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The operation of wastewater treatment plants results in direct emissions, from the biological processes, of greenhouse gases (GHG)
such as carbon dioxide (CO

2
), methane (CH

4
), and nitrous oxide (N

2
O), as well as indirect emissions resulting from energy

generation. In this study, three possible ways to reduce these emissions are discussed and analyzed: (1) minimization through
the change of operational conditions, (2) treatment of the gaseous streams, and (3) prevention by applying new configurations and
processes to remove both organic matter and pollutants. In currentWWTPs, to modify the operational conditions of existing units
reveals itself as possibly the most economical way to decrease N

2
O and CO

2
emissions without deterioration of effluent quality.

Nowadays the treatment of the gaseous streams containing the GHG seems to be a not suitable option due to the high capital costs
of systems involved to capture and clean them. The change of WWTP configuration by using microalgae or partial nitritation-
Anammox processes to remove ammonia from wastewater, instead of conventional nitrification-denitrification processes, can
significantly reduce the GHG emissions and the energy consumed. However, the area required in the case of microalgae systems
and the current lack of information about stability of partial nitritation-Anammox processes operating in the main stream of the
WWTP are factors to be considered.

1. Introduction

In the past years most efforts to improve wastewater treat-
ment plants (WWTPs) performance have been focused on
obtaining a good effluent quality [1–5]. However nowadays,
new challenges are under consideration, oriented to ensure
the sustainability of WWTPs in terms of their economic
feasibility and environmental impact. Energy consumption
and greenhouse gases (GHG) emissions are among the
aspects that have become key-factors concerning the overall
performance of the WWTPs [6, 7]. Recent studies have
identified the WWTPs as potential sources of anthropogenic
GHG emissions, contributing to climate change and air
pollution [8–10]. WWTPs produce carbon dioxide (CO

2
),

methane (CH
4
), and nitrous oxide (N

2
O) during the biolog-

ical wastewater treatment processes and CO
2
is also emitted

during the production of the energy required for the plant
operation. The CO

2
released due to the energy demand can

be directly reduced by enhancing the energy efficiency of the
WWTPs. In this way both the reduction of environmental
impacts and the decrease of treatment costs by enhancing the
energy savings can be accomplished simultaneously.

With regard to each GHG source the N
2
O emitted is

generated by nitrification and denitrification processes used
to remove nitrogenous compounds from wastewater. Its
production occurs mainly in the activated sludge units (90%)
while the remaining 10% comes from the grit and sludge
storage tanks [11]. N

2
O gas is an intermediate of biological
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Figure 1: Biological and chemical pathways of N
2
O production in the nitrification and denitrification processes.

processes such as heterotrophic denitrification and nitrifica-
tion (Figure 1). It is formed during denitrification operated
at low pH values and toxic compounds or low dissolved
oxygen (DO) concentrations are present in themedia [12–14].
Nitrifying bacteria are able to produce N

2
O under aerobic or

anoxic [15] conditions. In anoxic conditions, both ammonia-
and nitrite-oxidizing bacteria are able to produce it, while
only ammonia-oxidizing bacteria do it in aerobic conditions.
In the latter case, the production is stimulated by the presence
of low DO concentrations and presence of nitrite (NO

2

−) or
organic matter in the liquid media [12, 13]. Nitrous oxide can
be produced also from chemical reactions taking place in the
presence of hydroxylamine and nitrite [16].

In practice nitrous oxide is emitted in the WWTP
predominantly in the aerobic tank [17]. However, the con-
tribution of the anoxic and aerobic reactors to this pro-
duction remains still unclear since it can be produced in
the anoxic stage and be subsequently stripped to the gas
phase in the aerated compartment [18]. Ammonia-oxidizing
bacteria have been identified as the main N

2
O producers

while heterotrophic denitrifying bacteria contribution is only
relevant when nitrite and/or oxygen are present in the
anoxic stage [19]. According to Tallec et al. [20], under
common operational conditions, the N

2
O production occurs

mainly via denitrification by nitrifying bacteria. However
hydroxylamine oxidation pathway can be the main process
responsible for the production of N

2
O emissions at high

ammonia (NH
4

+) and lownitrite concentrations,when a high
metabolic activity of ammonia-oxidizing bacteria is present
(at 2 to 3mg O

2
/L) [19].

