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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis Limiting the introduction of excess nitrogen to natural water sources is a growing priority for water security and
environmental health. This poses particular difficulties in urban environments where available land for potential
solutions is limited. A promising option is the integrated fixed-film activated sludge (IFAS) process that requires
only a small footprint and is capable of high total nitrogen (TN) removal through multiple pathways. In light of
the sustainable development goals set out by the United Nations, the present work has sought to compare the
sustainability of two TN removal pathways by comparing the technical, economic and environmental perfor-
mance of their optimum configurations. Through modelling, a single-stage configuration demonstrated the ca-
pacity to achieve an effluent TN concentration of 8.7 mg/L by the simultaneous nitrification denitrification
pathway when a dissolved oxygen concentration of 3.5 mg/L was provided. Addition of a post-anoxic stage at
equal volume to the aerobic stage (1:1 aerobic to anoxic ratio) to target conventional nitrification denitrification
could realise an effluent TN concentration of 4.2 mg/L when DO was increased to 4.5 mg/L, although 5.8 mg/L
of effluent TN could be achieved with only a 5:1 ratio. In terms of environmental burden and economic costs,
analysis of the system’s life-cycle under these different configurations indicated considerable asymmetry of the
two pathways during the operational phase due mainly to the increased aeration. However in spite of this, the
two conventional configurations were ultimately both shown to be more sustainable than that of the simulta-
neous pathway due to the greater TN removal capacity afforded.

Keywords:
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Environmental impact
Economic comparison

1. Introduction Where the use of high-impacting and expensive technologies are un-

avoidable under the overarching priority of technical performance,

Global urbanization is placing increasing pressure on governments to
improve urban infrastructure to protect available water resources
without compromising the sustainable development goals (SDGs) set out
by the United Nations (Zhang et al., 2019). A key threat to water security
is the ongoing introduction of excess nitrogen to natural water bodies
(Yu et al., 2019), even garnering support for its own SDG to be estab-
lished being at the route of many human and environmental health is-
sues (Sutton et al., 2021). Biological wastewater treatment has long been
established as an effective means for mitigating water-borne nitrogen
and its application continues to draw focus (Holmes et al., 2019).
However, tightening discharge standards and sprawling urban centres
are demanding greater performance from such technologies but in a
smaller space. This poses additional challenges for priorities of sus-
tainability where the most sustainable options tend to be passive and
spacious such as constructed wetlands (Molinos-Senante et al., 2014).

* Corresponding author.
E-mail address: dgp206@exeter.ac.uk (D. Pryce).

https://doi.org/10.1016/j.jclepro.2022.135619

opportunities to enhance sustainability must be fully exploited where
possible.

One technology suited to the urban environment is the integrated
fixed-film activated sludge (IFAS) process that offers strong nitrogen
removal in a relatively small footprint (Singh et al., 2015). Being char-
acterised by high quantities of functional biomass, the IFAS system af-
fords a higher throughput of wastewater when compared to more
common biological technologies such as the activated sludge (AS) pro-
cess (Rosso et al., 2011). Due to the robust nature of the biomass, the
system is highly configurable and can be modified to better treat target
pollutants in both a centralized and decentralized role. In the case of
total nitrogen (TN), the addition of an anoxic tank can better facilitate
denitrification thereby reducing effluent nitrate (NOs) for greater
overall treatment (Farazaki and Gikas, 2019). Alternatively, dissolved
oxygen (DO) levels can be reduced in the aerobic tank to encourage
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simultaneous nitrification denitrification (SND) without the need for an
additional stage. The phenomenon of SND was demonstrated in a
packaged IFAS system by Singh et al. (2016) in previous work, and was
attributed to lower oxygen penetration in the bacterial colonies
permitting the necessary anoxic zone for denitrifiers to proliferate (Cao
et al., 2017). While both configurations each have their merits, it is not
yet understood how they compare in terms of sustainability.

