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Abstract

The investigation was executed to assess outflows of CO2 and CH4 gases from the two landfill sites of Udaipur
using commonly applied multiple methodologies for the field to ascertain the accuracy and reliability of
data imparted by each of these. To examine the potentiality of each gas discharge quantum for prospective
energy that could be used further in waste-to-energy (WtE) projects, a field study was conducted for a
period from January 2018 to December 2019 with the division of these landfill sites into segments. The gas
samples were recorded onsite at demarked points in each segment by inverting the open portion of the Static
Flux Chambers (SFCs) on the landfill surface to stop the ingress of air. This SFC was separately connected
with the CO2 and CH4 gas analysers to record their onsite concentrations. The recorded data was further
analysed to observe the annual quantitative spatial and temporal variations in the fluxes of these two gases.
The mean CO2 and CH4 fluxes of Balicha Landfill Site (BLS) ranged between 932-1876ug/m2/hr and
359-1173ug/m2/hr, respectively. On the other hand the mean CH4 and CO2 fluxes of Titardi Landfill Site
(TLS) ranged between 672 - 1483 pg/m2/hr and 157 - 958 pg/m2/hr, respectively. These fluxes emitted
from BLS and TLS generated the carbon footprint (CF) of 180000 and 78000 ton of CO2 equivalent
(tCO2 eq.) sequentially. In order to ensure the significance of the method used and to get best energy output
for the WtE project the obtained gas flux data of both the sites was analysed and compared. This studied
data would provide a guideline for the concerned authorities to plan & execute gas extraction operations at
these two sites.

Keywords Anthropogenic, GHG Fluxes, land filling, W1E.

Introduction nearby soil, water, and air, and release of noxious odour

and gases into the atmosphere. Moreover, excessive

The origination of huge trash quantities in urban
and rural areas has led to its predominantly adopted
dumping practice at the landfill site, which is the most
commonly adopted method for dumping. Currently,
some of the landfills in India are overloaded and occupy
the trash beyond their available space limit, such as
Okhla, Bhalswa, Deonar, Gorai, Pirana, etc. The open
dumping of huge quantities of trash in these landfills
raises some of the well-versed issues like expansion
of the existing dump area, instability of the erected
dumps, seepage of the leachate from the trash into the

accumulation of methane (CH,) in subsurface trash
layers of landfills sometimes leads to explosions and
fire. The fraction of organics in municipal solid waste
(MSW) is more in the developing world rather than
in developed nations. The major concern is that CH,
emanation from this point source alone contributed
about 10-12%, which shares the third largest portion
of the total greenhouse gases (GHGs) emanations. It
will certainly have a huge impact on the climate in the
long term due to its nature of increasing the surface
temperature. The significant outflows of potent CH,
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and carbon dioxide (CO,) gases into the atmosphere
from the landfills in India are quite alarming and have
a global warming impact (GWI) on the environment
and humans. However, managing the trash material in
landfills is considered an indispensable function that
is salubrious to urban and rural communities.

About 68 metric tons (MT) of trash are produced in
India each year. Due to a consecutive rise in trash
volume, it would reach 160.5 MT/yr by the year 2041
(Annepu, 2012). It is either used to reclaim the landfill
by bio-mining over it or establishing a waste-to-energy
(WtE) facility within the landfill premises for fuel and
energy production. As far as the demand for fuel and
energy is concerned, cost-effective, environmentally
affable technology is being adopted to extract the fuel
gases by cleaning and refining the landfill gases (LFGs),
which can be used as an alternative fuel for other
sectors. These harnessing techniques not only reduce
this sector’s carbon footprint but also benefit the other
sectors by providing them with fuel and energy. Refuge
derived fuel (RDF), and solid recovered fuel (SRF)
are the high calorific fuels producing technologies for
processing landfill trash, which are recently used by
the industries.

The MSW degrades with the help of microbial culture,
developed during anaerobic and aerobic conditions,
which helps in the form of an ample amount of gases
and digestate. This digestate is being utilized to make
the soil enrich in nutrients. But the main constraint is
the digestate produced from mixed trash has impurities
of heavy metals and partially decomposed materials.
It leads to an increase in acidity and toxicity of the soil
after its addition. The presence of asbestos, arsenic,
and lead; moreover, the level of natural ingredients
in the soil, such as sodium, calcium, phosphorus, etc.,
were higher than their standard prescribed limits set
for agricultural soil (Kupper et al., 2014). However,
to tackle this problem, the source segregation strategy
for MSW before landfilling has been executed under
the ongoing Swachh Bharat Mission (2014), which is
to be followed by all Municipal Corporations in India.
Their objective is to get the organic portion out of the
total MSW, which has been planned for compositing
and gasification.