With regard to CH
4
emissions, Daelman et al. [21]

found out that about 1% of the incoming chemical oxygen
demand (COD) to theWWTPs was emitted as methane.This
amount exceeds the amount of carbon dioxide emission that
was avoided by utilizing the produced biogas in anaerobic
digestion. The main sources of methane detected by these
authors were related to the sludge line units where anaerobic
digestion is carried out: the primary sludge thickener, the
centrifuge, the exhaust gas of the cogeneration plant, the
buffer tank for the digested sludge, and the storage tank for
the dewatered sludge. These units contribute to around 72%
of methane emissions of the WWTPs while the remaining
emissions come from the biological reactors and can be

mainly attributed to the CH
4
dissolved in the wastewater

which is not totally removed by the biological system.
Research works of Yver Kwok et al. [22] and Oshita et al.
[23] also showed that most of the methane emissions from
WWTPs are closely related to processes involved in the sludge
line.

With respect to CO
2
its production is attributed to two

main factors: biological treatment process and electricity
consumption. In the main stream of the WWTP the organic
carbon of wastewater is either incorporated into biomass or
oxidized to CO

2
. In the sludge line, it is converted mainly

to CO
2
and CH

4
during anaerobic digestion and, finally,

methane is oxidized to CO
2
during biogas combustion.

In recent literature the emissions of GHG from the
conventional configurations ofWWTPswere determined but
the analysis of the possible alternatives to minimize these
emissions is generally not done [24–28]. On the other hand,
most of the papers studying the application of new processes
to remove pollutants from wastewaters are mainly focused
on the energy savings [29–32] and only few of them also
give an environmental evaluation [33–36]. Therefore, the
main objective of this work is to provide an overview of all
possible ways to reduce GHG emissions from WWTPs. For
that, two possible scenarios are discussed and analyzed: (1)
to maintain the present scheme of operation of the WWTP
and to modify the operational conditions (minimization) or
to implement capture and treatment units for the gaseous
streams (treatment) and (2) to change the scheme of oper-
ation and to implement new processes which produce lower
GHG emissions than the existing ones (prevention).

2. Minimization of GHG Emissions

Perhaps, the most efficient way, in terms of costs, to reduce
GHG emissions is to modify the operational conditions of
WWTPs units but this is not always possible due to the
operational limitations of the installed units. In the following
sections, some recommendations about the possible actions
to put in practice to operateWWPTs in order to reduce GHG
emissions are provided.

2.1. N
2
O Production. Data obtained from the operation of

full-scale WWTPs show a wide range of values for the
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fraction of nitrogen that is emitted as N
2
O (0–14.6% of the

nitrogen load) [12]. Such large variation can be related to
the different operational conditions imposed in the studied
WWTPs. Having this in mind decreasing the amounts of
N
2
O emitted from activated sludge processes presents a great

potential for improvement, by avoiding those operational
conditions identified as responsible for its production. Some
identified conditions are (i) low dissolved oxygen concen-
tration in the nitrification and the presence of oxygen in
denitrification stages, (ii) high nitrite concentrations in both
nitrification and denitrification stages, (iii) low COD/N ratio
in the denitrification stage, (iv) sudden shifts of pH and
dissolved oxygen and ammonia and nitrite concentrations,
and (v) transient anoxic and aerobic conditions [12, 13].

Therefore, to minimize N
2
O emissions, biological waste-

water treatment plants should be operated at high solid
retention times (SRT) to maintain low ammonia and nitrite
concentrations in the media. Furthermore large bioreactor
volumes are recommended to dispose of systems able to
buffer loadings and reduce the risk of transient oxygen
depletion. N

2
Oemissions can be also reduced if nitrous oxide

stripping by aeration is limited since microorganisms would
have more time to consume it [37].

