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ABSTRACT

Estimation of Greenhouse Gas (GHG) emissions from various activities of municipal
wastewater treatment plant may suggest suitable action to reduce GHG emissions. Thus, in
the present study a case of Beur Municipal Wastewater Treatment Plant Unit-I (BMWTP-I)
having an installed capacity of 20,000 m3/d has been considered for the estimation of car-
bon-based on-site as well as off-site GHG emissions. The study indicates that the BMWTP-I
emits 18,038 and 7,115 kg CO2-eq/d under not-flared and flared conditions, respectively. The
off-site activity, which includes only the electricity consumption by the treatment plant, con-
tributes as minimum as 20.55% under gas not-flared condition, and as maximum as 52.11%
under gas-flared condition. Sludge digestion unit is identified as a major contributor of on-
site GHG emissions with a share of 90.28 and 59.12% under gas not-flared and gas-flared
condition. However in case of off-site emissions, only 3 out of 11 activities are responsible
for 90.76% emissions. These activities are main pumping station, aeration tank and effluent
lifting station whose individual contributions are 41.57, 34.64 and 14.55% respectively.
Lower value of total GHG emission in the term of indicators such as per unit volume of
wastewater treated, per kg BOD5 removed and per capita per day have been observed
under gas-flared condition compared to that under gas not-flared condition.

Keywords: Greenhouse Gas (GHG); Wastewater; On-site emission; Off-site emission; Global
warming; Methane; Carbon dioxide

1. Introduction

Several human activities such as consumption of
fossil fuel, rapid economic growth coupled with
industrial and agricultural development, waste man-
agement etc are responsible for increased concentra-
tion of greenhouse gases (GHG) in atmosphere. These
activities, in turn, are responsible for global warming

and progressive climate change [1]. Environmentally
hazardous GHG emissions from various activities are
now receiving considerable attention worldwide to
reduce the effect of climate change [2]. In year 2010,
48,629 MT CO2-eq GHG emissions were estimated
worldwide, out of which approximately 3% was only
from waste management related activities [3]. How-
ever in Indian scenario, GHG emissions from waste
sector were 3.32% of the net GHG emissions [4],
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which is little more than the GHG emissions world-
wide from waste management activities. GHG emis-
sions from waste sectors mainly include emissions
from municipal solid waste and wastewater originated
from industrial as well as domestic/municipal activi-
ties. Literatures show, considerable efforts have been
made to estimate GHG emissions from solid waste
[5,6]. However, studies on estimation of GHG emis-
sions from wastewater treatment plants located in
developing countries like India is scanty. The Wastew-
ater Treatment Plant (WTP) aims to remove oxygen
demanding matters, pathogenic organisms, and other
chemical contaminants present in the wastewater
before the water can be discharged into water receiv-
ing bodies or reuse and recycle purposes [7]. How-
ever, literature reveals that WTPs also emit
considerable quantity of GHG such as CO2, CH4, and
N2O into the environment [8]. In addition, GHG are
also produced due to energy consumption at treat-
ment plant, transportation of chemical for on-site
usage, degradation of remaining constituents in efflu-
ents, transportation, and treatment of sludge and other
associated activities. Thus, the wastewater treatment
systems have been considered one of the larger minor
sources of anthropogenic GHG emissions [9].

Keeping above points in view, a case of Beur
Municipal Wastewater Treatment Plant (BMWTP) has
been considered for the estimation of carbon based
GHG emissions. BMWTP is one of the municipal
wastewater treatment plants located on southern-west
part of Patna, the capital city of Bihar state, at Beur
(25˚34´30.07´´N, 85˚05´52.46´´E) under Patna Municipal

Corporation (PMC) area. BMWTP has two units hav-
ing installed capacity of 20 and 15 MLD designated as
Unit I and Unit II respectively. Unit I is based on acti-
vated sludge process (ASP) having sludge digestion
tank, sludge drying beds and gas flaring system.
However, Unit II has facility only to provide primary
treatment. Thus, Unit I has been considered as repre-
sentative treatment plants of Patna for the estimation
of GHG emissions and its flow diagram is presented
in Fig. 1.

For the estimation of GHG emissions from
wastewater treatment system, various methods have
been proposed. Several organisations such as the
Intergovernmental Panel on Climate Change (IPCC),
World Resources Institute (WRI), and the US
Environmental Protection Agency (US-EPA) have
provided general guidelines for estimation of CH4

and N2O based on per capita waste load considering
first order decay (FOD) kinetics. Bridle Consulting,
(2007) has identified five distinguished activities in
WTP where GHGs are emitted. They are bio-
treatment, sludge treatment, chemical usage, power
consumption and biogas production [10]. Monteith
et al. [11] suggested a rational procedure for estima-
tion of GHG from municipal wastewater treatment
plant. A comprehensive mathematical model was
proposed by Shahabadi et al. [12,13] that estimates
GHG emissions from a wastewater treatment plant
of food processing industries. Detailed models that
dynamically describe the behaviour of wastewater
treatment plants have been developed by Ashrafi
et al. [14].
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Fig. 1. Flow diagram of Beur Municipal Wastewater Treatment Plant Unit-I (BMWTP-I).
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The guidelines proposed by IPCC, WRI and
US-EPA provide regional inventories for GHG emis-
sions. However, the remaining methods have been
applied for well maintained and fully operational
WTP with availability of most of the required data for
estimation of GHG. The methodology applied for the
well maintained and fully operational WTP may not
be suitable because of poorly maintained, and lack of
requisite records and data for the municipal wastewa-
ter treatment plant under consideration for the present
study. In view of the above, it is necessary to consider
and develop suitable modification in the existing
methodology to suit a WTP such as the case study
sample (Beur Municipal Wastewater Treatment Plant
Unit-I “BMWTP-I”) undertaken over here.