Even now, the old and newly opened landfills
remain an epicentre for liberating GHGs and other
compounds. The trash in these landfills is harmful;
thus, much more effort must be put forth to utilize
it as a resource rather than a burden properly. Large
gas-capturing projects are enforced in the landfills
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in metro cities. The impact of GHG is not bound to
the regional boundaries; thus, landfills in remote and
smaller areas can’t be ignored. The fluxes of major
ooze-out gases CH, and CO, should be quantitative,
and the mechanism involved from production until its
release to the atmosphere must be understood.

The numerous physiochemical factors impact
the anaerobic and aerobic phases of the trash in
landfills. These factors assist in the generation
and reproduction of microbes that act as catalysts
during digestion and give rise to the generation of
gases and digestate. Sometimes these factors do not
act properly, resulting in un-digestate material and
stinky odours. The variables like age, composition,
density, degradability potential and time of fresh
trash lying are needed to understand. Subsequently,
other factors like pH, precipitation, direction, the
flow of wind, air and surface temperature, moisture,
fissures, and diffusivity have influenced the process
of fermentation of trash. The alteration in temporal
and spatial variables at the time of decaying organic
trash certainly fluctuates the quantity and quality of
end-products in all seasons. If all of these variables
lack in their performance, then the decomposition
process is hindered.

The landfills are well known for the predominant
discharge of gases, specifically CH, and CO,. The
impact potential over 100 years is 25 times more in
the case of CH, than CO,. Emanated gases from the
landfill are compositely known as LFG, which are
emitted through different mechanisms and conditions
from the landfills. Before LFG is used as a fuel, it
must be evaluated from each landfill site. Therefore
different methodologies are being used to estimate the
fluxes of each gas, such as static flux chamber (SFC),
radial plume (RP); optical path integrated optical
sensing (OPIOS), vertical radial plume mapping
(VRPM), tracer gas (TG), seismic reflection profiling
(SRP) and micro-meteorological methods.

Out of these methodologies of LFG estimation, the
static flux chamber (SFC) was used in the present
research to capture the surface emanation fluxes of
CO, and CH, gases at Balicha Landfill Site (BLS)
and Titardi Landfill Site (TLS). The compositional
study was also performed to assess the potential
degradability of the organic trash part laid at BLS
and TLS. The collection efficiency of each gas and
the carbon footprint generated by BLS and TLS were
also estimated by using the total estimated CO, and
CH, emanated fluxes from each site.
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Materials and Methods

Description of the investigated landfill sites

The Balicha Landfill Site (BLS) and Titardi Landfill
Sites (TLS) are located approximately 19 km and 14
km away from Udaipur city, Rajasthan, respectively,
and acquired 54 ha and 19 ha of area respectively.
TLS has been closed since 2008 and is currently used
for processing plastics and manufacturing compost
from the segregated organic matter, which is unloaded
daily at this site. Another feature of TLS is an 18m
tall erected dump which is capped with polymeric
liners. The leachate drains are constructed beneath
the dump, and for gases, discharge vents are also
built on the top portion of the dump surface. The daily
dumping of MSW at BLS and TLS is 160 tons and 30
tons sequentially. However, both sites, BLS and TLS,
are totally different from each other regarding their

(4) Balicha landfill Site (BLS)

infrastructural setups. TLS is managed and capped;
however, BLS is an uncapped, unmanaged open site.

Monitoring of CO, and CH, gases

The monitoring and sampling of CO, and CH, gases
at both sites, BLS and TLS, were done by adopting
the protocol mentioned in the user manual of the US
EPA (2013). The zonation of both the sites was done
by keeping the view that the more or less availability
of the retained trash in each landfill zone is covered
properly. The selected zones were further segmented
for sampling based on a 45mx45m grid in BLS and a
25mx*25m grid in TLS. The zonation and gridding are
represented in Figure 1. The centre point of each grid
was used for placing the static flux chamber (SFC).
About 286 points were sampled in BLS from January
2018 to December 2018, and about 189 points were
covered during January 2019 to December 2019 at
TLS.

