Journal of Environmental Chemical Engineering 12 (2024) 113115

ELSEVIER

Contents lists available at ScienceDirect
Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

Check for

Carbon footprint reduction by coupling intermittent aeration with e

submerged MBR: A pilot plant study

Paulo Marcelo Bosco Mofatto ™, Alida Cosenza®, Daniele Di Trapani®, Lan Wu ", Bing-Jie Ni ¢,

Giorgio Mannina*

2 Engineering Department, Palermo University, Viale delle Scienze, Ed. 8, Palermo 90128, Italy

Y Centre for Technology in Water and Wastewater, School of Civil and Environmental Engineering, University of Technology Sydney, NSW 2007, Australia
¢ Water Research Centre, School of Civil and Environmental Engineering, The University New South Wales, Sydney, NSW 2052, Australia

ARTICLE INFO ABSTRACT

Keywords:

Wastewater treatment

Sludge minimisation

Simultaneous nitrification and denitrification
process

Membrane bioreactor

To find a possible trade-off between effluent quality, sludge production, energy consumption and GHG emissions,
this study monitored the carbon and nutrient removal and greenhouse gas (GHG) emissions in a membrane
bioreactor (MBR) pilot plant with intermittent aeration (IA). The pilot plant was operated by alternating aerobic
and anoxic conditions inside the biological reactor. Up to 98.2 % of carbon and 76.4 % of nitrogen were
respectively remove through this MBR pilot plant with IA. The carbon footprint was equal to 2.4 kgCOz¢q m~3.

Indirect emissions contributed the most to the carbon footprint (55.3 %), mainly due to energy consumption,
despite the alterations in aeration during the pilot plant operation. The result of this study provides theoretical
guidance for building the wastewater treatment plant in a sustainable way.

1. Introduction

The key challenges in wastewater treatment are reducing energy
consumption and waste sludge. It is therefore necessary to reduce
operating costs and containing the carbon footprint (CF) derived from
wastewater treatment plants (WWTPs) [1]. The adoption of intermittent
aeration (IA) in wastewater treatment plants (WWTPs) for nitrifica-
tion/denitrification has been identified in the literature as a
cost-effective strategy [2]. IA can be adopted under several operation
modes, including batch feeding and continuous feeding. Systems such as
Sequential Batch Reactors (SBR) and biological reactors cyclically
operated under aerated and non-aerated conditions are where IA is
typically applied [3]. The application of IA in WWTPs has several ad-
vantages in improving the nitrogen removal process, lowering the NoO
emissions, and reducing operational costs by limiting energy consump-
tion [3]. In the recent decade, IA operation has been widely adopted in
units used for the secondary treatment in WWTPs, such as oxidation
ditch and SBRs [4,5]. Zhan et al. [4] found an improvement in the ni-
trogen removal process when the IA was implemented in a WWTP with
the oxidation ditch. The nitrogen effluent in the system with IA was
around 50 % lower than the system with continuous aeration. Li et al.
[5] found an improvement in nitrogen removal from 50.5 % to 72.8 %
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when IA was applied in an oxidation ditch pilot plant. A substantial
reduction of energy consumption required for aeration when intermit-
tent aeration was used has been widely reported by previous researchers
[6, 7, among others]. Zhan et al. [6] and Elkaramany et al. [7] found a
reduction of more than 60 % of the energy required for aeration in an
SBR by applying intermittent aeration. Nitrous oxide (N3O) is an
important greenhouse gas (GHG) emitted from WWTPs, since it serves as
an intermediate of both nitrification and denitrification processes, with
a global warming potential 298 times higher than that of carbon dioxide
[8]. Studies on intermittent aeration on Conventional Activated System
(CAS) have revealed that alternating aerated and non-aerated conditions
favours the reduction of N2O production. However, the achievement of
this result strongly depends on the average dissolved oxygen concen-
tration during aerobic conditions [3]. Therefore, further studies are
required to interpret the influence of aerobic/anoxic ratio on N3O
emissions.