The present study aims to estimate on-site as well
off-site carbon-based GHG emissions from the WTP
under study, which are very common in developing
and underdeveloped countries. The identification of
major contributor of GHG emissions among various
on-and off-site activities are also considered. An effort
is also made to estimate GHG emission in terms of
indicators such as “per unit volume of wastewater
treated”, “per kg of BOD5 removed” and “per capita
per day” by the BMWTP-I.

2. Methodology

The present study is emphasised on the on- and
off-site CO2 and CH4 emissions only, from BMWTP-I.
N2O estimation has not been carried out because the
system employed does not consider nitrification and
denitrification. Further, the pathway of treated efflu-
ent discharge has not been considered in the study,
though the IPCC 2006 method of GHG estimation
does not consider CO2 emission of the biogenic
origin as a part of GHGs [15]. However various liter-
atures reveal inclusion of CO2 as GHG emission from
the wastewater treatment plant as it emits during
aerobic and anaerobic biodegradation in aeration
tank (AT) of ASP and sludge digester, respectively
[16–19]. Accordingly, the present study aiming to
estimate overall carbon-based GHG emission from
BMWTP-I also considers CO2 emission as direct
GHG emission.

On-site GHG emissions are due to physical and
biological phenomena occurring in the course of
wastewater treatment process in various units of
BMWTP-I as well as sludge handling. The off-site
GHG emissions are related to consumption of electric-
ity by various electro-mechanical pumps and equip-
ments in the plant causing GHG emissions at the
place of electricity generation. The off-site GHG

emissions are also due to transportation and disposal
of dried sludge/solids. But, the present study is lim-
ited to only the electricity consumption in the plant.

The BMWTP-I consists of several units such as
main wastewater pumping station, screen chamber
(SC), grit chamber (GC), primary sedimentation tank
(PST), AT, secondary sedimentation tank (SST), pri-
mary and secondary (return/waste sludge) sludge
pumping stations, sludge digester, sludge drying beds,
gas flaring system, filtrate pump and treated effluent
lifting station.

2.1. On-site GHG emissions

For the estimation of on-site GHG emissions, the
amount of biodegradable matters generated/removed
due to physical process as well as bio-degradation has
been carried out for each unit operation and/or pro-
cess employed in BMWTP-I.

2.2. Estimation of biodegradable matters generated/removed
in various units

The units namely SC and GC are employed as pre-
liminary treatments for the removal of floating matters
(sticks, rags, plastics, papers, eggs, cells, etc), and inor-
ganic solids (pebbles, sand, silt, glass, metal etc),
respectively [20]. Materials removed by screen and GC
are directly disposed on land. Since these matters are
inorganic in nature, GHG emission is not expected.

2.2.1. Biodegradable matters from PST

The purpose of PST is to concentrate and remove
settleable/suspended inorganic/organic solids
through discrete settling without involving any bio-
chemical reaction. Thus, the possibility of on-site GHG
emission is negligible. However, the concentrated set-
tleable organic solids are the potential source of GHG
emission as it undergoes anaerobic digestion in sludge
digester. In BMWTP-I, the solids are being removed
from PST and pumped to the anaerobic digester for
further digestion and volume reduction. The PST
effluent gravitates to AT. The quantity of solids
removed by the PST is determined employing Eq. (1)
[20]:

Mpst ¼ QTSSi PTSSR (1)

where Mpst = primary sludge, kg/d; Q = wastewater
flow rate, m3/d; TSSi = influent total suspended solids,
g/m3; PTSSR = TSS removal efficiency in PST, %.
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2.2.2. Biodegradable matters from SST

ASP consists of AT where incoming organic solids
(BOD5) are contacted with return sludge to maintain
adequate biomass in the presence of oxygen and SST
in which bio-flocs settle down. It is assumed that all
bio-chemical reactions take place in AT only and SST
acts as solids separation facility unit. A portion of
incoming organic solids (BOD5) to AT gets oxidised
and remaining portion is converted to new cell or
active biomass (VSS). Therefore, the amount of organic
solids oxidised and converted to new cells is required
to be determined.