(B) Titardi Landfill Site (TLS)

Figure 1. The zonation of sampling sites

Surface quantification of fluxes of CH, and CO,

A static flux chamber (SFC) was deployed on the
surface of the sampling point to ingress the particular
volume of gas which was actually the volume of the
SFC. The accumulated gas got agitated inside the
SFC and developed a pressure which was recorded
through the connection of the SFC top orifice with
the pipes further connected to the particular analyzer
for displaying the inside gas concentration at a time
interval of 28-45 min.

The following equation was used to evaluate the flux
of each gas (Haro et al., 2019)

(1]
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Where,

V = volume of the SFC,

T = SFC temperature (°C)

M = the molecular mass of CO, and CH, which is 44
and 16 gm/mol sequentially,

S = the area occupied by SFC (m?),

P = pressure develop inside the SFC (Pa),

R = gas constant having the value of 8.314 Pa m’/
mol/°C.

The rate of gaseous flux is achieved only when the
coefficient of correlation r>> 0.5 as a linear function,
change in gas concentration shall be noticeable at the
time of its monitoring, and the time vs concentration
gas graph shall represent the data of sampled points at
least five or more than that.
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The mechanism of SFC mentioned in the guideline
of the environment agency (EA, 2010) is represented

»
| i I

Waste dome or coverage

Soil

Adequate points for sampling were determined using
the following equation:

n=6+0.15x S [2]
Where,

n= the number of sampling points,

S= the area of each zone (m?).

Some variables were considered to evaluate the
number of geo referenced points selected for gaseous
sampling like heterogeneity in trash as well as
morphology of dumpsite, fissures, faults, edge slope,
soil cover and the liner materials. In addition to
these variables the dumping area was also taken into
account in both the landfills. However, these variables
are also considered when determining the spacing
of one point to the other in a grid. About 286 points
were sampled in 30 ha BLS area whereas in case of
TLS 189 points were covered in 12 ha area. Repeat
samples were collected at these points during the
testing period to obtain true representative samples
of the particular area. Due to tedious field testing
operation sampled points were less than the points
evaluated through above given equation. Some other
factors like the wind speed and the rainfall severely
affects the surface emanations as mentioned by EA
(2010); Haro et al. (2019). Therefore, the speed of
wind less than 5m/s and the after three days of rain
accounted to be favourable for reducing the temporal
as well as the spatial ambiguity of the collected gas
samples. Simultaneously, five to six SFC has to be
placed over the sampling ground in order to get
representative fluxes of gases.

29

in Figure 2.

Figure 2

The technique used for the
measurement of landfill gas with
respect to time on the landfill
Surface (EA4,2010)

Gas content, C

Time, t

Mapping of the gaseous discharges
The natural neighbour interpolation (NNI) technique
of' surfer 10 software was used for presenting the spatial
data fluxes of CO, and CH,. The spatial distribution of
dense and weak contours of the CH, and CO, fluxes
throughout the active dump area shown in Figure 3,
which represents the centre point observation, tends
to have more resemblance with its neighbouring
points than the distant located points. The dense
contours represented the waste-saturated zone with
plenty of biodegradables responsible for fermentation
activity that contributed to higher emissions fluxes of
CO, and CH, ‘hotspots region’ as compared to the
other zones of the landfill. These hotspot zones were
unevenly scattered over the complete landfill area, so
random point sampling would not considerably be a
worth full option for accounting for the total GHG
fluxes from the entire landfill area. The contours of
low and negligible fluxes of both these gases were
overlapped on the age-old waste and soil enrich
regions. Heterogeneity in the fluxes was found at
both sites over a given space and time, as mentioned
earlier. The equation [3] below calculates the total
interpolated area of CO, and CH, gas emanation.
T
PG = ) wi) f(xi) 3]
i=1

Where,
P(x) = the flux assessment at point x;
w.= weight at point x;
f(x,)= data known at point x,
wi = estimated by finding the surrounding acquired
area when x is inserted to constructing squares.