Applying IA as a feasible strategy to improve membrane bioreactors
(MBR) performance remains debatable [3]. The energy consumption of
an MBR could account to more than 1/3 than that of CAS (i.e., 0.4 kWh
m~ and 0.67 kWh m™2 for CAS and MBR, respectively) [3,9,10].
Therefore, the adoption of membrane technology strongly increases the
energy consumption of the WWTP and accelerate the operational cost. In
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recent years, studies have been performed to reduce the energy
requirement of MBR by optimizing membrane aeration systems, such as
implementing on/off aeration cycles [11]. Lorain et al. [12] demon-
strated a reduction of 20 % in energy consumption in a full-scale MBR
operated with 10-sec-on and 30-sec-off aeration cycles. Yang et al. [13]
obtained a 50 % reduction of the aeration energy by operating aeration
cycles with 5-sec-on and 5-sec-off paradigm. Intermittent aeration in an
MBR was proved recently to be more conducive to achieve high TN
removal, low sludge production, and lower energy requirements for
aeration than continuous aeration when treating textile wastewater
[14]. Literature suggests the adoption of IA operation applied to the
membrane tank in view of reducing aeration energy demand [12-14].
However, as authors are aware the influence of IA operation of the main
biological reactor (e.g. aerobic reactor) in an MBR plant has never been
tested. The IA operation of the main biological reactor can have strong
influence on the biomass features that coupled with the specific condi-
tions of MBR (e.g. high sludge retention time) could also indirectly affect
the energy demand (e.g. influencing membrane fouling).

Previous literature mainly focused the influence of IA on energy
demand and membrane fouling. However, no study has yet been avail-
able to investigate how intermittent aeration governs the carbon foot-
print in terms of direct, indirect, and derived emissions. Therefore, the
novelty of this study is to operate an MBR pilot plant fed with real
wastewater by using an MBR-IA configuration with two reactors:
Intermittent aeration (anoxic/aerobic) and MBR.

2. Material and methods
2.1. Pilot plant configuration

The pilot plant was built at the Water Resource Recovery Facility of
Palermo University [15,16]. The pilot plant was designed to treat
20 L h™! of real wastewater produced inside the University of Palermo
Campus via MBR-IA process (Fig. 1). Briefly, the wastewater used in the
present study derived from both the University canteen and an area of
the university residence.

The pilot plant was consisted with the following units: one inter-
mittent aeration reactor (225L) with working mode of 40 minutes
aeration and 20 minutes of anoxic conditions, followed by a membrane
bioreactor (MBR) with an ultrafiltration hollow fibers membrane mod-
ule (48 L). The membrane (PURON® Triple bundle Demo Module,
nominal pore size 0.03 pm, membrane area 1.4 m?) was operated under
filtration cycles (7 min filtration and 1 min backwashing) by using
peristaltic pumps (Watson Marlow Qdos 30 Universal pumps, 30 L h .
The membrane reactor had a clean-in-place (CIP) tank for ordinary
backwashing. An oxygen depletion reactor (ODR, 53 L) was inserted in
the internal recycling line between the MBR and IA reactor, depleting

Influent
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the dissolved oxygen concentration before entering the IA reactor. It is
worth noting that the MBR compartment was continuously aerated, to
control the fouling development.

2.2. Wastewater features and operation

Table 1 summarizes the average and standard deviation (SD) pilot
plant operational conditions and the influent wastewater characteristics
in terms of nutrients. Although the plant was designed for treating
20Lh7! of wastewater, the average flow rate was lower (16.4 +
0.6 L h~1) due to the membrane fouling.

2.3. Analytical methods

Chemical oxygen demand (COD), ammonia nitrogen (NHJ-N), ni-
trate (NO3-N), nitrite (NO3-N), orthophosphate (PO33-P), total sus-
pended solid (TSS) concentrations, biological oxygen demand (BOD)
and Total Nitrogen (TN) were measured according to Standard Methods
[17], twice a week. Respirometric tests have been performed to analyse
the kinetic parameters according to the literature [18].

