Tan and Khoo
(2006) reported recycling and biological treatments of MSW
as better MSWM options than thermal treatments, and
landfilling was the worst among all the options studied by
them. Hong et al. (2006) found similar results, although
recycling was included in each scenario. Zhao et al. (2009),

Tarantini et al. (2009), and Karoneas and Nanaki (2012)
worked on the LCA of MSWM and their results also
showed recycling as the better waste management option
due to the requirement of less natural resources and less
environmental impact. Banar et al. (2009) compared five dif-
ferent scenarios (collection/transportation, material recovery
facility (MRF)/recycling, composting, incineration, and
landfilling) and concluded that composting was the most en-
vironmentally preferable MSWM option. Mendes et al.
(2004), Hong et al. (2006), and Abduli et al. (2011) also re-
ported studies of LCA on MSWM and considered composting
and mechanical-biological treatment (MBT) and other man-
agement options. Their findings suggested composting and
MBT as the better waste management options than incinera-
tion, landfilling, and others. However, composting was less
preferable than source reduction of MSW. Ozeler et al.
(2006), Zaman (2010), and Dong et al. (2014) compared
landfilling with other MSWM options and concluded that
landfilling had the highest global warming potential (GWP)
than other waste management options due to higher methane
and carbon dioxide emissions. Srivastava and Nema (2011)
conducted a study on LCA of integrated solid waste manage-
ment options in Delhi, India, to analyze the environmental
impacts due to recycling, composting, incineration, and
landfilling of MSW and found that recycling had minimum
environmental impact among all the MSWM options.
Srivastava and Nema (2011) also predicted the quantity and
composition of solid waste generation in Delhi till the year
2024. Bohra et al. (2012) conducted another LCA study in
Delhi City and compared the 12 different MSW treatment
scenarios. These scenarios were designed by changing the
percentage of the waste to be handled by incineration,
refuse-derived fuel, biomethanation, composting, and
sanitary landfill. The results showed that the scenario with
maximum diversion from sanitary landfill had least GWP.
Babu et al. (2014) conducted a LCA study on MSW of

Table 1 Municipal solid waste management practices in some of the developing countries
Countries Waste generation Composting Open Unsanitary Recycling (%) Incineration Other (%)
(kg/c/day) (%) dumping (%) landfilling (%) or WTE (%)

Malaysia 1.52 1 - 34.10 5.50 - 59.40
Indonesia 0.52 - 40.09 - 1.61 7.54 15.27
Iran 0.16 10 - 84 6 - -
India 0.30-0.60 10 60 15 - 5 10
South Korea 1.24 - - 36 49 14 -
Nepal 0.32 - 70 - - - 30
Pakistan 0.65 5 80 5 - - 10
Sri Lanka 0.20-0.90 5 85 - - - 10
Philippines 0.50 - - - - - -
Bangladesh 0.41 - 50 - 15 - 35
Source: (Yadav and Samadder 2017b)
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Bangalore City, in which four scenarios (open dumps, landfill
without gas recovery, landfill with gas recovery, and bioreac-
tor landfill) were compared and found that the bioreactor
landfill option was the best among all the scenarios. In
Mumbeai City of India, Sharma and Chandel (2017) compared
seven scenarios, such as open dumping and bioreactor landfill;
MREF and sanitary landfill; MRF, composting and sanitary
landfill; MRF, anaerobic digestion, and sanitary landfill;
MREF, composting, anaerobic digestion, and sanitary landfill;
MREF, composting and incineration and MRF and incineration.
The study found that MRF, composting, anaerobic digestion,
and sanitary landfill had the lowest environmental impact. All
these studies were done in the metro cities (Delhi, Bangalore,
and Mumbai) of India, but there is not a single LCA study
present for non-metro cities of India. The present study has
been carried out in Dhanbad (Fig. 1), a non-metro city of
India. This is a representative study of many small cities of
India and other developing countries that are facing problems
related to MSWM (Fig. 2a). Furthermore, previous studies
showed that environmental impacts of different technologies
would vary from one county to another and also from one city
to another due to differences in waste composition as well as
environmental conditions.

The important aspects of MSWM planning are identifica-
tion of the suitable waste management system that can reduce

volume of waste and the environmental impacts (Banar et al.
2009). In developing countries, the MSWM strategies should
aim for minimization of the final amount and volume of waste
intended for landfilling and to reduce the pollution caused due
to MSW treatment, collection, and transportation activities
(Cherubini et al. 2008). Actually, there is no single MSW
treatment option which is the most suitable for all waste frac-
tions in different topographical regions (Liamsanguan and
Gheewala 2008).

At present Dhanbad City is facing problems due to the
continuous increase in MSW generation and limited resources
for MSWM. Also, no scientific waste management practices
are followed in the study area (Fig. 2b) for waste collection,
transportation, and disposal process. The MSW are currently
disposed in two unsanitary landfill sites located in the study
area (Baniya heer and Matkuria).

The present study quantified the environmental impacts
due to open dumping, open burning, and unsanitary
landfilling in the study area. These are the hazardous
MSWM practices in several developing and under developed
countries (Ray et al. 2005). The present study focused on the
management of overall MSW of the study area. Bio-waste and
inert waste constitutes 68.82% in the study area. Windrow
composting and inert waste management were not considered
in previous LCA studies. The aim of this study is to use the
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Fig. 1 Location of the study area
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LCA tool to compare and assess the environmental impacts of
four different MSWM scenarios and determine the most fea-
sible management scenario (based on minimum environmen-
tal impact in all the impact categories) for the study area.
Another objective of the study was to quantify the impacts
of existing MSWM scenario of study area. The findings of
the present study can be applied to the other cities of India and
the world with similar social and climatic conditions.