2.2. CH
4
Production. CH

4
emissions can be minimized if

thickening sludge tanks and sludge disposal tanks are covered
to avoid gas leakages and their emissions are captured by
hoods which could be burnt with excess biogas in a torch [21].
Besides the methane produced in the plant itself, methane
also enters the plant from outside via the influent since it
contains CH

4
that has been formed in the sewer.Themethane

load was estimated as 1% of the influent COD load and is
mainly oxidized in the activated sludge tanks (80%), which
could be exploited as a means to further decrease methane
emissions from wastewater treatment [21].

2.3. CO
2
Production. Organicmatter oxidation in the biolog-

ical reactors and combustion of CH
4
are responsible for the

direct CO
2
emissions while indirect emissions are attributed

to the energy consumption of the WWTP [26]. The SRT
applied to the biological reactor is a key operational factor
that affects these emissions. The operation of the activated
sludge system at high values of SRT promotes endogenous
respiration of biomass which increases the amount of COD
oxidized to CO

2
and decreases the overall sludge production.

This decrease of sludge production implies a decrease of
the methane production and, therefore, a decrease of the
CO
2
emissions associated with its combustion [38]. Both

tendencies counteract each other and the addition value
of both quantities remains almost constant. Furthermore,
the decrease of the SRT also involves an increase of the
energy efficiency of the WWTP and, therefore, a decrease
of indirect CO

2
emissions. Therefore, CO

2
emissions should

be minimized by applying the shortest SRT value as possible
without negatively affecting the effluent quality.

The effect of SRT on the overall CO
2
emissions of a

conventional WWTP can be quantified by performing mass
and energy balances according to themethodology described
by Campos et al. [39] and using the parameters given in

Table 1: Values assigned to the parameters used to estimate CO
2

emissions.

Parameter Units Reference
CO
2
emissions from

energy consumption 0.391 kgCO
2
/kW⋅h

[40]
CO
2
emissions from

COD oxidation 0.08 kgCO
2
/kg COD∗

CO
2
emissions from

CH
4
combustion 3.5 kgCO

2
/Nm3 CH

4

∗∗

∗Estimated taking into account an elemental composition of C2.43H3.96O for
the biodegradable fractions of the COD [41]. ∗∗Calculated from stoichiom-
etry and ideal gas law.
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Figure 2: CO
2
emissions estimated for a conventional WWTP

operated at different SRT values.

Table 1.The SRT values tested ranged from 10 to 30 d in order
to guarantee a stable nitrification. Results showed that an
increase of the SRT from 10 to 30 days supposed an increase
of 7.6% of the CO

2
emissions (Figure 2).

3. Treatment

A second possible option to reduce GHG emissions from
WWTPs is to capture and treat them. An important number
of technologies are available to destroy or capture N

2
O, CH

4
,

and CO
2
from industrial gaseous streams but there is still

a need for the development of efficient low-cost abatement
technologies to treat gaseous streams from WWTPs. On the
other hand, the capital costs required to cover the different
tanks and capture GHG emissions are relatively high [47].

3.1. N
2
O Removal. Traditional technologies, such as selec-

tive catalytic reduction and selective noncatalytic reduction,
are currently used to control NOx emissions from power
plants [48–50]. However, both processes require operating
at high temperatures or using catalysts, which revert to high
installation and maintenance costs. These total costs become
prohibitive in large-scale facilities treating air flows contain-
ing low-to-moderate concentrations of NOx [51]. Recently,
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many different bioprocesses, using nitrifying and denitrifying
bacteria or microalgae, have been developed to control NOx
gas emissions. Technologies based on the denitrification
process have been successfully used to remove N

2
O with

efficiencies of 75–99% [51–53]. However, the low aqueous
solubility of this greenhouse gas limits the mass transfer rate
from the air flow to the liquid phase and, therefore, high
hydraulic retention times (HRT) are required to achieve high
N
2
O removal efficiencies. These long applied HRT result in

large bioscrubber (or biofilter) volumes, with the subsequent
increase in capital costs [53]. Another alternative is to collect
the outlet gaseous stream from the top of the nitrifying unit,
containing N

2
O, and use it as oxidizer to burn the methane

produced in the anaerobic sludge digester [54].