Wi = %; M (x) is the volume of a new cell when

centred in X while M (xi) is the volume of the confluence
between the new cell at x and the old cell at xi.
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Estimation of LFG collection efficiency at TLS
and BLS

It is an excellent variable to figure out the potential of
LFG emanated from any landfill area which is meant
further for engineering, environmental and regulatory
standardization. CH, collection efficiency has been

Figure 3

The contour plots show the CO, and CH , fluxes in
ug/m*/hr using the natural neighbour interpolation
technique of surfer 10 software.

estimated yet in most of the studies done by Haro
et al. (2019); Oonk (2012). The CO, efficiency for
collection is not assessed therefore, it is estimated
below:

The collection efficiency of LFG gases like CO, and
CH, was estimated by following formula:

Collected
! CH4
— 1)
QCOEIected + Emitted 4+ Emitted X 100% (4]
CH4 Pcra Dero2

Where,

QCH,= the per annum volume of CH, collected,
¢CH, and ¢CO = the yearly outflow volume of CH,
and CO, in m* emanated from landfill (either TLS or
BLS), which was evaluated through the integration
of each zone discharge of the respective gas in TLS
and BLS.

W = Ocpsa X pcua X GWPcys + Ocoz X peoz X GWPco2

Where,

W= delineated as total carbon emission in terms of
tons of Co, equivalent

OCH, & OCO,= volume of CH, and CO, discharged
in a year into the atmosphere, including collected
volume measured in m?;
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Carbon footprint assessment of each landfill site
The principal ooze out LFG from the landfills is CH,
and CO, into the atmosphere therefore its carbon
footprints have to be assessed in order to determine
its overall impact.

The following equation assessed the carbon footprints.

[5]

pCH, and pCO,= Density of CH, and CO, measured
in Kg/m’;

GWP CH,, CO, = Global warming potential of CH,
and CO,
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Results and Discussion

Compositional assessment of LFG at BLS and
TLS

The surface emanation discharges of CO, and CH,
were recorded in the forenoon and afternoon in
divided segments of TLS and BLS, which indicated
that the average yearly concentration of CO, and
CH, fluctuated between 56-62% and 45-49%
respectively, at TLS. Similarly, at BLS, the mean
annual concentration of CO, and CH, was recorded in
the range of 52-55% and 42-46%, respectively. BLS
was fragmented into A, B, and C zones, while TLS
was segmented into M, P, and R zones, as depicted
in Figure 1.

The results of CO, fluxes indicated its dominance
in the B phase of BLS and the R phase of TLS.
Besides, an ample quantity of CH, existed in the C
phase of BLS and the M phase of TLS. These varied
observations were found at these landfills due to two
main reasons; firstly, the TLS has been inactive since
2008. The trash laid at this site was compacted and
covered with polymeric liner material, containing a
significant portion of inert constituents. The 10-11
years old organic trash portion released more CO, than
CH,, so aerobic fermentation within the compacted
trash layers occurred. Secondly, due to differences in
the functioning of internal and external factors of the
landfill, the propagation of LFG through spatial and
temporal phenomenon instilled free spaces inside the
sub-dump surface from where LFG sought passage to
reach out to the TLS surface, and this happened and
observed at many time during monitoring where some
segments of this landfill showed the significant release
of LFG and some segments showed nonsignificant
release of LFG.

On the other hand, BLS has been operational since
2008, and the dumping of mixed trash is being done
with no coverage of any material over it; as a result,
the stinky foul smell always coming out of the trash
piles. The dried trash portion is set on fire at BLS
which was discovered to be the primary reason
of oozing out of CO, and witnessed many times
during monitoring. However, some CH, saturated
zones due to compaction and pressure development
inside the degradable trash heaps were noticed with
a higher temperature than those measured in other
parts of BLS, which strongly validated the ongoing
anaerobic activity. The zonation of BLS was done
by considering many factors; the temperature rise
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was one of them. The captured LFG difference
also validated the degradation occurring in aerobic
or anaerobic activities in those segments. The 8-9
months to 10 years old trash piles were found at BLS,
so considerable dominance and variations in CH, flux
were found.

In contrast, the CO, fluxes were higher than CH, in
some areas at BLS which had freshly disposed trash,
determining the occurrence of the aerobic phase. A
zone which had higher emanation of either CH, or
CO, is termed as a ‘hotspot area’ for the respective
gas. These high ranges of CO, and CH, fluxes are
attributable to moderate moisture availability for
excellent biodegradation of the organics in the MSW.
The estimated CO, and CH, fluxes at different landfills
in India and around the world are depicted in Table 1.