The BMWTP-I lacks in proper and reliable records
and data keeping related to plant monitoring and per-
formance. The data available for the BMWTP-I are the
design parameters and sizes of various unit operations
and processes (Table 1). AT is designed for MLSS (i.e.
X) of 2,500 mg/L and Food by Micro-organism (F/M)
ratio of 0.2. Considering the above design parameters,
a mass balance equation has been worked out for AT
with completely mixed steady state condition to know
the volume of Return Sludge (Qr). This, in turn, will
provide information regarding amount of organic
solids utilised for the said purposes. The diagram for
mass balance across ASP (AT + SST) is given in Fig. 2,
other parameters such as Y (biomass yield coefficient)
and endogenous decay coefficient (kd) have been suit-
ably taken from the literature to match the steady state
condition parameters (Table 1). The BOD5 utilised in

AT is the sum of BOD5 converted to active biomass
and BOD5 oxidised. BOD5 oxidation provides energy
to active biomass cell during log growth phase, as
well as responsible for endogenous respiration. The
TSS coming from PST to AT constitutes volatile as
well as non-volatile portion. The volatile portion is
taken care of in BOD5, which undergoes aerobic/
anaerobic process and is responsible for GHG emis-
sion. However, non-volatile portion does not exert
BOD5 and contributes no GHG emission. As a conse-
quence, it is, not considered in mass balance.

Mass balance across AT is given in Eq. (2), VSS
inflow + biomass yield = VSS outflow:

QXpst þ Qr Xr þ Y ðSpst � SesÞQ ¼ ðQ þ QrÞX (2)

where Xpst = effluent volatile suspended solids of PST,
g/m3; Qr = return sludge flow rate, m3/d; Xr = VSS
concentration in return sludge, g/m3; Y = Biomass yield
coefficient, g VSS/g BOD5; Spst = Effluent BOD5 of PST,
g/m3; Ses = Effluent soluble BOD5 of SST, g/m3;
X = Mixed liquor suspended solids in AT, g/m3.

Though the SST is designed to separate and con-
centrate the solids (active biomass), some parts of the
solids escape the system along with effluent. Further,
a portion of settled solids is returned to AT as return
sludge (Qr) to have adequate biomass to maintain
desired level of F/M ratio and remaining portion of
settled solids is removed as waste secondary sludge

Table 1
Plant parameters of BMWTP-I

Parameter Value Refs.

Wastewater flow rate (Q), m3/d 20,000 Design parameter
Influent BOD5 (Si), g/m

3 150 ,,
Influent TSS (TSSi), g/m

3 300 ,,
Effluent BOD5 Total (Se), g/m

3 30 ,,
Effluent TSS (TSSe), g/m

3 50 ,,
Food to micro-organism ratio, (F/M) 0.2 ,,
MLSS in aeration tank (X), g/m3 2,500 ,,
Return active biomass concentration (Xr), g/m

3 8,000 ,,
BOD5 removal in PST (PSR), % 30 ,,
TSS removal in PST (PTSSR), % 60 ,,
Volume of aeration tank (VAT), m

3 3,637.50 ,,
VSS/TSS in primary sludge 0.5 Suitably assumed
Effluent soluble BOD5 (SeS), g/m

3 5.75 ,,
Effluent VSS (Xe), g/m

3 25 ,,
Biomass yield (Y), (g VSS/kg BOD5 removed) 0.68 [21]
Endogenous decay coefficient (kd), d

−1 0.05 ,,
VSS/TSS in secondary sludge (SSR-VSS/SS) 0.85 ,,
VSS reduction in digester, % 50 [22]
Biogas produced per kg VSS destroyed, m3/kg VSS destroyed 0.9 ,,
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(Qw), which is pumped to sludge digester. Mass
balance of solids over the SST has been worked out
and given in Eq. (3) to determine waste secondary
sludge (Mw = Qw Xr).

ðQ þ QrÞX ¼ ðQ�QwÞXe þ Qr Xr þ Qw Xr (3)

where Qw = Flow rate of waste secondary sludge,
m3/d; Xe = VSS concentration in final effluent, g/m3;
Mw = Mass of waste secondary sludge, g/d.

2.2.3. Biodegradable matters oxidised during
endogenous respiration

Solids retention time (SRT) is determined employing
Eq. (4):

SRT ¼ ½VAT X�=½Qw Xr þ ðQ�QwÞXe� (4)

where VAT = volume of AT (m3).
The amount of biomass decayed in one day in AT

due to endogenous respiration has been determined
using Eq. (5):

Mdecay ¼ VAT kd X (5)

where Mdecay = mass of biomass decayed in AT, g/d;
kd = endogenous decay coefficient, d−1.

2.2.4. Volatile solids entering the digester

The sludge digester receives solids namely primary
sludge from PST (Mpst) as well as waste secondary
sludge from SST (Mw), which is expressed in Eq. (6):

Md ¼ Mpst þ Mw (6)

where Md = mass of solids received in digester, g/d;
Mpst = mass of solids (primary sludge) removed from
PST, g/d; Mw = mass of solids wasted (waste
secondary sludge) from SST, g/d.

The quantity of volatile solids (VS) entering the
digester per day, Md-VSS is expressed in Eq. (7):

Md�VS ¼ ðVSS/TSSÞps Mpst þ ðVSS/TSSÞws Mw (7)

where Md-VS = mass of VS entering to digester, g/d;
(VSS/TSS)ps = ratio of volatile and total suspended
solids in primary sludge; (VSS/TSS)ws = ratio of vola-
tile and total suspended solids in waste secondary
sludge.