The intermittent aeration mixed liquor evaluated the sludge volume
index (SVI). Furthermore, extra polymeric substances (EPS) and soluble
microbial substances (SMP) both in terms of carbohydrates and proteins
(namely, EPS;,, EPS., SMP,, SMP.) have been analysed according to
Mannina et al. [19] once week in the mixed liquor contained inside the
intermittent aeration and MBR tanks.

The observed yield coefficient (Yobs) was calculated based on the
ratio between the cumulative mass of TSS produced and the cumulative
mass of COD removed [20]. TCOD;, and TCOD,,; were the concentra-
tions in the influent and effluent, respectively. Q; was the daily influent
flow rate. AX was the daily excess sludge production.

AX
Qi [ ] (TCODm _

Yobs = (gSSTgCOD ™) 6h)

TCODoy)
Dissolved and gaseous N2O concentration was measured according
Table 1

Average values of the main influent and operational features for each experi-
mental period; SD = Standard Deviation.

Parameter Symbol Units Average SD

Total COD TCOD [mg L] 1534 493.5
Soluble COD sCOD [mg L1 208 80.5
Total Nitrogen TN [mg L 32 4.8
Ammonium NH4-N [mg L] 28 2.8
Phosphate PO,-P [mg L7} 6 1.6
Flow Rate (ol [Lh™ 16 0.6

Blower

5

Blower l,

N

— Effluent

Fig. 1. Representation of the pilot plant.
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to the procedure described by Mannina et al. [21] by using a Gas
Chromatograph (GC) (Thermo Scientific™ TRACE GC) equipped with an
Electron Capture Detector (ECD). Moreover, the NoO-N was also
quantified using each reactor’s off-gas flow rate measurement. The N2,O
emission factor (EFy30) has been calculated according to Eq. 2 [22].
N20-Ng and N2O-Ng represented the nitrous oxide gaseous and dissolved
concentration, respectively. HRT was the plant hydraulic retention time.
HRT}s was the tank headspace hydraulic retention time. TN was the
influent total nitrogen concentration.

N30 — Ng/HRT}s + N,O — Ng/HRT
TN/HRT

EFn20 = (2)

Moreover, the membrane fouling was quantified by monitoring the
transmembrane pressure (TMP) (kPa) and the permeate flux (J) (m3m—?
s1) every day to calculate the total membrane resistance (RT) according
to the general form of the Darcy’s Law (Eq. 3). AP [kPa] is the TMP
variation, and p [Pa.s] is the permeate viscosity.

AP
=i

T (m™) 3)

Membrane fouling was controlled by physical and chemical clean-
ings requiring the membrane to get off from the MBR tank. According to
the manufacturer’s suggestions for modules to be used for scientific
scope, physical cleanings were done by first removing the membrane
from the tank and then manually eliminating the solids from the mem-
brane surface and flushing them with clean tap water. Chemical clean-
ings were performed by using a 4 % sodium hypochlorite (NaClO)
solution according to the manufacturer’s suggestion. In detail, chemical
cleanings were carried out to maintain the transmembrane pressure
(TMP) below 0.7 bar, the acceptable range suggested by the manufac-
turer. Specifically, in view of performing chemical cleaning the mem-
brane was submerged for 6 hours (after a physical cleaning) in a tank
containing hot (35°C) 4 % NaClO solution. 2.4 Carbon footprint
calculation

Direct, indirect, and derived emissions have been quantified to assess
the pilot plant’s carbon footprint (CF) under study. Direct emissions
(DE) have been quantified by considering the equivalent CO3 (CO2, ¢q)
due to the organic carbon oxidation (CO2orgox, Eq. 4), due to the
endogenous respiration (CO2 Endog., EG. 6) and the equivalent CO> due to
the N2O emission (COzeq, n20)- CO2,0rg0x, CO2, and Endog have been
quantified according to Boiocchi et al. [23].

(kgco, d) @

FCg is the conversion factor describing the amount of CO5 emitted
per kg of consumed O, (equal to 1.1kg COy kg™! Oy according to
Boiocchi et al. [23]), and r,; is the amount of oxygen consumed per day
calculated according to Eq. 5.