3.2. CH
4
Removal. Biological technologies to remove CH

4

from waste gaseous emissions, based on biofilter systems,
have been studied since the early 1990s although they are not
yet consolidated at industrial scale [55, 56]. Several biological
processes are capable of oxidizing methane into CO

2
(1mol

to 1mol) which allow reducing the total GHG emissions in
terms of CO

2
equivalents since the warming factor of CO

2

is lower than that of methane. In aerobic conditions CH
4

is oxidized by methanotrophic bacteria in the presence of
oxygen. Another option relies on the application of anaerobic
conditions and exploitation of the activity of bacteria and
archaea to oxidize CH

4
using sulfate, nitrite, nitrate, Mn+4,

or Fe+3 as electron acceptors [57]:

CH
4
+ SO
4

−2
󳨀→ HCO

3

−
+HS− +H

2
O

Δ𝐺 = −16.6 kJ/mol
(1)

3CH
4
+ 8NO

2

−
+ 8H+ 󳨀→ 3CO

2
+ 4N
2
+ 10H

2
O

Δ𝐺 = −928 kJ/mol
(2)

5CH
4
+ 8NO

3

−
+ 8H+ 󳨀→ 5CO

2
+ 4N
2
+ 14H

2
O

Δ𝐺 = −765 kJ/mol
(3)

CH
4
+ 4MnO

2
+ 7H+ 󳨀→ HCO

3

−
+ 4Mn+2 + 5H

2
O

Δ𝐺 = −556 kJ/mol
(4)

CH
4
+ 8Fe (OH)

3
+ 15H+

󳨀→ HCO
3

−
+ 8Fe+2 + 21H

2
O

Δ𝐺 = −270 kJ/mol

(5)

As in the case of the N
2
O gas, the low solubility of CH

4

implies the necessity to operate the biofilters at high residence
time values (2–30minutes) [58]. For these reasons, nowadays,
the interest has moved to remove the CH

4
directly from

the liquid phase, before it is stripped to the atmosphere. To
accomplish this removal the anaerobic methane oxidation is
coupled to a denitrification process ((2)-(3)) which uses the
methane as electron donor. In this case methane and both
nitrite and nitrate are removed from wastewater [59]. Fur-
thermore not only is the GHG removed but also the electron

donor requirements for the denitrification processes dimin-
ish, reducing the costs of potential addition of external carbon
source.

After the biological processes the methane remaining
in the exhausted gaseous stream can be submitted to a
postcombustion process [60].

3.3. CO
2
Removal. For the CO

2
gas removal extensive

research has been carried out on the study of its capture
by chemical or physical sorption and membrane separation
processes from power cycles and industrial processes [61, 62].
However, the application of these technologies is generally
associated with high capital and operating costs and the
generation of waste streams. For these reasons, nowadays the
cultivation of microalgae is being considered as an attractive
alternative for CO

2
gas sequestration. InWWTPsmicroalgae

can be used for precombustion CO
2
capture, as an economic

way for biogas purification [63], or for postcombustion CO
2

capture in order to maximize the microalgae production for
their use as biofertilizer [64] or as substrate to increase biogas
production [65].

4. Prevention

Most of the efforts to improve WWTPs performance are
being focused on economic aspects related to energy con-
sumption reduction, minimization of sludge production, and
maximization of the amount and quality of biogas generated.
To face these topics is important not only in terms of
operational costs but also in terms of environmental impacts
since it allows reducing direct and indirect GHG emissions
[9, 66, 67].