A portion of VS gets destroyed and converted into
biogas and rest of the portion of VS remains in diges-
ter. The mass of VS destroyed per day, Md-VS d is
given in Eq. (8):

Md�VS d ¼ PVS�d Md�VS (8)

where Md-VS d = mass of VS destroyed, g/d;
PVS-d = mass fraction of VS destroyed in digester (%).

2.3. Estimation of on-site CO2 emission due to aerobic
process

In the AT, the micro-organism acts on organic mat-
ter and converts into CO2 and H2O, as well as in-situ
new cells are created and old cells get decayed in
endogenous respiration process resulting in the emis-
sion of CO2. The organic matter and biomass are rep-
resented by the chemical formula C10H19O3N and
C5H7O2N, respectively [23]. Estimation of CO2 is car-
ried out based on aforesaid biological activities and it
is described in the Eqs. (9) and (10):

2 C10H19O3N þ 25O2 ¼ 20CO2 þ 16H2O þ 2NH3

(9)

C5H7O2 N þ 5O2 ¼ 5CO2 þ 2H2O þ NH3 (10)

Eq. (9) depicts that for each kg of BOD oxidised,
1.1 kg CO2 is emitted. In case of endogenous respira-
tion (Eq. (10)), for each kg of biomass decayed 1.42 kg
O2 is required and 1.947 kg CO2 is emitted.

Keeping above in view GHG emission expressed
kg CO2-eq per day (kg CO2-eq/d) emission has been
estimated with variation of various wastewater and
operating parameters such as influent BOD5, BOD5

removal efficiency, F/M ratio, biomass in AT, SRT etc
using Microsoft Excel spread sheet.
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X, VAT
Q, Xpst , Spst

(Q + Qr), X

Qr Xr
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Fig. 2. Mass balance around AT and SST.
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2.4. Estimation of on-site CO2 and CH4 emission from
anaerobic digestion of solids

The volume of biogas produced per day, VBG is
determined employing method suggested by Monteith
et al. [11] as given in Eq. (11):

VBG ¼ BGpr Md�VS d (11)

where VBG = volume of biogas produced, m3/d;
BGpr = biogas production rate (m3 gas/kg VS
destroyed).

Biogas contains both CH4 and CO2 along with
other gases. For the determination of mass production
rate per day for each gas, Eq. (12) has been used:

Gi ¼ VFi VBG MWi P=RT (12)

where Gi = mass of gas i produced, g/d; VFi = volu-
metric fraction of gas i in biogas; MWi = molecular
weight of gas i, g/mole; P = pressure of biogas,
atm; R = gas constant (8.21 × 10−5 atm-m3/mole-K);
T = standard temperature in ˚K.

Quantification of on-site GHG emission from
sludge digester has been done with two conditions
namely non-flaring of gas and flaring of gas. The gas
flaring system consists of piping with gas burner to
flare the gas without any pre-treatment. Since the flar-
ing system is installed very close to the sludge diges-
ter and considering cent per cent burning of biogas,
no leakage has been considered.

2.4.1. Quantification of on-site GHG emissions under
non-flaring condition

This is expressed as CO2-eq and is calculated
employing Eq. (13) as given below:

GCO2�eq ¼
X

GCO2 þ GWPCH4

X
GCH4 (13)

where GCO2�eq = mass of CO2-eq produced, kg/d;
GCO2 = mass of CO2 produced, kg/d; GWPCH4 = global
warming potential of CH4; GCH4

= mass of CH4

produced, kg/d.

2.4.2. Quantification of on-site GHG emissions under
gas flaring system

The biogas generated from the anaerobic digester
consists of mainly CH4 and CO2. During the flaring of
the biogas, CH4 gets converted into CO2 and this is
represented by the following chemical equation:

CH4 þ 2O2 ¼ CO2 þ 2H2O (14)

Thus, upon flaring one kg CH4 is converted into
2.75 kg CO2. Considering cent per cent conversion of
CH4 into CO2, the total GHG emission has been
estimated employing Eq. (15):

GCO2�eq ¼
X

GCO2
þ 2:75

X
GCH4

(15)

2.5. Off-site GHG emission due to energy consumption

Off-site GHG emission has been determined by
multiplying emission factor calculated for Indian
power generation for the year 2014 and total energy
consumption for the operation of pumps and other
electro-mechanical equipments per day in the said
plant. Emission factor has been determined employing
Eq. (16) [12]:

EF ¼
X

PSi EFi (16)

where EF = emission factor for Indian power
generation; PSi = per cent share of ith mode of power
generation; EFi = emission factor for ith mode of
power generation.

3. Results and discussion

Based on aforesaid adopted methodology, the
GHG estimation from BMWTP-I employing conven-
tional ASP with anaerobic digestion and gas flaring
system has been carried out using Microsoft Office
Excel 2007. The on-site GHG emissions resulting from
biodegradation of organic matters in the AT and
sludge digester and off-site GHG emission on account
of energy consumption on the plant has been com-
puted. The effect of plant operational data on GHG
emission has also been studied. The results of the
aforesaid study are as under.