1 .
Tz = Vi Qm) (kg0,d ™) )

Where Vi, is the BODs removed [in kgBODsg d~1] calculated based on the
measured data, f equals 0.68, and Y is the cell growth rate [in kgVSS
kgBODs5 11. In this study, the average calculated Y,ps value was adopted.

Coz.Orng = FCs % Ty

COzpndog = FCpng +myss  (kgCO,d™") (6)
Where FCgpq is the conversion factor describing the amount of COy
emitted per kg of produced VSS (equal to 1.947 kg CO, kgVSS™! ac-
cording to Boiocchi et al. [23]), and mygg is the mass of VSS evaluated
based on the mass balance.

The COa¢q, n20 has been quantified based on the measured data ac-

cording to Eq. 7.

COnnmo = Qq*Cynzo * GWPys0  (€q.7) (kgco%qdfl) %)

Journal of Environmental Chemical Engineering 12 (2024) 113115

Where Qq [m®d~'] is the average gas flow, Cg, n2o [kgN20 m~3] is the
average gaseous measured NyO concentration emitted and GWPy20
[kgCO2eq kgN,0 '] is the N,O global warming potential (equal to 298
according to IPCC [24]).

Indirect emissions (IE) count the equivalent CO, due to energy
consumption (COgeqrn) (Eq. 8) and to the sludge treatment, trans-
portation and landfill disposal (COzeq siudge) (Eq. 9).

COseqn = En % FCg  (kgCOkWh™") (8)
Where E,, [kWh d '] is the total energy consumption of the water line
and FCgp, [kgCO2eq kWh™!] is the conversion factor of the energy (equal
to 0.252 kgCOzeq kWh ! according to EEA [25]).

Cozeq.sludge = Msludge * FCSludge (kgCOzeqdil> ©

Where Mgjydge [ton d~17 is the mass of wasted sludge per day and FCsjydge
[kgCO2eq ton"!] is the emission factor due to the sludge treatment,
transportation and landfill disposal (equal to 714.74 kgCOzeq ton~!
according to Zhao et al. [26]).

Finally, the derivative emissions (DerE) have been quantified as that
originated from the pollutants discharged into receiving water bodies
(Eq. 10).

DerE = COeqepmon + COneqegizo (kgCOZeqd’l) (10)

Specifically, the contribution of BOD (COgzeq.ffBop) and dissolved
N20 (COgeq,eftnz0) have been calculated according to Egs. 11 and 12,
respectively.

CO2eq.eftBop = Mpop * FCgop (kgCOZeqdfl) 11)

Where Mgop [kgBOD d™'] is the mass of discharged BOD per day and
FCpop [kgCO2eq kgBOD’l] is the conversion factor due to the BOD
discharge (equal to 0.96 kgCO2¢q kgBOD ! according to Boiocchi et al.
[23].

COseqefmzo = Qu * Cinzo * GWP2o (kgCO,d ™) 12)

Where Qy [m®d 1] is the average treated flow rate, C, n2o [kgN2O m™3]
is the average liquid measured N3O concentration discharged into the
water body, and GWPn20 [kgCO2eq ngZO’l] is the N5O global warming
potential (equal to 298 according to IPCC [24]).

3. Results and discussion
3.1. Pilot plant performance

Fig. 2 shows the nutrients concentration (TCOD, sCOD, N-NH,4, TN
and POg4- P) in influent wastewater and effluent and their removal effi-
ciency during the experimental campaign.