CO, and CH, gases quantification assessment

The evaluated mean volume of CO, and CH, per
annum was observed between 42-54% and 39-44%,
respectively at BLS. Similarly, it ranged between 35-
39% and 32-45% sequentially, at TLS as represented
in Table 2. It indicated that the average volume of
CH, and CO, per annum was found 5-7% and 6-9%,
respectively, higher at BLS as compared to TLS. The
yearly increment was also recorded at both sites;
the gradual percent increase in CH, mean volume
was found higher in the year 2019 at TLS, while a
rise in CO, mean volume was observed in 2018 at
BLS which might be depends upon the improved
microbiological and other chemical reactions that
take place in the organic portion of the retained trash
of these landfills. In addition, rainfall in 2019 was
3-4% more as compared to 2018 which provided a
tremendous driving force to enhance the biochemical
processes.

The mean annual volume of CO, and CH, almost
doubled at BLS as compared to TLS during studied
period due to their morphological differences as BLS
is an open dumping yard while TLS is capped with
polymeric liners. Secondly, TLS has been inactive
since 2008, while BLS is operational. Thirdly, the
degradation in the trash at BLS was totally different
from TLS because it had old trash.

Haro et al. (2019) observed the lower gas flow rate
in the absence of collection wells for LFG or any
kind of pumping system installation. In contrast to
their investigation, higher flow rates were obtained at
BLS because it is a open dumping site, while lower
flow rate was observed at TLS which had adequately
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vented and capped dump. It indicated that the rate of
gaseous flow is not solely determined by the capped

system and constructing wells over any landfill.

Tablel. The hourly CO, and CH, fluxes emitted from the degraded organic mixture of varied ages retain at different

landfill areas in the world.

Landfill Rainfall Age-old De%ragi::l)le CO, flux CH, flux References
(mm) (Years) p %) (ug/m?¥hr) (ng/m?/hr)
0
. Chakraborty et al.
Delhi 734 16 55 NE 9.2-60 (2011)
Varanasi 1100 9 59-62 17.28-28127 10736020 ~ Fandevetal
(2014)
. Gollapalli and
Guwahati 1698 7 64.9 58.7-170 28.7-143.1 Kota,(2018)
. Jha et al.
Chennai 1197 16 59 0.2-16.1 0.016-0.39 (2008)
Yucatan, Merida, Riancho et al.
Mexico NA 20 50-55 NE 1030.6 (2013)
. Wangyao et al.
Thailand 1419 24 60-80 NE 0.38-89.5 (2010)
: Abushammala et
Malaysia 1987 3 70.8 3.5-1911 1112 al. (2016)
Popita et al.
Italy NA 37 55 1257-3146 3.80-8.00 (2015)
Polesgo, Burkina Haro et al.
Faso 600-900 20 55-60 3325-5617 657-1210 (2019)
. Abichou et al.
Florida, US NA 5 NA NE 37.5 (2006)
: Czepiel et al.
New Hampshire, US NA 26 NA NE 8.54-30.90
(2003)
In present study at
BLS 690 14 56-62% 932-1876 359-1173
In present study at
TLS 690 25 48-54% 137-958 670-1483
NA- Not available; NE- not evaluated
Phase BLS Phase TLS Table 2.
CO,(%) CH,(%) CO,(%) CH(%) Trash type,
Covered trash - - Covered trash age old trash 33 45 cover material
Uncovered 54 48 Uncovered new trash vs land[fill gas
new trash . - composition during
Uncovered 5 44 Uncovered age-old trash ) ] the studied period

age-old trash

Quantification of flux rate of emanated LFG

The annual mean LFG flux of BLS was observed high
at 2147249+132684 pug/m?/yr in 2018. Likewise, the
annual mean of LFG flux at TLS was observed high
at 1826557+123752ug/m?/yr. The monthly estimated
zonewise LFG fluxes of the year 2018 and 2019 at
BLS and TLS respectively is represented in Table
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3. Surface fluxes were measured either laterally or
vertically in each zone. A laid-out grid pattern was
followed to perform the sampling operation at BLS
and TLS, as depicted in Figure 1. The LFG fluxes of
BLS and TLS were noticed above the threshold value
of 416 g/m’/hr (Abichou et al., 2006) which may be
due to varying quantum attributed to landfill surface
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cover and other morphology-related factors of landfill
site. The LFG flux is also determined by landfill
intrinsic factors like age, the compactness of trash
layers, the permeability of cover soil, fermentable
volume and its ferment ability, temperature and
dampness of trash layers and also by extrinsic factors
like, diverse geographical areas, rainfall patterns,
temperature trends, and compositional commonalities
which may be differ site to site worldwide. The world-
wide records of CO, and CH, flux rates acquired by
installing the SFC in various landfills are represented
in Table 1.