Materials and methods
Study area

The present study area comes under Dhanbad District, which
is known as the coal capital of the India due to the presence of
one of the largest coal reserves in India. Dhanbad has an
average elevation of 227 m (745 ft.) above mean sea level
and comes under the Chota Nagpur Plateau. The study area
is located between 85°45" E to 86°30" E longitudes and be-
tween 23°32' N to 24°5' N latitudes. According to the Census
2011, Dhanbad District has a population of more than 1 mil-
lion. The present study area covers the main municipal region
of the city within the Dhanbad Municipal Corporation
(DMC), consisting of 18 administrative wards as shown in
Fig. 1. Total area of the study area is about 120 km” and
supports a population of about 0.36 million as per the 2011
Census of India. The population generates approximately
147.06 ton/day of MSW with an average per capita waste
generation rate of 0.41 kg/c/day.

MSW characterization

At the beginning of this study, a survey was conducted in
various administrative wards of the city (within the juris-
diction of DMC) to get primary data related to the number
of households, demography, population, education level,

number of shops, markets, and bin locations. The primary
data was used for the categorization of the administrative
wards into different zones such as residential area, com-
mercial area (shops, markets, hotels, and restaurants), and
other areas (dumping sites). Based on the survey, it was
decided that 100 solid waste samples in each season (sum-
mer, winter, autumn, and monsoon) (thus total 400 sam-
ples) are sufficient for representing the whole study area.
For sample collection, 25 different sampling locations
were identified that can represent the overall population
of the study area. The sampling procedure for solid waste
collection from the residential area which covers all the
socioeconomic groups of the study area was followed as
recommended by Khan et al. (2016); and for the commer-
cial areas was followed as recommended by Sharma and
McBean (2007), and Al-Khatib et al. (2010). The solid
waste samples were collected from the dumping sites fol-
lowing the procedure mentioned in MSW manual,
Government of India CPHEEO (2016). First of all, the
contents of individual waste collection bin (5 m®) were
emptied and thoroughly mixed at the sampling location
itself. Then, 10 kg of representative solid wastes samples
was taken out from the thoroughly mixed waste using
quadrate method. The representative waste samples
(10 kg) were placed on a plastic sheet, then the wastes were
segregated manually into different components and catego-
rized into recyclable, compostable, incinerable and inert
wastes on the basis of their compositions as defined in
previous literature (CPHEEO 2016) and presented in Fig.
3a, b. After the physical characterization, the wastes were
again mixed thoroughly with a trowel and a cone shape
was made using the solid waste (Peavy et al. 1985;
Tchobanoglous et al. 1993). The sample cone was then
divided into four parts and discarded two opposite slices
of the cone. The remaining two parts of the cone were
mixed thoroughly and again a similar cone was made.
This procedure was repeated until the 10 kg of solid wastes
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Fig. 3 a Percentage distribution of the different MSW categories. b Percentage composition of MSW in the study area

sample was reduced to 1.25 kg. The reduced sample size
(1.25 kg) was brought to the laboratory for further analysis.
The same procedure was repeated for all the samples col-
lected from 25 sampling locations. Thus, the total sample
size considered in this study for physical characterization
was 4 ton (four seasons), which was further reduced to
500 kg (125 kg in each season) for laboratory analysis.
Sixty samples were collected from the residential area
(wards 16, 17, 18, 19, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32, and 33); 28 samples were taken from commercial area
(wards 20, 21, 22, 28, 29, 30, and 31); and 12 samples were
taken from dumping sites (wards 19 and 30, respectively)
(Fig. 1). MSW classification was done as per ASTM
D5231-92 (2003). The components of MSW along with
their composition (in % by weight) is shown in Fig. 3b.

Goal and scope of the study

The goal of the present study is to quantify and compare the
environmental impacts of four different MSWM scenarios and
to select the best waste management option based on mini-
mum emission. The first scenario that was selected in the
present study was collection and transportation that is an im-
portant component of MSWM. The second scenario was the
existing MSWM practices of study area. Third scenario was
selected on the basis of composition, moisture content, and
physico-chemical properties of MSW. Selection of fourth sce-
nario was dependent on the fractions of MSW, physico-
chemical properties of waste, and the MSWM hierarchy.
The selected functional unit was 1 ton for comparison of the
four different scenarios of MSWM in the study area.

System boundary

System boundary is an essential part of LCA methodology,
the emission levels from different waste management options
are dependent on system boundary setting. The system bound-
ary created for the present study is an attributional system

boundary. As shown in Fig. 4, the system boundary covers
all the inputs from natural resources and techno sphere as well
as the outputs into the air, water, soil, and residues or product
into the nature. It starts from the collection of MSW and ends
with the landfilling of residual materials. The intermediate
phases are transportation, base line scenario (Fig. 5) (open
dumping and open burning), recycling, and composting.

Scenario 1 (S1): collection and transportation

In this study, scenario 1 represents the existing collection and
transportation part of MSWM in study area. The waste collec-
tion efficiency during the study period was 73.5% in the study
area and rest of the waste remained uncollected. The daily
collected waste from community dustbins (108 ton) are
transported to the nearby disposal landfill site (Fig. 5) using
tractors and trucks. The distance of landfill is approximately
10 km away from the center of the main city.