3.1. On-site GHG emissions

In BMWTP-I, the primary and waste secondary
sludge are collected and decomposed in anaerobic
environment in a suitably designed digester for
further digestion and volume reduction. Quantity of
primary sludge has been determined employing
(Eq. (1)), and it comes to 3,600 kg/d. Quantity of pri-
mary sludge is directly proportional to wastewater
flow, inlet TSS and primary clarified efficiency, how-
ever the amount of GHG emission from primary
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sludge is dependent on VSS available in the sludge.
More the VSS in the sludge more is the GHG emis-
sion potential as it undergoes biodegradation in
digester resulting in CH4 emission. The quantity of
waste secondary sludge depends on the quantity of
biomass coming from AT to the SST, quantity of bio-
mass escaping from the system with effluent and the
quantity of biomass returning to the AT as return
sludge. Quantity of waste sludge could only be
determined if quantity of return sludge is known. A
mass balance is established around AT at steady-state
condition for the given concentration of biomass in
AT at a design value of F/M ratio of 0.2 to deter-
mine the value of return sludge. As the available
plant data are not adequate for the determination of
return sludge as well as waste sludge, hence the
same along with other necessary parameters are
suitably assumed based on information available in
literature presented in Table 1. Considering above
steps, the amount of waste sludge is determined and
it comes to 852.46 kg/d. Besides these, other
estimated parameters such as efficiency, hydraulic
detention and solids retention, BOD5 removed at
various stages etc are calculated and presented in
Table 2.

Anaerobic digestion of primary and waste sludge
produces biogas, which contains GHG gases namely
CH4 and CO2 along with other gases. A total
1,136.00 m3/d biogas production is estimated, which
is the sum of 810.00 and 326.00 m3/d contributed due
to anaerobic digestion of primary and waste sludge,
respectively (Table 2). Though the quantity of waste
sludge is 23.67% of the primary sludge but its biogas
production potential is 40.26% of the primary sludge.
The biogas production potential of waste sludge is
0.38 m3 per kg sludge, whereas for primary sludge it
is only 0.23 m3 per kg sludge. Thus, the biogas pro-
duction potential of waste sludge is 1.70 times more
than that of primary sludge. The reason for greater
biogas production potential per kg of waste sludge in
comparison to that of primary sludge is due to higher
content of VSS (85%) in the waste sludge. Biogas

contains two major GHGs namely CH4 and CO2 with
volumetric fraction of 0.65 and 0.32, respectively [22].
Thus, biogas produced in the digester contributes
491 kg CH4 and 665 kg CO2 in one day operation
(Table 3). The above discussion depicts that managing
of relatively small quantity of waste sludge will result
in larger reduction in GHG emission in comparison to
that for primary sludge.

Two activities namely growth of biomass in acti-
vated growth phases and decay of cells in endogenous
phase occurs in AT. During these process only CO2 as
GHG is emitted, which can be estimated employing
Eqs. (9) and (10). Table 4 shows that the amount of
CO2 generated during growth phase and endogenous
phase are 427 and 966 kg/d, respectively. This indi-
cates that the GHG emission during endogenous
phase is more than twice that for growth phase of
aerobic process in AT. However, the sludge digestion
process contributes 90.28 and 59.12% of the total

Table 2
Estimated parameters of BMWTP-I

Parameters Value

BOD5 removal efficiency (%) 80.00
Hydraulic detention time (θ), hr 4.37
Solids retention time (SRT), d 7.35
Volume of return sludge, m3/d 10,092.98
BOD5 removed by BMWTP-I, kg/d 2,400.00
BOD5 removed by PST, kg/d 900.00
Sludge produced by PST, kg/d 3,600.00
BOD5 removed by waste secondary sludge,

kg/d
702.86

Waste sludge from SST, kg/d 852.46
BOD5 removed by endogenous respiration,

kg/d
409.16

BOD5 removed due to growth phase/provide
energy, kg/d

388.00

Biogas production due to anaerobic digestion of
primary sludge (m3/d)

810.00

Biogas production due to anaerobic digestion of
waste sludge (m3/d)

326.00

Total biogas production in digester (m3/d) 1,136.00

Table 3
Parameters pertaining to estimation of GHG in biogas from the digester

Parameter CH4 CO2 Refs.

Volumetric fraction of gas (m3) 0.65 0.32 [18]
Molecular weight of gas i (g/mol) 16 44 [15]
Gas constant (8.21 × 10−5 atm m3/mol K) 0.0000821 [11]
Pressure of biogas (atm) 1 Standard pressure and temperature
Biogas temperature (˚K) 293.15
Gi = VFi VBG MWi P/RT (kg/d) 491 665 Calculated in the present study
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on-site GHG emission under not-flaring and flaring
condition, respectively. Table 4 indicates that the total
on-site CO2 and CH4 emission are 2,058 and 491 kg/d,
respectively. Under the flaring condition the CH4 gets
converted into CO2 and H2O. Upon flaring of gas, one
kg CH4 produces 2.75 kg CO2 as described in Eq. (14).
Considering Global Warming Potential of CH4

(GWPCH4) 25 times higher than the CO2 on 100-year
period [24], the total GHG emission in terms of kg
CO2-eq per day under non-flaring and flaring condi-
tions are 14,330 and 3,408 respectively. This is due to
the fact that flaring of one kg CH4 results in the reduc-
tion in GWP from 25 CO2 units to 2.75 CO2 units as
computed from the Eq. (15).