The diffusion of LFG into the atmosphere is regulated
by composition of surface soils. The BLS had porous
loamy soil with a thickness of 0-30cm, so diffusion
of LFG was easy into the atmosphere, whereas TLS
is capped with polymeric liners having a thickness
of 80cm-1m which showed lower diffusion of LFG.

Yilmaz et al. (2021). They estimated around 39.2
and 3070 pg/m’/hr mean fluxes of CH, and CO,
sequentially at soil cover of 200 mm thickness.
Similar findings were observed by Abichou et al.
(2006 & 2016), Abushammala et al. (2014), Boeckx
et al.(1997), Gebert and Grongroft, (2006) and Humer
et al. (2008).

The LFG discharge was observed higher at each zone
of BLS from May to August 2018 which may be due
to absence of soil cover or polymeric liners over the
dumps that cause a serious threat to enviornment. The
impelementation of rotational covering and capping
system made of impermeable materials like bio-traps,
bio-covers, polymeric substances, etc., can reduce
the LFG emission. In TLS, LFG discharge was also
found significant during the studied years, 2019 due
to absence of gas-capturing facility.

Table 3. The mean annual and hourly fluxes of LFG at BLS and TLS

BLS
Period An hourly flux of LFG (pg/m*hr) Annual Flux rate of LFG (ng/m?/yr)

Zone-A Zone-B Zone-C Zone-A Zone-B Zone-C

January 2018
; 5.22+0.14 4.68+0.53  6.54+0.26 1578423+122456 1366431+£155732 1687742+166427

to April 2018
May 2018

8.79+£0.60 6.31+0.72 9.11+£0.45 1953764+164822 1582762+109573 2147249+132684
to August 2018
Sept. 2018
to December 6.43£0.21 5.82+0.37 6.89+0.16 1754323+£184260 1683953+£167469 1857024+188567
2018

TLS
Period An hourly flux of LFG (pg/m?hr) Annual Flux of LFG (ug/m?*/yr)

Phase-M Phase-P Phase-R Phase-M Phase-P Phase-R

January. 2019
; 4.63+£0.57 3.77£0.29  5.79£0.61 1385539+145680 1247784+131480 1467248+136487

to April 2019
May 2019

6.41+0.38 5.86+£0.47 6.734£0.52 1746935+153947 1434892+144653 1826557+123752
to August 2019
September 2019
to December 5.394£0.72  4.79+0.53  5.76+£0.49 1594647+173562 1486395+£155627 1712492+136746
2019

Ground emanations cartographies of BLS and
TLS

The zone-wise mean hourly fluxes of CO, and CH,
from Jan. 2018 to Dec. 2018 at BLS, were found in the
range of 932 - 1876 ug/m?/hr and 359 - 1173 pg/m*hr
respectively. Whereas, the mean hourly CO, and CH,
fluxes of TLS existed between 137 - 958 pug/m*/hr and
672 - 1483 ug/m?/hr, respectively during Jan. 2019 to
Dec. 2019. Through zonation and gridding of each
site, the variegated samples of CH, and CO, were
obtained in all seasons of the year which reflected the
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gaseous discharge from the particular region and their
collective emanation from the landfill area. Each site
was marked as three relative zones after evaluation
of surface emission, i.e., lower, medium, and dense
landfill gas (LFG), which showed temporal and
spatial fluctuations.

The higher emanation zone of BLS exhibited CO,
fluxes at a rate of 1875 - 2346 pg/m?/hr, whereas, at
TLS, it showed CO, fluxes between 732 - 976 pg/m?*/
hr. Likewise, The medium emanation zone of BLS
displayed CO, fluxes at a rate of 341-682 ug/m?hr,
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whereas, at TLS, it exhibited CO, fluxes between
437-759 pg/m?*/hr. The lower emanation zone of BLS
and TLS showed CO, fluxes at <136 pg/m*hr and
<104pg/m?*/hr, respectively. The higher, medium and
lower emission zones of TLS displayed CH, flux at
1560-2780 pug/m?/hr, 1062-1340 pug/m?/hr and <387
ug/m?/hr sequentially. Similarly, it exhibited between
1142-1526 pg/m?hr, 839-1043 pg/m?hr, and <443
ug/m?/hr serially at BLS .