Scenario 2 (S2): baseline scenario

Baseline scenario (S2) corresponds to the existing MSWM
scenario of the study area that has been described in Fig. 5.
Currently, DMC is practicing unscientific method for MSW
disposal. Recycling activities in the study area included only
collection and separation of mixed plastics, metals, and glass
products from the waste stream. Only 2% (2.95 ton) of total
generated waste was recycled in the study area by the informal
recyclers and rag pickers (Fig. 5). The emissions caused by the
segregated recyclable materials that are sent outside the city
for further processing were excluded from the study. One per-
cent (1.48 ton) of total generated waste was open burnt by the
waste owners or by local people at the generation and collec-
tion points. in The study area, 23.5% (34.58 ton) of waste that
remains uncollected was considered as open dumping in the
present study. The remaining 73.5% (108 ton) wastes were
collected from various localities and was directly disposed in
unsanitary landfill sites (Fig. 5).
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Scenario 3 (S3): composting and landfilling
without energy recovery

The simplest approach in future would be to convert the open
dumps and unsanitary landfill into sanitary landfills. The sce-
nario (S3) in the present study assumed that the food and yard
waste (37.77%) will transported for the windrow composting
(aerobic), due to high moisture content in food and yard waste.
However, the rest of the wastes (62.23%) was assumed
transported to the sanitary landfill without energy recovery
to the unsanitary landfill sites of the present study area. It

was also assumed that the wastes are suitable for landfilling
without energy recovery due to the presence of high amount of
inert wastes. However, landfill gas is only produced from the
biodegradable fraction of the MSW (Rajcoomar and
Ramjeawon 2017).

Scenario 4 (S4): recycling, composting, and landfilling
without energy recovery

Scenario 4 (S4) was chosen to minimize the environmental
impacts of MSW disposal by recycling, composting, and

Municipal Solid Waste generation (147.05 t)

v
Primary Collection (147.05 t)
v
Secondary Collection (108 t)
Raw material > A
Unattended Emission into air,
A 4 MSW (34.59 t) soil & water
Transportation (108 t)
I— Open dumping (34.58 t)
Energy »
v ; v
Informal Recycling Open burning (1.48 t) Unsanitéry
(2.95 1) Landfilling (108 t) »| Residues
Fig. 5 Baseline scenario of the MSW management in the study area
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landfilling. In S4, plastic, paper, card board, metal, glass, e-
waste, and recyclable textile products (28.67%) were
recycled, food and garden wastes (37.77%) were sent for
composting, while the remaining wastes (only inert wastes)
(residues of recycling and composting, construction and de-
molition waste, ash, soil, and rubber) were disposed in landfill
without energy recovery. For this reason, it was assumed that
the emissions from landfill site will be zero as it received only
inert wastes.

Life cycle inventory

The life cycle inventory data used in present study were gen-
erated from the laboratory analysis of MSW samples of the
study area, on-site investigations, previously published litera-
tures, and the database of SimaPro 8.0.1.

Collection and transportation of wastes

In scenario 1, at present, 100% waste collection is the biggest
challenge for the DMC. DMC spent almost 80 to 90% of their
waste management budget for waste collection and transpor-
tation only. Despite such high spending, waste collection effi-
ciency is only 73.5% (108 ton) in the study area. While most
of the developed countries use less than 10% of their munic-
ipal budget on waste collection and transportation and rest for
waste disposal process (Yadav and Samadder 2017b). The
primary data related to the collection and transportation of
wastes were collected by the physical survey of the study arca
and from DMC office. At present, there is no primary waste
collection system, the local people dispose their waste by their
own means in street dustbins provided by the DMC. The
wastes from residential areas, commercial areas, public places
like markets, bus stands, etc. were collected regularly by
DMC. Local authorities (DMC and other local bodies) pro-
vided dustbins (stationary container system) at various loca-
tions within the study area. In addition, there were 20 open
waste collection points across the study area. Dustbins were
provided mainly on major roads and important localities (res-
idential and commercial) of the city. The places where dust-
bins were not provided, people dump their wastes at a point
from where the local authority collects the waste. The average
distance between the dustbins varies from 1500 to 2000 m.
There was no intermediate collection or transit points and the
collected solid wastes were directly transported to the disposal
site from bins by DMC vehicles. Waste was collected from
dustbins manually and loaded into the transportation vehicles.
At some places, collection was done with the help of tricycles
(Fig. 5). Total amount of fuel used for collection purpose was
considered as the emission from the collection process. The
emissions caused due to burning of diesel (in g/L) for 1 ton of
waste collection and transportation were included in the study

@ Springer

and provided in Table 2 (Kebin et al. 2010; Babu et al. 2014).
The local authorities of DMC allocated one vehicle to each
administrative ward for waste collection. Thus, total of 18
vehicles were used for the waste collection and transportation
from the study area (18 wards). Vehicles of 2.5 ton capacity
(tractors and trucks) with 1 driver and four to five labors were
used for the transportation of solid waste to the disposal site.
The amount of diesel consumed by the tractors for the trans-
portation of 1 ton of waste to the disposal sites was taken as
2 L and was verified from the DMC office. EURO 2 standards
were used for choosing tractor emissions (diesel-driven
vehicles) from SimaPro 8.1.

The average distance between the waste collection points
and the present landfill location is approximately 10 km.
Therefore, the distance for transporting the waste was as-
sumed as 10 km in scenarios S3 and S4 despite the fact that
some waste treatment facilities can be farther away. In the
present study, it was assumed that the sorting and recycling
plant, the composting plant, and the landfill site are at the same
site. So, the transport emissions for scenario 3 and scenario 4
are expected to be similar.