Nowadays, only around 35–45% of the energy con-
tained in the raw wastewater, as organic compounds, is
converted into CH

4
during anaerobic digestion of primary

and secondary sludge. The remaining part is wasted under
aerobic conditions due to the use of conventional nitrifica-
tion and denitrification processes to remove nitrogen and
organic matter simultaneously [68]. An alternative is to apply
autotrophic processes to remove nitrogen, such as those
based on the combination of the partial nitrification plus
Anammox processes or the use of microalgae and even the
application of biochemical processes. In thisway both organic
matter and nitrogen compounds can be removed in separated
processes as the former is not required for denitrification but
directed to the anaerobic digestion for biogas production.
Thus oxygen requirements are minimized while methane
production is maximized [69–71].

4.1. Application of Partial Nitritation and Anammox Pro-
cesses to Remove Ammonia. In principle according to the
metabolism of Anammox bacteria these are not directly
involved in the production of N

2
O [72] and, therefore, the

application of the Anammox process in the WWTPs instead
of the conventional nitrification-denitrification processes is
expected to reduce N

2
O emissions. However, in practice

during the operation of full-scale Anammox reactors treating
the reject water from sludge anaerobic digesters N

2
O emis-

sions have been detected and accounted for up to 0.6% of
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the converted nitrogen [46]. This value is much higher than
the percentages previously measured in lab-scale Anammox
enriched reactors fed with synthetic media of 0.03–0.1%
[73, 74]. For this reason the results at full scale can be
attributed to the presence of nitrifying bacteria, entering the
Anammox reactor in the stream coming from the previous
partial nitrification unit [74].

Furthermore Kampschreur et al. [46] measured also N
2
O

emissions in a partial nitritation full-scale reactor, attributed
to denitrification carried out by ammonia-oxidizing bacteria,
which corresponded to the 1.7% of the inlet nitrogen load
[18]. From the previous results, obtained from full-scale
systems, about 2.3% of the nitrogen load can be converted to
N
2
O in nitritation-Anammox systems. In these conditions a

two-stage partial nitritation-Anammox process appears as a
nonsuitable alternative to reduce N

2
O emissions in WWTPs

[66, 67].
Emitted percentages can be reduced down to 0.8–1.2% if

a one-reactor nitritation-Anammox system is used [43, 75–
77]. At full scale this configuration is the most applied one
for the treatment of reject water from the sludge line [78].
For this reason, all the latest studies of the application at the
main stream of the Anammox based processes have been
carried out in single-stage systems. However, this kind of
systems must be operated at low dissolved oxygen concen-
trations to maintain the balance between ammonia oxidation
and Anammox rates and, therefore, the achieved nitrogen
removal rates are relatively low [68]. However to operate
at low dissolved oxygen levels promotes the development
of nitrite-oxidizing bacteria and favours the oxidation of
ammonia to nitrate instead of its desired conversion to N

2

[78]. Due to this difficulty in avoiding the activity of the
nitrite-oxidizing bacteria a change of concept has occurred
and most of the research in course to implement the Anam-
mox process at the main stream is focused on the two-stage
reactor configuration. In this way operational strategies to
avoid the development of nitrite-oxidizing bacteria, without
affecting the Anammox bacteria, can be evaluated [68].
This might imply that the emissions of N

2
O would hamper

the practical application of the partial nitritation-Anammox
process, from the energy-saving and cost-effective point of
view. Nevertheless, since the total amount of N

2
O emission

from the partial nitrification unit is correlated to the nitrite
concentration present, N

2
O emissions about 0.1% of the

inlet nitrogen load are expected considering a nitritation
unit operated for the treatment of the main stream (20–
25mg NO

2

−-N/L) [44]. Until now data of N
2
O emissions

from Anammox systems in operation in the main stream
conditions are not available in the literature, although if the
entrance of nitrifying bacteria inside the Anammox system is
minimized the expected emissions would be limited to 0.1%
of the inlet nitrogen load and mainly due to the presence of
heterotrophic denitrifying bacteria [45, 79]. This means that
the partial nitritation-Anammox system treating the main
stream would emit in total around 0.2% of the inlet nitrogen
load as N