It is evident from the Table 4 that the total GHG
emission has reduced from 14,330 kg CO2-eq per day
to 3,408 kg CO2-eq per day by flaring of gas. This
results in reduction in 76.22% GHG emission due to
flaring of the gas. It is due to the fact that anaerobic
sludge digestion emits CH4 which has GWP of 25
times higher than the CO2 [24].

Further it is observed that anaerobic sludge diges-
tion contributes major share of CO2-eq emission i.e.
90.28 and 59.12% under not-flared and flared condi-
tions and the remaining are due to the activities occur-
ring in AT. Hence, in the conventional wastewater
treatment plant with sludge digestion, the major con-
tributor of GHG emission is anaerobic activity in
sludge digestion system. The BMWTP-I has no provi-
sion for gas utilisation either for waste to energy sys-
tem or using gas as cooking gas in the nearby area.

This provision will further attribute reduction in GHG
emission from the plant. The GHG emission in terms
kg CO2-eq/m

3 wastewater treated is estimated as 0.72
and 0.17 without and with gas flaring system, respec-
tively (Table 5). Monteith et al. [11] has observed CO2-

eq produced per m3 wastewater treated in the range of
0.153–0.28 kg for conventional ASP with the provision
of gas flaring system. The GHG emission estimated in
the present study is in agreement with Monteith et al.
[11] observations.

Alternatively, the GHG emissions per kg of BOD5

removal by the plant are also estimated to 5.97 and
1.42 kg CO2-eq/kg BOD5 under the condition when
gas is not flared and gas is flared, respectively
(Table 5). Keller and Hartley [25] reported total GHG
emissions of 2.4 and 1.0 kg CO2-eq/kg COD removed
for fully aerobic and anaerobic process based wastew-
ater treatment plants, respectively. Considering COD
of municipal wastewater 2.4 times greater than BODu

and BOD5/BODu ratio of 0.68, the corresponding
value calculated to 3.68 Kg CO2eq/kg BOD5 removed.
The conversion from kg CO2-eq emission/kg COD
removed to kg CO2-eq emission/kg BOD5 removed
was carried out employing Eq. (17) suggested by Sha-
habadi et al. [12]:

ð2:4KgCO2�eq=kgCODÞ � ð2:4 kgCOD/kgBODuÞ
� ðkgBODu=0:68 kgBOD5Þ
¼ 3:68 kgCO2�eq=kgBOD5

(17)

Table 4
On-site activity wise GHG emission under biogas not-flared and flared conditions

Unit

GHG
emissions
(kg/d)

Not-flared
condition(kg/d) Flared condition (kg/d)

CO2 CH4 CO2-eq % Emissions CO2-eq % Emissions

Aeration tank Growth phase 427 – 427 2.98 427 12.53
Endogenous phase 966 – 966 6.74 966 28.35

Sludge digestion 665 491 12,937 90.28 2,015 59.12
Total 2,058 491 14,330 100.00 3,408 100

Table 5
Comparison of On-site total GHG emission under gas not-flared and flared conditions

Particulars

GHG emission

Not-flared condition Flared condition

GHG emission, kg CO2-eq per m3 per wastewater treated 0.72 0.17
GHG emission, kg CO2-eq per kg BOD5 removed 5.97 1.42
GHG emission, kg CO2-eq per capita per day 0.16 0.04
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In a similar study, the overall GHG emissions of
1,952 kg CO2-eq were reported while treating 2,000 kg
BODu in a day employing aerobic treatment process.
The corresponding value in terms of kg CO2-eq/kg
BOD5 is 1.44, which is very close to the estimated
CO2-eq emission under gas-flared condition of the pre-
sent study.

The most common practice to express GHG emis-
sions from wastewater treatment plants are either as kg
CO2-eq per m3 wastewater treated or as kg CO2-eq per
kg BOD5 removed. However, the size of cities or
municipal areas is generally expressed in terms of how
many people live in that area. Therefore, it will be bet-
ter if GHG emissions could also be linked with the pop-
ulation staying in that particular area and expressed in
kg CO2-eq/capita-day. Since the catchment area of
BMWTP-I do not have any water bearing industrial
units, hence the wastewater reaching to the plant is
only human sewage and accordingly the population
catered by the plant has been considered for computa-
tion of GHG emission in terms of per capita per day.
Owing to the fact that the BMWTP-I has installed
capacity to treat 20,000 m3 per day and wastewater
generation is 0.8 times the portable water supplied to
the city. The standard rate of portable water supply for
Indian cities is 135 L per capita per day [26]. Following
the above steps, per capita GHG emissions for Patna
municipal area comes to 0.16 and 0.04 kg CO2-eq under
gas not-flared and flared conditions, respectively
(Table 5). This indicates reduction of 75% in GHG emis-
sion by flaring the gas generated from BMWTP-I.