Open burning

In this study, open burning was considered as the burning of
MSW (such as yards waste, paper, plastic, rubber, and textiles
waste without using incinerators) in outdoor areas, which re-
sulted into release of pollutants in the atmosphere. Open burn-
ing of waste material is an illegal disposal method in India. It
was recognized as a major source of carbon monoxide
(38.56 kg/ton), a colorless and odorless gas, formed from the
incomplete combustion of fuel, which also contributes to the
greenhouse effect, smog, and acidification (other emissions
are explained in Table 3) (EPA 1997; EPA 1995; Babu et al.
2014). Open burning of MSW also leads to the release of
particulate matters (PM;o—17.24 kg/ton, PM, s—15.43 kg/
ton) into the air, along with the dust, dirt, soot, smoke, and
liquid droplets (Cabaraban et al. 2008).

Table 2 Gaseous emissions into air from 1 L of diesel oil for the
transportation of MSW

Gaseous emissions Unit (g/L)
from diesel diesel
CO, 2663

CO 11.95

HC 1.75

NOx 2.36

PM , 5 0.62

Sources: (Kebin et al. 2010; Babu et al. 2014)
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Table3  Emission of different pollutants from open burning of 1 ton of
MSW

Pollutants Emissions (kg/t)
SOx 0.46

CcO 38.56

CH, 5.89
Nitrogen oxide 2.73

vVOoC 3.88

PM;, 17.24

PM, 5 1543
Chlorobenzenes 3.849 x 107
Benzene 1.125
Acetone 0.853
Styrene 0.67
Phenol 0.127
Dichlorobenzene 145 %1074
Trichlorobenzens 9.97 x107°
Tetrachloro benzene 6.71 x 107
Penta chlorobenzene 48 %107
Hexa chlorobenzene 199 x 107
Total polycyclic aromatic hydrocarbons (PAH) 5.99 x 1072
Acenaphthylene 9.9x 1072
Naphthalene 1.64 x 1072
Phenantherne 6.63 x 107
Total polychloribenyn (PCB) 572%x1073
Hydrogen chloride (HCL) 0.568
Hydrogen cyanide (HCN) 0.936

Source: (Babu et al. 2014; EPA 1997; EPA 1995)
Open dumping

The uncollected waste in the study area was approximately
23.5% of the total generated waste, and it was considered as
open dumping. Open dumping of MSW includes the unattend-
ed areas by the DMC that are used for unsanitary dumping of
untreated and unsegregated solid wastes. The open dumps are
the places which do not have any liner systems and are tempo-
rarily used as a waste disposal sites (Babu et al. 2014). There is
no initial costs incurred in this method but the environmental
consequences are very high as the leachate may pollute the soil
and groundwater as well as the emissions could lead to air
pollution (Babu et al. 2014). The air emissions from an open
dump were calculated with the help of chemical formula of
biodegradable MSW of the study area. The chemical formula
(CgsH197064N) was used after ultimate analysis of the biode-
gradable wastes samples of the study area. The emissions (CO,,
CH,4, and NH3) due to anaerobic degradation of biodegradable
wastes was calculated and found as 705.1 kg/ ton of CO,,
361.7 kg/ton of CHy, and 7.50 kg/ton of NH;. Other air emis-
sions from open dump were retrieved from Babu et al. (2014)
(CO =3 x 10 % kg/ton, HC = 5.17 x 10 * kg/ton,

NOx = 1.4 x 10~ kg/ton, and PM , 5 = 2.217 x 10~* kg/ton).
The emissions into water due to open dumping was not con-
sidered in this study.

Recycling

Recycling can reduce direct as well as indirect greenhouse gas
(GHG) emissions by reducing the amount of virgin material
being processed and avoiding emissions of CO, and CH, (Saft
and Elsinga 2006). Direct emissions can be reduced when
waste is not disposed at landfills or not treated in unsanitary
way (e.g., direct combustion). Indirect emissions can be cut
down by decreasing the energy consumption both in acquiring
and producing raw materials and also in manufacturing the
product itself (Korhonen and Dahlbo 2007). Baseline scenario
considered zero emissions from the recycling because the col-
lection and separation process in the study area were found to
be carried out manually without use of any machinery. The
fuel was found to be used for the transportation of recyclable
products to some other city for further processing, since the
study area do not have any recyclable products processing
facility. In scenario 4, recycling was assumed for MSW frac-
tions: paper (5.69%), cardboard (4.19%), plastic (12.15%),
glass-(2.07%), metal (1.54%), and textiles (2.17%). The
amount of electricity and diesel required in machineries oper-
ation for the MRF was 3.2 kWh and 3.21 L/ton of waste,
respectively (Rajaeifar et al. 2015). The indirect environmen-
tal burdens associated with the electricity and diesel consump-
tion during the treatment process have been taken from the
Ecoinvent 3 database (SimaPro 2014). The recycling rate of
40% has been assumed for the study area. The rejects and
residues from recycling processes were assumed to be
landfilled.