The higher, medium and lower emanation of CO,
fluxes and CH, fluxes may be due to morphological
difference of each site, heterogeneity in density,
compactness, moisture, temperature, degradability
potential and age of organic trash which influences the
rate of LFG production under aerobic and anaerobic
conditions. The diffusivity and advection of CO,
and CH, fluxes emanation is also influenced by the
atmospheric conditions (Jha et al., 2008; Aghdam
et al., 2019). The alteration in air temperature also
regulated the LFG measurements, it was noticed
during forenoon and afternoon sampling of LFG
at both the sites. In addition to that, LFG efflux
was found to be greater in summer season, in
comparison of rainy and winter season due to less
damp, windy conditions and an increase in porosity
of the superficial layer of the landfill surface. These
conditions had created a pressure gradient between
the landfill surface and under the surface resulting
in high gaseous diffusion to the atmosphere. No
significant differences in the outflow fluxes of LFG
during rainy season and winter season was observed
due to similar wind patterns and dampness (Aghdam
et al., 2019; Haro et al., 2019). The interpolated area
of BLS and TLS where CO, and CH, fluxes displayed
significant variability are represented in Figure 3.
The availability of high CH, in interpolated zones
of BLS and TLS affirmed the presence of more than
10-year-old trash in which the methanotrophs were
less oxidizing CH, under aerobic and anaerobic
conditions and also the reduction of ammonium to
nitrite and nitrate underway (Im et al., 2011; Cao et
al., 2021). The medium and low CO, and CH, fluxes
obtained at BLS and TLS was due to some of reasons
like fermentation efficiency and slow fermentation
rate in compacted sub-surface trash layers. Despite
the fermentation process, the formation of impeding
agents such as ammonia and aromatic hydrocarbons,
furans, and dioxins might produced the low, medium
zone of LFG emanations. Moreover, the presence of
plastics and other toxic chemicals in the trash also
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act as a inhibiting agents for LFG production during
degradation of trash at the landfills (Abichou et al.,
2015; Abedini, 2014; Gollapalli and Kota, 2018).
As stated earlier, the intrinsic and extrinsic physico-
chemical variables are also responsible for low and
medium efflux of CO, and CH, at both sites.

Collection efficiency (CE) of LFG at BLS and TLS
The collection efficiency (CE) of LFG was ranged
between 27% to 33% for BLS and 44% to 49% for
TLS. These values were quite contradictory as the
management status of TLS is better than BLS which
cause lower LFG emanation at TLS. TLS surface
LFG discharges are likely caused by cracks in the
dump’s cover soil, poorly maintained open gas vents,
and a lack of a gas collection system. The LFG at
TLS was not monitored regularly and TLS was not
even covered with mud or liners to reduce surface
discharges; therefore LFG discharges at BLS were
higher than TLS and due to it the CE of BLS was
lower. Based on active, temporary covered, and
fully covered landfill cells, (Barlaz et al., 2004)
estimated that the CE of LFG was 50%, 75%, and
95%, respectively, indicating that these values do not
fall within the range as evaluated for BLS and TLS,
inferring that higher emission would have resulted in
a lower value of CE consistent with the observation
of Aghdam et al. (2019); Fjelsted et al. (2019). They
also discovered that summer CE’s values were lower
than winter CE’s due to excess moisture availability
in the landfill, which confined the LFG flow over the
outer layers of the landfill, preventing gases from
escaping into the atmosphere. Whereas, Oonk et al.
(2012) assessed around 50% CE and in the studies of
Mohsen et al. (2020); Zhenhan et al. (2022) held at
Halton and Danish trash dump areas in Canada and
Denmark, respectively, where the CE values of LFG
ranges from 13 to 86% which is comparable to the CE
values of TLS. Borjesson et al. (2009); Themelis and
Ulloa, (2007) CE, evaluations were not analogous to
as found for TLS. Haro et al. (2019) estimated CE
to be around 23 - 27% in tropical managed landfill
site of Polesgo and Njoku et al. (2018) calculated CE
in the range of 29 - 33 % in Burkina Faso landfill
which is relative to the CE evaluated for BLS. EPA
also specifically prepared a database i.e. AP-42
mentioned the CE of LFG ranges between 60 to 85%
depending upon different types of landfills located in
diverse climatic zones. This database, however, does
not classify landfills based on infrastructural factors
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such as maintenance, monitoring of with or without
gas capture assembly, and cover system that either
reduce or enhance CE. Nevertheless this database
is being widely cited by investigators. According to
Aghdam et al. (2017), in order to improve CE of LFG
up to 75% an integrated capturing system would be
required against the sites that are deprived of this
type of system and only 50% CE is achievable. This
integrated LFG capturing system does indeed prevent
undesirable discharges and has the potential to be
used as energy.