2
O.

Taking into account the fact that WWTPs with nitrogen
removal carried out by nitrification-denitrification processes
have a median emission factor of 0.01 kg N

2
O-N/kg Ninfluent

[42], meaning that 0.6% of the inlet nitrogen is converted
into N

2
O, the application of partial nitritation-Anammox

processes in both sludge line (20% of the total nitrogen load
with a conversion of 0.8% into N

2
O) and main stream (80%

of the total nitrogen loadwith a conversion of 0.2% intoN
2
O)

will signify an important decrease of the N
2
O emissions.

4.2. CANDO Process. Recently, Scherson et al. [54] intro-
duced a new N removal process called CANDO (Coupled
Aerobic-anoxic Nitrous Decomposition Operation) which
involves three steps: (1) biological conversion of NH

4

+ to
NO
2

−; (2) biological or chemical partial anoxic reduction of
NO
2

− to N
2
O; and (3) N

2
O conversion to N

2
with energy

recovery.
Then from steps (1) and (2) ammonia is converted to

N
2
O, which is used in step (3) as a cooxidant for CH

4

combustion or decomposed over a metal oxide catalyst to
recover energy.The end product of the reaction is the N

2
.The

innovation consists of utilizing N
2
O as a renewable energy

source and reducing the requirements of organic matter
which is consumed during denitrification. Combustion of
CH
4
with N

2
O releases roughly 30% more heat than using

O
2
((6) and (7)) and mitigates the release of N

2
O to the

atmosphere:

CH
4
+ 4N
2
O 󳨀→ CO

2
+ 2H
2
O + 4N

2

Δ𝐻 = 1219 kJ/mol CH
4

(6)

CH
4
+ 2O
2
󳨀→ CO

2
+ 2H
2
O

Δ𝐻 = 890 kJ/mol CH
4

(7)

Steps (1) and (3) of the CANDO process have been already
applied at full scale while step (2) is still under study [54,
71, 80]. In these research works, two ways of producing
nitrous oxide from nitrite are proposed: (1) abiotic reduction
by Fe(II) with conversions over 90% and (2) partial het-
erotrophic denitrification (62% of NO

2

− converted to N
2
O).

4.3. Application of Microalgae. One of the main operat-
ing costs of conventional activated sludge systems, where
nitrogen removal takes place, is associated with the large
aeration requirements. Alternative systems like those based
on microalgae are being considered as potential substi-
tutes. In these systems nitrogen is removed via assimila-
tion for biomass growth without oxygen consumption (8)
[81], decreasing energy requirements. Moreover, a low N

2
O

production is expected (0.005% kg N
2
O-N/kg Napplied) if

microalgae are used to remove nitrogen [82]

106CO
2
+ 236H

2
O + 16NH

4

+
+HPO

4

−2
+ light

󳨀→ C
106

H
181

O
45
N
16
P + 118O

2
+ 171H

2
O + 14H+

(8)

When microalgae are applied for wastewater treatment culti-
vation the process is generally carried out in open raceway
ponds, since the capital costs of these systems are lower
than those of photobioreactors [83]. These microalgae ponds
occupy large land areas which limits their use to rural areas.
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bacteria and microalgae.

Another disadvantage of the microalgae application relies
on the poor settling properties of the microalgae, which
implies the use of coagulants and flocculants for separation
from the treated wastewater [84]. For this reason, a novel
approach consisting in the use of algal-bacterial cocultures
has received significant attention in recent years as well. In
this way the bacterial population would profit from the O

2

produced by algae reducing the aeration requirements of
treatment processes and at the same time greenhouse gas
emissions aremitigated by theCO