Composting

Composting is the third preferred choice in the integrated solid
waste management hierarchy (CPHEEO 2016). Aerobic
composting is carried out in presence of air and this process
yields humus rich compost (organic manure) along with mac-
ronutrients and micronutrients for the plants. The high mois-
ture content of biodegradable waste is responsible for lower
heating value (LHV) of MSW, which reduces its combustion
efficiency. Therefore, windrow composting of bio-waste (food
and yard waste) has been considered in scenarios 3 and 4. The
assumptions for composting process were based on the inven-
tory data taken from the literature and the waste composition
analysis of the study area. The N, P, and K contents of the
compost product were taken from literature that were calcu-
lated using mass percentages of N, P, and K nutrients at 0.83,
0.2, and 0.99%, respectively (Song et al. 2013). Air emissions
from the windrow composting were estimated using the chem-
ical formula (CggHj97064N) of the bio-waste which was
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calculated using the fractional mass composition of the MSW
of the study area (Tchobanoglous et al. 1993). CO, and CH4
are found the highest in the center of the windrows, where O,
is absent (Hao et al. 2001). Jackel et al. (2005) reported that
46-98% of the CH4 produced in windrows is oxidized by
methanotrophic bacteria before it escapes the windrow. The
optimum temperatures for methane oxidation in the windrow
range from 45 to 55 °C. It was assumed that CH, was oxidized
by the microorganisms in the upper layer of the compost ma-
terial (Andersen et al. 2010). According to the mass balance
approach, 1 ton wet MSW is expected to produce approxi-
mately 0.14 ton of residues in a good quality MSW
composting facility and approximately 0.80 ton of wet com-
post product (Komilis and Ham 2004). It was assumed that in
dry seasons leachate can be recirculated into the windrow to
reduce loss of nutrients and also to reduce pollution potential.
In high rainfall areas, the windrows need to be covered either
temporarily or permanently to control leachate generation
(Komilis and Ham 2004).

Landfilling without energy recovery

In baseline scenario, landfill sites were not equipped with
any liner or gas and leachate collection systems in the
study area. Organic materials under anaerobic condition
produce landfill gas (LFG). The amount of LFG release
from landfill site was determined by biodegradable organic
content of the MSW (Babu et al. 2014). The landfill sites

produce significant amounts of methane (59.67 kg/ton),
biogenic carbon dioxide (25 kg/ton), non-methane volatile
organic compounds (0.388 kg/ton) as well as the smaller
amounts of nitrous oxide (1.47 g/ton) and carbon monox-
ide (3 g/ton) (Babu et al. 2014; Mboowa et al. 2017). The
emissions into water from landfill site and heavy metal
concentrations were taken from Samadder et al. (2017) as
mentioned in Table 4. In scenario 3, high amount of inert
wastes placed in the landfill site that usually has short
contaminant transport potential and it is chemically inert.
If no gas collection occurs then no electricity is required
for gas pumps (Yay 2015). Scenarios 3 and 4 ensure the
necessities of an engineered landfill site for waste disposal.
However S3 needs the gas recovery system and leachate
collection system, but S4 does not need because scenario
S4 assumed that only inert waste will go for the landfill.
Therefore, the methane and carbon dioxide emissions from
the landfill site were considered zero due to inert nature of
MSW.

Life cycle impact assessment of MSW disposal

Life cycle impact assessment (LCIA) was conducted using
the method Centre for Environmental Studies (CML) 2 base-
line 2000. The method was developed by the Center of
Environmental Science of Leiden University in the
Netherland, which supports the 11 impact categories [i.e.,

Table 4 Emissions from landfill

site into air, water and soil from 1 Emission into soil

Emission into water

Emissions into air

ton of MSW
Name of the Quantity of Name of the Quantity of Name of the Quantity of
pollutant emission (g/t) pollutant emission (g/t) pollutant emission (g/t)
Na 101.79 NO? 5.9619 Methane 59,670
K 162.86 F 3.8293 CO, 25,000
N 51.50 Na 20.2220 CcO 3
Mg 591.86 K 0.7503 HC 388
Ca 585.86 TN 1.6207 NOx 1.47
P 45.26 TP 5.5500 PM; 5 0.233
SAR 3.16 Fe 0.4425
Zn 225 As 0.1099
Fe 17.42 Pb 2.84 x 1072
Ni 0.54 Hg 9.1 %107
Fe 17.42 Zn 0.2285
Mn 102.25 Ni 3.79 x 1072
pH 747
EC (ps/cm) 102.59
CEP (cmol (+) /kg) 8.92
Source: (Mboowa et al. 2017; Samadder et al. 2017; Babu et al. 2014)
CEC cation exchange capacity, EC electrical conductivity
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Table 5 Emissions of MSWM scenarios on different impact categories (based on LCA characterization)

S.N Impact category Unit MSWM scenarios
S1 S2 S3 S4

1 Abiotic depletion kg Sb eq. 4.20E — 05 4.46E — 07 7.20E — 06 7.15E - 06
2 Abiotic depletion (fossil fuels) MJ 2.09E + 02 6.32E + 01 2.71E + 02 2.52E + 02
3 Global warming (GWP100a) kg CO, eq. 1.24E + 01 9.42E + 03 4.92E + 03 3.43E +03
4 Ozone layer depletion (ODP) kg CFC-11 eq. 2.24E — 06 7.60E — 07 2.73E — 06 247E - 06
5 Human toxicity kg 1,4-DB eq. 4.76E + 00 2.25E + 01 5.61E + 00 5.50E + 00
6 Fresh water aquatic ecotoxicity kg 1,4-DB eq. 2.61E + 00 1.57E + 00 6.54E + 00 5.39E + 00
7 Marine aquatic ecotoxicity kg 1,4-DB eq. 1.86E + 04 1.23E + 03 1.86E + 04 1.81E + 04
8 Terrestrial ecotoxicity kg 1,4-DB eq. 242E - 02 7.87E — 03 3.36E — 02 3.19E - 02
9 Photochemical oxidation kg C,H, eq. 4.13E - 03 2.12E + 00 1.20E + 00 8.72E - 01
10 Acidification kg SO, eq. 6.60E — 02 1.15E + 01 4.63E + 00 4.63E + 00
11 Eutrophication kg PO eq. 1.54E — 02 2.63E + 00 2.08E + 00 1.99E + 00