The average removal efficiency of TCOD was equal to 98.2 + 1.1 %
(Fig. 2a). This result is in line with the literature. In the study by Yilmaz
et al. [14] a slightly lower COD removal efficiency (84-91 %) was
noticed by using intermittent aeration of 90 min on /360 min off in an
MBR pilot plant (only MBR reactor); nevertheless, this lower result can
likely be due to the different wastewater features of textile origin. The
TCOD removal efficiency observed in the study carried out by Kim et al.
[27], higher than 95 %, was more in line with that achieved in the
present study. Regarding the SCOD removal efficiency (Fig. 2b), the
average sCOD removal efficiency was calculated based on the value of
influent and permeate and was equal to 86.0 % (+7.1). The sCOD
removal was mainly due to the solid/liquid separation by the mem-
brane. Indeed, around 59.7 % (4+19.1) of sCOD before membrane
filtration was removed due to the biological process (removal perfor-
mance between MBR and permeate). Moreover, between the 3rd and
18th days of the experimental campaign, the worsening of sCOD
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Fig. 2. Pattern of influent, effluent, and removal efficiency for total TCOD (a), sCOD (b), NH4-N (c), Total Nitrogen (d) and POy 5.P (e).

removal efficiency (between MBR and permeate) was noticed, likely due
to the higher EPS concentration in the MBR during these days. Ac-
cording to Kim et al. [28], EPS can cause operational problems, such as
the production of biofilm that causes fouling in MBRs, thus worsening
the membrane performances. The further worsening of the sCOD
removal efficiency (occurred during days 29 and 32) can be related to
the decrease of the influent sCOD concentration.

The removal efficiencies of N-NH4 and TN were 88.1 % (+8.3) and
76.4 % (+£7.8) (Fig. 2¢c & d), respectively. These results are in line with
the studies of Yilmaz et al. [14] and Kim et a. [27]who reported an
average of 74 % and 72.7 % TN removal efficiency, respectively. The
high nitrogen removal efficiency attained by Yilmaz [14] was attained in
the system without using external COD addition. However, Lim et al.
[29] noticed a TN removal performance between 35 % and 70 % using
an MBR operated at intermittent aeration (90 min on / 60 min off).
Indeed, the authors suggest that this period with anoxic conditions was
not sufficient for a complete denitrification.

The average removal efficiency of PO4- P over the experimental
period was around 31.2 % (£12.1). This value is lower than that re-
ported by other researchers who also adopted IA or MBR as a strategy to
control the pollutant removal efficiency during wastewater treatment.
For instance, Mannina et al. [30] successfully removed 37 % of PO4- P

removal via MBR-IFAS system. More than 83 % of PO4-P was removed
using an IA system [31]. Biological P removal depends on the selection
and proliferation of phosphorus-accumulating organisms (PAOs). The
survival of these organisms is controlled by the rapid substrate uptake
during anaerobic phase, which allows PAO growth under anoxic and
subsequent aerobic conditions. The slightly higher removal efficiency in
the continuous aerobic phases is attributed to the increasing phosphorus
uptake. Since the anoxic period applied herewith was lasted for 20 min
and only consisted of 1/3 of the total cycle in the reactor, the anoxic time
might not be sufficient for the growth of PAO, thus obtaining a low P-
PO, removal efficiency.

3.2. Operational parameters and sludge properties

Table 2 summarized the average and standard deviation (SD) values
of Yobs, F/M, SRT ratio and total suspended solids (TSS) of the experi-
mental campaign. In terms of sludge production, an average value of
0.12 g TSS g ~! COD for Y,ps was obtained. This value is in line with
previous MBR studies [32]. Indeed, Ferrentino et al. [33] obtained an
average value of 0.12 g TSS g ~! COD for Y,ps by using MBR systems.

During the experimental campaign, the sludge wasting was carried
out when the TSS in the intermittent aeration reactor was higher than
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Table 2
Food / Microorganism Ratio (F/M), observed biomass yield coefficient (Yqps)
and sludge retention time (SRT) for the experimental period.