3.2. Off-site GHG emission

Though off-site emission from BMWTP-I is also
associated with degradation of biodegradable remains

in effluent wastewater, transportation and degradation
of digested sludge, however, in the present study,
only emissions due to electricity consumption in the
plant is considered. A total of 11 locations in the plant
are identified, where motors/pumps have been
installed (Table 6).

Total energy consumption for a single day opera-
tion is estimated to 6,460.36 kWh, which accounts for
0.33 kWh/m3 wastewater treated. The estimated
energy consumption rate for BMWTP-I is almost 65%
higher than the electricity consumption reported
(kWh/m3) by Shahabadi et al. [12], whereas Sahely
et al. [27] have observed lower electricity consumption
(0.2 kWh/m3). Wei et al. [28] have estimated
0.49 kWh/m3 of the treated wastewater from locomo-
tive repair factory in China.

The installed and operational capacities of
pumps/motors and their average operating duration
are presented in Table 6. The installed capacity espe-
cially for main pumping station and effluent lifting
station include the standby provisions. The opera-
tional capacities are maximum capacities on which
plant operates during peak period.

From Table 6, it is evident that mainly three loca-
tions namely main pumping station, AT and effluent
lifting station account for 41.57, 34.64 and 14.55%,
respectively, totalling to 90.76% of total electric energy
requirement. So there is a need to optimise the equip-
ment used for the above said activities in order to
reduce energy consumption.

The energy supplied to the BMWTP-I comes from the
national grid which is fed by several power generating
stations installed across India. All India installed capac-
ity of power generating stations as on 31 January 2015
has been taken from Central Electricity Authority Report
January 2015 [29]; and the same is presented in Table 7.

Table 6
Electricity consumption in BMWTP-I

Electricity consumption unit
Installed capacity
(HP)

Operational
capacity (kW)

Duration
(h/d)

Energy consumption
(kWh/d)

% Energy
consumption

Main pumping station 275 111.9 24 2,685.6 41.57
SC 3 2.238 24 53.712 0.83
GC 4 2.984 24 71.616 1.11
PST 1 0.746 24 17.904 0.28
AT 125 93.25 24 2,238 34.64
Sludge pump 15 0.746 4 2.984 0.05
Return sludge 22.5 11.19 4 44.76 0.69
Digester (screw pump) 60 44.76 8 358.08 5.54
Filtrate pump 10 3.73 8 29.84 0.46
Effluent lifting station 90 44.76 21 939.96 14.55
SST 1 0.746 24 17.904 0.28
Total 328.5 317.05 – 6,460.36 100.00

28258 D.P. Singh and N.S. Maurya / Desalination and Water Treatment 57 (2016) 28250–28261



Thus, in Indian scenario, mix mode of power gen-
eration exists. Power generation from thermal route
(i.e. coal-, gas- or diesel-fuelled power stations)
accounts for 60.37% of the total power generation. The
remaining power comes from nuclear (2.23%), hydro-
power (15.8%) and renewable energy resource
(12.25%). Employing above power generation scenario,
national Emission Factor (EF) for GHG emission is cal-
culated as 573.88 kg CO2-eq/MWh. Accordingly, total
GHG emission from the BMWTP-I due to power con-
sumption comes to 3,708 kg CO2-eq per day.

3.3. Total GHG emissions from BMWTP-I

Total GHG emissions from BMWTP-I could be
expressed as summation of on-site and off-site GHG
emissions and the same has been shown in Fig. 3. This
depicts that on-site GHG emissions for one day
operation of BMWTP-I are 14,330 and 3,408 kg CO2-eq

under gas not-flared and flared conditions, respec-
tively. The off-site emissions include emissions due to
power supply to the plant to operate various electro-
mechanical equipments at treatment site only. The
estimated off-site emissions for BMWTP-I is 3,708 kg
CO2-eq per day. Therefore, in the present case the total
GHG emissions would be 18,03 and 7,115 kg CO2-eq

per day under gas not-flared and flared conditions,
respectively.

The relative contributions in GHG emissions due
to on-site as well as off- site activities are presented in
Fig. 3. BMWTP-I emits 18,038 and 7,115 kg CO2-eq/d
under not-flared and flared conditions, respectively.
The on-site activities that include aerobic activities in
AT and anaerobic activities in sludge digester alto-
gether contribute 79.45 and 47.89% under not-flared
and flared conditions, respectively. It is evident from
Fig. 3, that the total GHG emission as well as percent-
age share of on-site emissions is very high in case of
gas not-flared condition in comparison to gas-flared

condition. It is due to the fact that one of the on-site
activity i.e. sludge digester emits both the gases CH4

and CO2. The GWP of CH4 is 25 times higher than
that of CO2 [24].