abiotic depletion, abiotic depletion (fossil fuels), GWP100,
ozone layer depletion (ODP), human toxicity potentials
(HTP), fresh water aquatic ecotoxicity (FWAE), marine
aquatic ecotoxicity (MWAE), terrestrial ecotoxicity (TE),
photochemical oxidation potential (POP), acidification po-
tential (AP), and eutrophication potential (EP)] and all of
them were used in this study. The abiotic depletion is related
to the extraction of minerals due to inputs in the system. The
abiotic depletion factor is determined for extraction of min-
erals (kg antimony equivalents/kg extraction) based on con-
centration reserves and rate of deaccumulation (Goedkoop
et al. 2004). AD of fossil fuels is related to the LHV
expressed in megajoule per kilogram of cubic meter fossil
fuel. The reason for taking the LHV is that fossil fuels are
considered to be fully substitutable. Global warming charac-
terization model as developed by the Intergovernmental
Panel on Climate Change (IPCC) was selected for

development of characterization factors. Factors are
expressed as GWP for time horizon of 100 years
(GWP100) in kilogram CO, equivalent/kilogram emission.
ODP (steady state) characterization model was developed by
the World Meteorological Organization to define ODP of
different gases (kg CFC-11 equivalent/kg emission).
Human toxicity, FWAE, MWAE, and TE characterization
factors, expressed as HTP’s are calculated using LCA for
describing fate, exposure, and effects of toxic substances
for an infinite time horizon. For each of the toxic substances,
HTP is expressed as 1,4-dichlorobenzene equivalents/
kilogram emission. Photochemical oxidation (high NOx)
model is expressed in kilogram ethylene equivalents/
kilogram emission. AP is expressed in kilogram SO,
equivalents/kilogram emission. EP was developed by
Huijbregts et al. (2003) and expressed in kilogram PO4*~
equivalents/kilogram emission (PRé, Consultants 2008).

Table 6 Emissions of MSWM

scenarios on different impact S.N Impact category MSWM scenarios
categories (based on LCA
normalization) S1 S2 S3 S4
1 Abiotic depletion 201E-13 2.13E-15 3.44E - 14 342E- 14
2 Abiotic depletion (fossil fuels) 5.49E - 13 1.66E — 13 7.16E — 13 6.64E — 13
3 Global warming (GWP100a) 297E-13 225E-10 2.26E - 10 8.19E - 11
4 Ozone layer depletion (ODP) 9.89E — 15 335E-15 1.21E- 14 1.09E — 14
5 Human toxicity 1.85E - 12 8.72E — 12 2.36E — 12 2.13E-12
6 Fresh water aquatic ecotoxicity 1.10E — 12 6.65E — 13 278E — 12 228E—-12
7 Marine aquatic ecotoxicity 9.60E — 11 6.33E - 12 9.60E — 11 9.34E - 11
8 Terrestrial ecotoxicity 221E-14 7.20E — 15 3.08E - 14 292E-14
9 Photochemical oxidation 1.12E—-13 5.76E — 11 6.03E — 11 237E-11
10 Acidification 277E—-13 481E—11 5.07E - 11 1.94E - 11
11 Eutrophication 9.72E — 14 1.66E — 11 235E-11 1.25E—-11
Total 1.01E—-10 3.63E—-10 4.62E - 10 2.36E-10
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Results and discussion

The results of the MSW composition analysis have been pre-
sented in Fig. 3b as an average. As seen in Fig. 3b, food waste
(24.34%) (kitchen and vegetables and fruit peels) was found
to be maximum in the study area. The other components of
MSW in the waste stream were yard waste (13.43%), plastic
(12.15%), ash (15.35%), soil (6.01%), paper (5.69%), card-
board (4.19%), and glass (2.07%) that were also found in
significant amount. The bulky wastes like furniture (wood
and plastics) were absent in the study area. These bulky wastes
were reused by waste generators or scrap dealers.

The moisture contents of food wastes and yard wastes were
79.98 and 51%, respectively. In the study area, the average
moisture content (65.49%) values of biodegradable waste
were found higher than that values of China (61%) (Zhen-

a Abiotic depletion
4.50E-05

4.00E-05
3.50E-05
3.00E-05

2.50E-05

kg Sb eq.

2.00E-05
1.50E-05

1.00E-05
5.00E-06 I I
0.00E+00 —_—

s 92 $3 S4

C Global warming (GWP100)

S1 S2 S3 S4

1.00E+04
9.00E+03
8.00E+03
7.00E+03
6.00E+03

5.00E+03

kg CO, eq.

4.00E+03
3.00E+03
2.00E+03
1.00E+03

0.00E+00

shan et al. 2009) and Turkey (57%) (Yay 2015). The compost-
able waste was found to be the maximum (37.77%), while
inert waste was 31.05%, recyclable waste was 26.5%, and
incinerable waste 4.68% (Fig. 3a).

The LCA characterization (Table 5) and normalization
(Table 6) results for each impact category of all the waste
management scenarios have been presented in Figs. 6, 7, 8,
9, and 10. As reported in the Table 5 and Fig. 9, the results
were explored for each environmental impact category. As
shown in Fig. 6a, collection and transportation [S1
(4.20E — 05 kg Sb eq.)] had the higher impact than scenario
S2 (4.46E — 07 kg Sb eq.), S3 (7.20E — 06 kg Sb eq.), and S4
(7.15E — 06 kg Sb eq.) on AD due to the use of fossil fuels
such as diesel oil. GWP 100 for a time horizon of 100 years is
measured in kilogram carbon dioxide/kilogram emission
(Goedkoop et al. 2004). Open dumping and landfilling were

b Abiotic depletion (fossil fuels)

S1 S2 S3 S4

d Ozone layer depletion (ODP)

S1 S2 S3 S4

3.00E+02

2.50E+02

2.00E+02

1.50E+02

MJ

1.00E+02

5.00E+01

0.00E+00

3.00E-06

2.50E-06

2.00E-06

1.50E-06

kg CFC-11 eq.