Parameter Symbol  Units Average  SD
Observed yield coefficient Yobs [gTSS/gCOD] 0.12 0.06
Food / Microorganism Ratio F/M [gCOD/gTSS 0.09 0.04
d]
Sludge Retention Time SRT [d] 176.7 49.9
Total suspended solids IA TSSia [g/L] 3.65 0.45
reactor
Total suspended solids MBR TSSmer [g/L] 7.09 3.52

4 g/L. The cumulative sludge production obtained during the entire
duration of the experimental was 396 gTSS, resulting in 9.9 gTSS d .
Fig. 3 shown the SMP and EPS-specific concentrations measured during
experimental campaign in the IA reactor and the MBR. The average
specific EPS concentration during the experimental campaign was
174.29 mg g~ 'TSS (+£109) and 167.26 mg g~ TSS (+105) for IA reactor
and MBR, respectively.

3.3. Membrane fouling

The total membrane resistance (Ry) is reported in Fig. 4. Ry rapidly
increased between the 12th and 15th days of the experiment, with peak
value attained at 1.8 10'®> m~!. This result was mainly attributed to
increased TSS concentration in the MBR during this period. Thus,
considering the reducing Ry value during the 15th day of the experi-
ment, a chemical cleaning of the membrane was necessary. Bound EPSs
is another factor that can cause a higher fouling rate in an MBR system
[34]. When more cleanings were required, the specific EPS bound was
higher than 150 mg gTSS™! in both reactors.

Table 2 showed the total SRT calculated for the whole experiment
period (40 days). Although it is a very high value compared to Yilmaz
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m
Q
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Fig. 3. Specific SMP and EPS concentration in IA reactor (a) and MBR (b).
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Fig. 4. Total resistance of the membrane.

et al. [14], who investigated SRTs of 10, 20 and 30 days, this result does
not seem to have a negative influence on the membrane fouling. This
result might be probably due to the continuous aeration in the MBR.

3.4. Greenhouse gases emission

The emission factor (a), gaseous (b) and dissolved NoO-N concen-
tration (c) for each reactor were shown in Fig. 5. While the reactors
exhibited similar average concentrations of gaseous and dissolved N,O-
N, it is noteworthy that the majority of the emission factor was observed
in the IA reactor during aerobic conditions.

The whole pilot plant emission factor was, on average, equal to
1.73 % (£0.83) of the influent nitrogen, which agrees with Massara
et al. [35]. Indeed, Massara et al. [35] obtained a value of NoO emission
equal to 0.13-2.69 % of the influent nitrogen. Regarding the N2O con-
centrations, as mentioned above, all the reactors had averaged a similar
concentration: 0.18 mg NoO-N L™! (+0.06) and 0.19 NO-N L. ™! (+0.06)
for gaseous and liquid concentrations, respectively. These results are
slightly lower than those of Cosenza et al. [36], who studied the same
pilot plant at UNIPA but with two reactors (anoxic and aerobic) in place
of the intermittent aeration reactor.

Moreover, during the experimental campaign, the pilot plant emis-
sion factor was below 2 %, except for the first operation days (Fig. 6).

3.5. Heterotrophic and autotrophic biomass kinetics

Table 3 summarised the average values of the heterotrophic and
autotrophic kinetic parameters obtained during experiments. From the
observation of data reported in Table 3, it can be noticed that the het-
erotrophic biomass yield showed a lower value compared to literature
values for MBR systems characterized by continuous aeration [37]. This
result confirms the synergistic effect of membrane configuration and
intermittent aeration strategy towards reducing biomass growth ability.
The heterotrophic decay rate was significantly high, thus suggesting that
endogenous decay could promote the overall sludge reduction. Con-
cerning autotrophic species, the respirometry results revealed the sys-
tem’s excellent development of nitrification, corroborating the good
ammonium removal performance outlined above. The results were well
aligned with previous values observed in MBR processes [38].

3.6. Carbon footprint

Fig. 7 shows the total emissions divided into direct, indirect and
derivative.

Direct emissions are equal to 0.43 kg CO, m >, which aligns with the
literature. Mannina et al. [39] obtained values from 0.49 to 0.63
kgCO2¢q m 3. However, direct emissions represent 18.3 % of the carbon
footprint in this study. This result differs from Delre et al. [40], who
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suggested that direct emissions are between 44 % and 71 % of the total
GHG emissions in a WWTP. In this article, the main contribution to
direct emissions comes from CO20rg0x (equal to 0.21 kg CO» m™),
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Table 3
Summary of the main heterotrophic and autotrophic kinetic and stoichiometric
parameters as average values (in brackets the standard deviation).