The GHG emission so computed as above has been
expressed in terms of per unit volume of wastewater
treated, per unit mass of BOD5 removed and per cap-
ita per day and presented in Table 8. The obtained
values are 0.90 kg CO2-eq/m

3, 7.52 kg CO2-eq/kg BOD5

and 0.20 kg CO2-eq/C-d and 0.36 kg CO2-eq/m
3,

Table 7
Estimation of emission factors of the electricity supplied to BMWTP-I

Mode Capacity (MW) % Share EF (kg/CO2-eq/MW) Emission (kg/CO2-eq) EF (kg/CO2-eq/MW)

Thermal Coal 156,190.9 60.37 877.00 136,979,411.0 573.88
Gas 22,971.25 8.88 353 8,108,851.3
Diesel 1,199.75 0.46 604 724,649

Nuclear 5,780 2.23 17.3 99,994
Hydro power 40,867.43 15.80 62.4 2,550,127.6
RESa 31,692.14 12.25 0 0
Total 258,701.5 100.00 148,463,032

Source: Central Electricity Authority Report January 2015 [24].
aRenewable energy resources.

On-site
79.45  

%

Off-site
20.55 

%

Total CO2-eq emission under gas not-
flared condition: 18038 Kg/d 

On-site
47.89 %

Off-site
52.11 %

Total CO2-eq emissions under gas flared 
condition: 7115 Kg/d

Fig. 3. Comparison of on- and off-site GHG emissions
under gas not-flared and flared conditions.

Table 8
Total on-site and off-site GHG emission under gas
not-flared and flared conditions

Total GHG emission
expressed as

GHG emissions
(kg CO2-eq)

Gas not-
flared

Gas
flared

Per Cubic metre wastewater
treated

0.90 0.36

Per kg of BOD5 removed 7.52 2.96
Per Capita per day 0.20 0.08
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2.96 kg CO2-eq/kg BOD5 and 0.08 kg CO2-eq/C-d,
respectively (Table 8).

Among the above three indicators namely GHG
emission per m3 wastewater treated, per kg BOD5

removed and per capita per day, the last indicator
could be considered great tool to predict the GHG
emission quickly from a city having similar wastewa-
ter treatment system. This is possible because survey
is conducted every decade and population projection
can be done using standard methods. In such a way,
the above indicator could be utilised for estimation of
scenario-based GHG emission over a period.

4. Conclusions

Municipal wastewater treatment plants are recog-
nised as one of the larger minor sources of GHG emis-
sions. In order to control GHG emission from the
municipal wastewater treatment plant, it is imperative
to identify the on-site as well as off-site activities,
which are major contributors of GHG emissions. In
view of the above, a case of Beur Municipal Wastewa-
ter Treatment Plant Unit I (BMWTP-I) has been con-
sidered to estimate carbon-based GHG emissions from
various on- and off-site activities. The study indicates
that one day operation of BMWTP-I is responsible for
18,038 and 7,115 kg CO2-eq emissions under not-flared
and flared conditions, respectively, out of which
3,708 kg CO2-eq per day is only due to off-site activi-
ties. Off-site GHG emissions due to degradation of
biodegradable remains in treated effluent and, trans-
portation and further degradation of digested sludge
are neglected. It is evident from the above that under
the gas not-flared condition, the on-site and off-site
activities contribute 79.45 and 20.55% of the total GHG
emission. Whereas, under gas-flared condition, the
corresponding figures are 47.89 and 52.11%,
respectively.

Two process units namely AT and sludge
digester are identified to contribute on-site GHG
emissions. Under gas not-flared condition, the contri-
bution of sludge digester is 12,937 kg CO2-eq/d,
which is 90.28% of the total on-site GHG emission
of 14,330 kg CO2-eq/d. However, under gas-flared
condition the contribution of sludge digester has
reduced to 2,015 kg CO2-eq/d, which is 59.12% of
the total GHG emission of 3,408 kg CO2-eq/d. It
clearly shows that by adopting gas flaring system,
the contribution of sludge digester is reduced con-
siderably. The GHG emission contribution of sludge
digester will be further reduced by utilising the bio-
gas for power generation or for cooking purpose.
However, for off-site GHG emissions, 3 out of 11

activities namely, main pumping station, AT and
effluent lifting station where major electro-mechani-
cal equipments are installed, contribute major por-
tion i.e. 90.76% of total off-site GHG emission of
3,708 kg CO2-eq/d. The off-site GHG emission could
be considerably reduced by installing energy efficient
electro-mechanical equipments and optimising the
plant operation.

The total GHG emissions from BMWTP-I in terms of
per unit volume of wastewater treated, per kg BOD5

removed and per capita per day are 0.90 kg CO2-eq/m
3,

7.52 kg CO2-eq/kg BOD5 and 0.20 kg CO2-eq/C-d,
respectively, under gas not-flared condition. The
corresponding figures under gas-flared conditions are
0.36 kg CO2-eq/m

3, 2.96 kg CO2-eq/kg BOD5 & 0.08 kg
CO2-eq/C-d, respectively. Among the above three
indicators, the GHG emission expressed in terms of kg
CO2-eq per capita per day could be considered as a great
tool to predict quickly GHG emission from a city
adopting the similar treatment process.
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