1.00E-06

5.00E-07

0.00E+00

Fig. 6 Environmental impacts of different MSW management scenarios on a abiotic depletion, b abiotic depletion (fossil fuels), ¢ global warming
(GWP 100a), and d ozone layer depletion (ODP)
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a Human toxicity
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Fig. 7 Environmental impacts of different MSW management scenarios on a human toxicity, b fresh water aquatic ecotoxicity, ¢ marine aquatic

ecotoxicity, and d terrestrial ecotoxicity

found as the main contributors of global warming due to meth-
ane emission. Therefore, scenario S2 (9.42E + 03 kg CO, eq.)
had the higher impact on GWP than S1 (1.24E + 01 kg CO,
eq.), S3 (4.92E + 03 kg CO, eq.), and S4 (3.43E + 03 kg CO,
eq.) as shown in Fig. 6¢c. The absence of an LFG control
system in unsanitary landfill is the reason for the uncontrolled
release of methane into the atmosphere. Methane
bromotrifluoro-Halon 1301 is a product of crude oil, petro-
leum, and natural gas production that is the main cause of
ozone layer depletion (Yay 2015). Scenario S3
(2.73E — 06 kg CFC-11 eq.), which included composting
and sanitary landfilling had the higher impact on ODP than
S1 (2.24E — 06 kg CFC-11 eq.), S2 (7.60E — 07 kg CFC-
11 eq.), and S4 (2.47E — 06 kg CFC-11 eq.) scenarios in the
present study (Table 5 and Fig. 6d).

HTP describe the effect of toxic substances (1,4-dichlo-
robenzene equivalents/kg emission) for infinite time
(Goedkoop et al. 2004; Yay 2015). In scenario S2, open
burning was the main contributor of 1,4-dichlorobenzene
that caused the human toxicity. Transportation (fuel con-
sumption) and heavy metals were other reasons for HTP.
Scenario S2 (2.25E + 01 kg 1,4-DB eq.) had higher impact
on HTP than S1 (4.76E + 00 kg 1,4-DB eq.), S3 (5.61E +
00 kg 1,4-DB eq.), and S4 (5.50E + 00 kg 1,4-DB eq.)
scenarios due to open burning and landfilling (Table 5
and Fig. 7a). Nickel, arsenic, lead, zinc, mercury, and bar-
ium are the pollutants discharged during landfilling,
composting, and open burning processes and cause
FWAE, MWAE, and terrestrial ecotoxicity. As shown in
Fig. 7b, the scenario S3 (6.54E + 00 kg 1,4-DB eq.) had
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a Photochemical oxidation
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Fig. 8 Environmental impacts of different MSW management scenarios on a photochemical oxidation, b acidification, and ¢ eutrophication

the higher impact on FWAE than S1 (2.61E + 00 kg 1,4-
DB eq.), S2 (1.57E + 00 kg 1,4-DB eq.), and S4 (5.39E +
00 kg 1,4-DB eq.) scenarios.

Volatile organic compounds (VOCs) are the main contrib-
utors of photochemical ozone formation that contributes to
photochemical oxidation (Hauschild and Wenzel 1998).
Open dumping and landfilling were the main sources of meth-
ane that cause adverse impact on photochemical oxidation,
particulate matter emissions, and other hydrocarbon emis-
sions. Sulfur dioxide emission produced by the transportation,
open burning of MSW, and the usage of electricity for running
the equipment also creates adverse repercussion of POP in
scenario S2. As presented in Table 5 and Fig. 8a, scenario
S1 (4.13E — 03 kg C,H4 eq.) had the lowest impacts on
POP while S2 had the highest (2.12E + 00 kg C,H,4 eq.)
impacts on POP among all the scenarios.

The AP is expressed as the number of H* ions formed
per kilogram of substance relative to SO, (Bauman and
Tillman 2004). The most important acidifying pollutants
were NOx, HCI, SO,, and NHj in the present study that
caused the maximum impact on acidification in scenario
S2 (1.15E + 01 kg SO, eq.) (Fig. 8b). Scenario S3
(1.86E + 04 kg 1,4-DB eq.) and S1 (1.86E + 04 kg 1,4-
DB eq.) had the maximum impact on MWAE (Fig. 7c¢) and
S3 (3.36E-02 kg 1,4-DB eq.) had the highest impact on TE

ERE fyl_llsl

(Fig. 7d). Composting of MSW can increase heavy metals
burden of soil (Ramos and Lopez-Acevedo 2004). That is
the reason that S3 had higher impacts in MWAE, FWAE,
AD (fossil fuel), and TE impact categories as shown in Fig.
6b, d and Fig. 7b—d. Scenario S2 had the highest impact on
EP (2.63E + 00 kg PO,>" eq.) among all the scenarios [S1
(1.54E — 02 kg PO, eq.), S3 (2.08E + 00 kg PO4>eq.),
and S4 (1.99E + 00 kg PO, eq.)] (Fig. 8c). As presented
in Fig. 9 (three MSWM practicing scenarios S2, S3, and
S4), S4 had the lowest environmental impacts on GWP
(3.43E + 03 kg CO, eq.), HTP (5.50E + 00 kg 1,4-DB
eq.), POP (8.72E-01 kg C,Hy4 eq.), AP (4.63E + 00 kg
SO, eq.), and EP (1.99E + 00 kg PO, eq.).