Parameter Symbol Units Heterotrophic
Max. growth yield Yu [gVSS g~'coD] 0.37 (£ 0.04)
Growth on storage Ysto [gVSS g’1COD] 0.48 (+ 0.04)
Decay rate bu [d] 1.10 (+ 0.27)
Max. growth rate Hu [d1 1.12 (+ 3.72)
Max. removal rate Vi [d11 3.01 (£ 11.02)
Net growth rate py- by [d1 0.01 (+ 3.45)
Active fraction fx [%] 22.2 (+12.64)
Parameter Symbol Units Autotrophic
Max. growth yield Ya [gVSS g 'NH4-N] 0.15 (+0.03)
Decay rate ba [d11 0.15 (+0.05)
Max. growth rate Ha [d1 0.17 (£0.09)
Max. removal rate Va dM 1.17 (£0.57)
Nitrification rate Nk [mgNH, L' h™!] 4.39 (+2.03)

Direct Emissions (DE) @ Indirect Emissions (IE)
0 Derived Emissions (DerE) ® Carbon Footprint (CF)
2:5

— wn o

g
W

Total emissions [kg CO, m™3]

S

Fig. 7. Total emissions are divided into direct, indirect, and derivative.

correlated with the organic carbon oxidation in the plant. CO3, N2O
(equivalent CO3 due to the N2O emission) equals 0.18 kg CO2¢q m3,

Derived emissions represent only 26.4 % of the carbon footprint
calculated in the experimental campaign. Most of it is due to COgeq,
eftN20, €qual to 0.59 kgCOzeq m3 average discharged by the plant. As
mentioned above, liquid N2O concentrations aligned with the recent
literature, such as Cosenza et al. [36].

Indirect emissions represent 55.3 % of the calculated carbon foot-
print. This result is mainly due to the energy consumption, which equals
1.31 kg CO2¢q m 3. This value is higher with respect to the literature.
Yilmaz et al. [14] obtained values from 0.24 to 0.94 kgCO2¢q m~3. CO2¢q,
sludge (the equivalent CO2 due to the sludge treatment, transportation
and landfill disposal) was equal to 0.01 kg CO, m~3. The CO2 kn
(emissions due to energy consumption) represents the main source of
emissions in the plant equal to 1.29 kgCOzeq m~3. Most energy con-
sumption is due to mixers (in the influent tank and the IA reactor) and
the recirculation pump. The energy consumption in the MBR by itself
(0.41 kWh m~3) was in line in comparison with Cosenza et al. [36], who
obtained an energy consumption of 0.21-0.37 kWh m 3, Moreover, Xiao
et al. [41] affirmed that MBR in full-scale treatment plants is equivalent
t0 0.23 kWh m 3,

4. Conclusion

An MBR pilot plant was monitored to evaluate the removal of carbon,
nitrogen and phosphorus in the systems under intermittent aeration
conditions. The study also analysed sewage sludge production and
assessed the carbon footprint, encompassing direct, indirect, and
derived emissions, within the MBR pilot plant. Results showed excellent
removal of TCOD (98.2 %), SCOD (86.0 %), and TN (76.4 %). The total
carbon footprint of the plant was equal to 2.4 kgCOaeq m~3. Such
excellent performance then lead to low GHG production. The direct
emissions only represented 18.3 % of the total carbon footprint.
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Conversely, indirect emissions contributed the highest (55.3 %) to the
carbon footprint, mainly due to the energy consumption. Therefore, the
insertion of a mixer in the tank, where intermittent aeration is applied,
has the potential to influence energy consumption, potentially offsetting
the energy savings resulting from the alternation of aeration. It is crucial
to emphasize that the results presented here stem from pilot plant in-
vestigations, and as such, there is the possibility of variations when
compared to outcomes obtained at a full-scale level.
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