2
consumption during algal

photosynthesis (Figure 3). According to (8), microalgae pro-
duce 17 kgO

2
/kgNremoved.Then, for typical urbanwastewater,

the amount of oxygen produced by microalgae would be
higher than the O

2
amount needed to remove organic matter

by the activity of the heterotrophic biomass [85]. Therefore,
both organic matter and nitrogen could be simultaneously
removed in an open raceway pond without oxygen external
supply. In addition, challenges associated with the high
energy requirements for algal biomass harvesting might be
overcome by means of the better settleability properties of
the algal-bacterial coculture. Su et al. [86] demonstrated that
an algal-bacterial coculture is able not only to achieve high
COD and nutrient removal efficiencies but also to settle
completely over 20 minutes. They also argued that the shares
of algae and sludge inoculated in the pond have an influence
on the nutrient removal efficiency and settleability, and they
identify the ratio value of 1 : 5 (algae/sludge by weight) as that
providing the biomass with the best settleability.

5. Case Studies

In order to quantify the potential reduction of GHG emis-
sions due to the implementation of new processes inWWTPs
(prevention strategy), five different configurations were eval-
uated for comparison purposes.

Case A. A conventional activated sludge system was used as a
base case, performing the nitrification-denitrification process
to remove both organic matter and nitrogen (Figure 4).
The operational conditions of this system were SRT of 15 d,
hydraulic retention time (HRT) of 12 h, internal recycle ratio
of 3, external recycle ratio of 1, and aerobic volume percentage
of 45%. In the primary settler, a particulate COD removal
efficiency of 45% was assumed. Primary and secondary

sludge are treated in an anaerobic digester (SRT: 30 d) in order
to produce biogas, used in a cogeneration unit, and reduce
the amount of sludge generated.The following cases take this
one as a base case and only the descriptions of modifications
applied to this configuration are included.

Case B. The activated sludge system was substituted by an
aerobic reactor operated at a SRT of 2 d, to remove organic
matter and to maximize the sludge generation, in order to
increasemethane production, followed by a partial nitritation
and anAnammox reactor to remove nitrogen. In this case, the
primary settler is intended for removing all the particulate
COD to promote the anaerobic route of organic matter.
Nitrogen is treated from the return sludge stream by a 1-stage
partial nitritation-Anammox reactor.

Case C. A CANDO system comprising a partial nitrification
and a partial denitrifying reactor is implemented in the sludge
line. In this case, organic matter separated in the primary
sludge is increased 20% since the nitrogen load applied to the
activated sludge system is decreased in the same percentage.
In the sludge line, an acidogenic reactor is used to provide
organic matter to the partial denitrifying reactor. Produced
N
2
O is used, instead of O

2
, to burn methane.

Case D. The activated sludge system was substituted by an
aerobic reactor operated at a SRT of 2 d, to remove organic
matter, followed by a high rate microalgae pond, operated at
a HRT of 6 days, to remove nitrogen.

Case E. A high ratemicroalgae pond (SRT andHRTof 6 days)
where the microalgae remove the nitrogen and provide the
oxygen required for the heterotrophic bacteria to oxidize the
organic matter was evaluated in substitution of the activated
sludge system.

Mass and energy balances were performed by using Excel
spreadsheets according to the methodology described in
Campos et al. [39]. Finally, the emissions of CO

2
, CH
4
,

and N
2
O were estimated considering the results obtained

from the mass balances and the parameters given in Tables
1 and 2. From these values the global GHG emissions of
each configuration expressed as kg CO

2
/m3 of wastewater

treated were calculated taking into account the greenhouse
gas production impact factors of 21 and 310 for CH

4
andN

2
O,

respectively.
Results obtained from the calculations indicate that

systems using microalgae to remove nitrogen are the most
suitable systems to reduce GHG emissions during wastewater
treatment (Figure 5). This fact is mainly due to the high
amount of CO

2
captured by the microalgae together with the

contribution of three other factors: (1) the improvement of
theWWTP energy efficiency: in CaseD, since the application
of microalgae to remove nitrogen does not require the
presence of organic matter, most of it can be converted into
methane while, in Case E, oxygen generated by microalgae
allows an important energy saving in terms of aeration; (2)
the very low emissions of N

2
O observed in the high rate

microalgae ponds; and (3) the additional biogas production
due to the anaerobic digestion of the generated microalgae.
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Figure 4: Continued.
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Figure 4: Layout of the five WWTPs configurations evaluated in terms of GHG emissions.