The environmental impacts due to landfilling of MSW (wet
weight) on AP, GWP, and abiotic depletion potential (fossil
fuel) in different countries have been reported by various au-
thors [(such as by Arena et al. (2003) in Italy, Eriksson et al.
(2005) in Sweden, Banar et al. (2009) in Turkey, Mendes et al.
(2004) in Brazil, and Hong et al. (2010) in China)]. Arena
et al. (2003) reported that the impacts of landfilling of MSW
on AP, GWP, and AD (fossil fuel) were — 0.44 kg SO, eq./ton,
490 kg CO, eq./ton, and — 0.67 GJ/ton, respectively. Eriksson
et al. (2005) reported that the environmental impacts on AP
and GWP categories were 0.99 kg SO, eq./ton and 580 kg
CO, eq./ton, respectively. Banar et al. (2009) reported that
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Fig.9 Comparison of environmental impacts of the different MSWM scenarios on various impact categories based on the LCA characterization results

environmental impacts on AP and GWP categories were
43.6 kg SO, eq./ton and 6990 kg CO, eq./ton, respectively.
Mendes et al. (2004) reported that the impacts on AP, GWP,
and AD (fossil fuel) categories were 0.30 kg SO, eq./ton,
900 kg CO, eq./ton, and 1.83 GJ/ton, respectively. Hong
et al. (2010) reported that the impacts on AP, GWP, and AD
(fossil fuel) categories were 0.89 kg SO, eq./ton, 625 kg CO,
eq./ton, and — 0.07 GJ/ton, respectively. In the present study,
CML 2 baseline 2000 life cycle impact results showed that the
impacts of landfilling of MSW (wet weight) on AP, GWP, and
AD (fossil fuel) categories were 0.007 kg SO, eq./ton,
1319 kg CO, eq./ton, and 63.24 MlJ/ton, respectively.
However, in the present study, GWP was found higher than
the previously published studies of Arena et al. (2003),
Eriksson et al. (2005), Mendes et al. (2004), and Hong et al.
(2010), but lower than the Banar et al. (2009). The difference
in results was found due to the difference in composition of
the wastes and climatic conditions of the different study areas.
In the present study, GWP impact was higher mainly due to
the absence of LFG collection system. It is worth to note that
electricity recovery from methane gas trapped in a landfill can
significantly reduce the GWP, thereby reducing the overall
environmental impacts of landfilling. In the present study,
CML 2 baseline 2000 method was used considering 100-

year time horizon (25 kg CO, eq./kg CH,). Whereas, Hong
et al. (2010) used IMPACT 2002+ method considering 500-
year time horizon in global warming category, in such case the
GWP of CHy is 7 kg CO, eq./kg CH,. The difference in the
results also depends on the selection of LCIA methods.
However, in this study, the values of aquatic acidification
and abiotic depletion potential impacts of landfill process
were lower than the values mentioned in the previous studies,
mainly due to lower consumption of fossil fuels (petroleum
products) in the study area.

Figure 10 and Table 6 present the normalization results of
the scenarios S1, S2, S3, and S4 on the basis of different
environmental impact categories. Normalization is an optional
step of LCA according to ISO 14040/44 to rank the impacts of
different MSWM options and scenarios (Aymard and Botta-
Genoulaz 2017). As presented in Fig. 10, GWP had the
highest impact among all the 11 environmental impact cate-
gories for all the scenarios except scenario S1 on the basis of
normalization factor. MWAE ranked second in all the envi-
ronmental impact categories for all the scenarios except sce-
nario S2 (Fig. 10 and Table 6). Photochemical oxidation, acid-
ification, and eutrophication ranked third, fourth, and fifth,
respectively. HTP ranked seventh out of all the impact cate-
gories. While, all the scenarios had negligible impacts on
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Fig. 10 Comparison of environmental impacts of the different MSWM scenarios on various impact categories based on LCA normalization results

FWAE, ODP, abiotic depletion, and abiotic depletion (fossil
fuels). GWP had the highest impact in all the environmental
impact categories considered in this study except scenario S1.

After the life cycle analysis, the potential impact was ob-
served more in composting and landfilling (S3) in the present
study, but it could be reduced when composting and
landfilling were done along with MRF/recycling (S4). The
environmental impacts due to incineration of waste in the
study area can be avoided with the recycling of packaging
products (paper and plastic) and composting of yard and food
wastes. Scenario S4 covered all the components of the MSW
in the study area and it was found as the most suitable MSWM
scenario for the study area due to its minimum environmental
impacts with compared to all the other scenarios considered in
this study.

Conclusions

The study compared environmental impact of four different
waste management scenarios. The existing waste manage-
ment practice in Dhanbad (modeled as baseline scenario)
was estimated to cause maximum impact on GWP, photo-
chemical oxidation, eutrophication, and HTP. The results in-
dicated that increase in recycling rate of packaging waste

@ Springer

would reduce the environmental impacts considerably due to
very low inputs from technosphere. Waste recycling activities
should be enhanced by promoting separation at source of gen-
eration through education and awareness among the commu-
nity. According to the LCA results of this study, the highest
environmental impact was observed from landfilling without
energy recovery, open dumping, and open burning of mixed
waste in scenario 2. The most suitable waste management
scenario was S4 for the study area on the basis of GWP, pho-
tochemical oxidation, acidification, and eutrophication poten-
tial. The existing practice of municipal solid waste manage-
ment in Dhanbad is not appropriate as environmental impacts
on the major impact categories were high with compared to
the proposed scenarios.
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