Carbon Footprints (CF) of BLS and TLS

The carbon footprints (CF) were calculated by
considering the emission factor (EF) of each gas at
BLS and TLS. The CF value was observed 180000
tons of CO, equivalent (tCO,eq.) at BLS in 2018 and
78000 tonnes of CO, equivalent (tCO,eq.) at TLS in
2019 respectively. The difference in CF value between
BLS and TLS is due to the difference in occupied
dumping area by each site. BLS have 300000m?area
for dumping while TLS have 150000m? area for
dumping. It showed that about 6000 ton of CO,
hectare square meters (tCO,eghm?) from BLS
and 5200 tCO,eghm* from TLS were potentially
discharged into the environment, which means this
point source contributes 4.8 - 5.6%.

According to the IPCC, (2013) report, GHG emissions
from this sector contribute between 3.5 and 7% of
total GHG emissions from all sources, which is quite
concerning. The percentage contribution from these
sites is also within the range specified by the IPCC in
2013. Ramachandra et al. (2022) calculated the GHG
emissions from MSW to be 55227t CO, eq. Another,
finding of MEVCC, (2015) depicted that in a landfill
site at Burkina Faso, approximately 852000tCO, eq
was generated in an area of 66200m?2. Chakraborthy
et al. (2011) have assessed 450000t CO,eq from the
Gazipur landfill site in Delhi. To reduce the evaluated
GHG outflows from BLS and TLS, one of four
technologies must be used: first, to divert the organic
fraction from these two landfills to produce compost;
second, the dried trash constituents would be used
in refuge derived fuel (RDF) or solid recovered
fuel (SRF) plants to generate heat and electricity;
thirdly, trash piles in landfills should be sorted and
bio-mined. Finally, the gas capturing facility on
the landfill grounds must be operational in order to
transform or directly use the fetched gases for other
purposes such as CNG, LNG, and so on (Staub et
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al., 2011; Malakahmad et al., 2017) also suggested
the same. In the absence of integrated gasification
installation the trash should be flared to transform
the CH, into CO, according to Chen et al. (2010).
These initiatives are expected to reduce BLS’ carbon
footprint from 180000t CO, eq to 124300t CO, eq
and TLS’ carbon footprint from 780000t CO, eq to
23000t CO, eq, resulting in a 57 - 63 % reduction in
GHG emissions. The cost of installing a gas capturing
system and its transformation techniques, on the other
hand, would have been higher than the cost incurred
for bio-mining, composting, and RDF. To reduce the
demand for non-renewable resources, the alternative
resource produced implied in waste-to-energy (WtE)
technique, namely gasification, is beneficial for
powering vehicles and machinery.

Conclusion

This investigation foregrounded the quantitative
emanated fluxes of CH, and CO, from BLS and TLS
using the static flux chamber technique alongwith the
use of respective gaseous analyzers. The CH, and
CO, mean emission fluxes evaluated in 2018 at BLS
were 1173ug/m?/hr and 1876 pug/m?/hr, respectively.
Likewise, CO, and CH, mean emanated fluxes in
2019 were 958 pug/m*hr and 1483 pg/m*hr serially at
TLS. The CH, fluxes of TLS were reportedly higher
than BLS, while the prevalence of surface CO, fluxes
of BLS was higher than TLS. Both landfill sites have
LFG fluxes higher than the threshold value of 416 ng/
m?/hr prescribed in published articles. The CE values
of TLS and BLS ranged between 44-49% and 23-33%,
respectively, which also justifies the occurrence of the
significant emanations fluxes from these two areas.
Therefore, require mitigation strategies to control the
surface emanations. This data also provide a basis to
integrate the CH, fraction either stored or oxidized in
these two sites. The LFG emissions are not a surface
phenomenon; there are various internal and external
factors like composition, age, degradable organic
carbon (DOC) and compactness of the trash layers,
temperature, humidity, etc.

The obtained results would develop an insight into the
site conditions that the concerned authorities could
utilize and the stakeholders who wanted to treat and
fetch this recoverable energy resource as an option
for reducing the carbon footprints and assisting in the
conservation of the environment and non-renewable
resources of the country.
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