Table 2: Values assigned to the parameters used to estimate GHG emissions for the case studies.

Parameter Units Reference
CH
4
emissions from leakages 0.85% of COD treated + 1.3% of CH

4
burnt∗ [21]

N
2
O emissions from nitrification-denitrification

units 0.5% of the nitrogen treated [42]

N
2
O emissions from 1-stage partial

nitritation-Anammox reactors (sludge line) 0.8% of the nitrogen treated [43]

N
2
O emissions from PN reactor (main stream) 0.1% of the nitrogen treated [44]

N
2
O emissions from Anammox reactor (main

stream) 0.1% of the nitrogen treated [45]

N
2
O emissions from CANDO process 3.4% of the nitrogen treated + 1.3% of N

2
O burnt∗∗ [21, 46]

∗Taking into account the fact that CH4 leakage from the cogeneration engine is 15% of the CH4 emissions. ∗∗Taking into account the fact that all the ammonia
present in the wastewater is converted into nitrite in the partial nitrification reactor and supposing a leakage of the N2O from the cogeneration engine similar
to that of the CH4.
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wastewater treated) of different WWTPs configurations.

When the partial nitritation and Anammox processes are
used to remove ammonia, instead of conventional nitri-
fication and denitrification processes, the WWTP energy
efficiency is also improved which also causes a decrease of
GHG emissions. However this decrease is considerably lower
than that obtained by microalgae systems.

The WWTP configuration based on the application of
the CANDO process (Case C) has associated GHG emissions
higher than those of the conventional system. This can be
attributed to the increase of N

2
O emissions due to the

implementation of a partial nitrification reactor in the sludge
line and the leakage of nitrous oxide expected in the exhaust
gas. On the other hand, in this process organic matter is used
to denitrify nitrite intoN

2
O, decreasingmethane production,

while N
2
O generated can be used to oxidize only around 8%

ofmethane.Those factors limit the energy efficiency improve-
ment achieved by the application of CANDO process.

Nowadays, there are several technologies already impl-
emented at full scale to perform partial nitrification-Ana-
mmox processes in the sludge line [87, 88]. However, in
spite of the recent advances, their implementation at the
main stream is still a challenge due to the strict control of
operational conditions needed to maintain the stability of
the partial nitrification process [89]. The use of microalgae
systems to remove nitrogen from domestic wastewater is a
feasible option when enough land is available since this kind
of systems would require about ten times the area necessary
for activated sludge systems [90]. The CANDO process can
be used to improve energy efficiency of WWTPs but can
only be applied to the sludge line. Moreover, the need of the
development of a reliable technology for its implementation
at full scale and its negative environmental impact make it
not as attractive as the partial nitrification-Anammox and
microalgae systems.

6. Conclusions

Minimization. N
2
O and CO

2
emissions can be decreased by

a good control of the operational conditions of the activated
sludge system. CH

4
emissions can be minimized if emissions

from the different units of the sludge line are captured by
hoods and burnt together with the biogas generated in the
sludge anaerobic digester. N

2
O emissions will dependmainly

on the operational conditions (NO
2

− and O
2
concentrations)

of the reactor systems.

Treatment. Nowadays most of the technologies available
to remove GHG are expensive or even not suitable to be
applied to gaseous streams of theWWTPs. Biological systems
treatment has low operating costs but their capital costs are
high due to their size. The correct selection of the process to
be installed in the plant will provide the best results as it is
the case of the partial nitritation-Anammox process which is
feasible in two units applied in the main stream of the plant
but not for the treatment of the sludge line.

Prevention. The configuration of the next generation of
WWTPs shouldmaximize the anaerobic pathway for organic
matter removal and the use of microalgae, if enough area
is available, or partial nitritation-Anammox processes to
remove ammonia.
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