While multiple studies have attempted to compare the sustainability
of alternative wastewater treatment technologies (Molinos-Senante
et al., 2014; Mena-Ulecia and Hernandez, 2015; Plakas et al., 2016;
Akhoundi and Nazif, 2018; Delanka-Pedige et al., 2021), little work has
made sustainability comparisons at the configurational level. One study
by Singh et al. (2017) compared the environmental impact of the con-
struction phase of a packaged IFAS system and seven aeration strategies,
finding continuous aeration at the highest DO concentration (4.5 mg/L)
to be the most impacting in almost all impact categories. Recent work by
the authors extended this study to incorporate treatment performance
with the life-cycle costs of each aeration strategy to analyse their sus-
tainability (Pryce et al., 2022b). The results indicated a distinct trade-off
between eco-efficiency and performance across the different DO con-
centrations. This suggested that a better DO balance was to be identified
between performance and cost, such that may be afforded by the optimal
operational configuration to promote SND. In contrast, a greater treat-
ment performance is expected to be achieved by the two-stage config-
uration designed to maximize both nitrification and denitrification
processes without conflict (Farazaki and Gikas, 2019). However,
achieving this higher level of TN removal performance will necessitate
further tank construction and a higher rate of aeration that will incur
additional environmental and economic costs. After all, previous work
has indicated the two-stage process to be a less sustainable TN removal
pathway when compared to more energy-efficient process types such as
anammox (Lin et al., 2016).

The present work seeks to evaluate and compare the sustainability of
a packaged IFAS system when utilizing different TN removal strategies,
using the recently developed tri-factor sustainability index (TFSI) that is
an extension of the widely-used eco-efficiency assessment (Pryce et al.,
2022b). The TFSI assesses sustainability from the perspective of envi-
ronmental burden, system economy and technical performance (Pryce
et al., 2022b). As such, the objectives of the study are as follows:

1 - Identify the configurations of greatest TN removal performance by
way of a previously-developed process model (Pryce et al., 2022a).

2 —Evaluate the environmental impact of each configuration by way of
life-cycle impact assessment (LCIA).

3 — Evaluate the relative economic costs of each configuration by way
of life-cycle cost analysis (LCCA).

4 — Calculate and compare the TFSI scores to identify the most sus-
tainable configuration of the packaged IFAS system when targeting
enhanced TN removal.

To the best of our knowledge, no work has yet sought to identify the
most sustainable IFAS configuration for nitrogen mitigation in an urban
environment. It is hoped the findings of this study may better inform the
sustainable development of future urban wastewater management and
assist efforts to realise the water and environment-related SDGs by 2030.

2. Methodology
2.1. Goal and scope descriptions

With the aim of identifying the most efficient operational strategy for
TN removal in a single-stage configuration, the present work investi-
gated the best combination of two parameters (DO concentration and
recycle activated sludge (RAS) rate). To identify the most efficient
strategy for maximized TN removal when incorporating an anoxic tank
in the configuration, the best combination of anoxic tank volume and
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DO concentration were investigated. In both instances, only values that
did not compromise effluent limits of other key pollution parameters
such as biological oxygen demand (BOD) and total suspended solids
(TSS) were considered. Limits were set according to Indian standards
(MoEFCC, 2015), with BOD <30 mg/L and TSS <100 mg/L. The
investigated ranges and resolutions for the single-stage system (i.e.
single aerobic reactor) study were DO concentration = 0.0-6.0 mg/L (A
0.5 mg/L) and relative RAS rate = 0 — 2Q (A 0.125Q), where Q (flow
rate) = 69.6 m>/d. For the two-stage system (.i.e. aerobic reactor fol-
lowed by anoxic reactor) study these were DO concentration = 0.0-4.5
mg/L (A 0.5 mg/L) and anoxic tank volume = 0-20 m® (A 0.5 m®).

With the aim of assessing the relative life-cycle costs of each
configuration, the system boundary considered the construction and
operational phases while the functional unit was taken as 1 m® treated
wastewater. A service life of 15 years was assumed as is commonly used
for wastewater treatment structures (Vlasopoulos et al., 2006).

2.2. Study system

The study was based on a small, decentralized IFAS system that had
previously been the subject of intense trials at a sewage pumping station
in Rishikesh, India (Singh et al. 2015, 2016, 2017; Bhatia et al., 2017). In
short, an aerobic chamber was coupled only with a post-settlement tank
without pre-treatment. A portion of the settled sludge was recycled for
activation to promote growth of longer-living nitrifiers for greater TN
removal. Media was also attached in the aerobic chamber to further
encourage nitrifier proliferation as well as other functional bacteria
groups within the colonies.

As reported by Singh et al. (2015), air was delivered by a 50 m°/h
blower and 4 Aquaconsult AEROSTRIP® fine bubble membrane dif-
fusers, while the reactor contained 64 Biotextil Cleartec® media sheets
(2.7 m x 0.96 m). Fig. 1 displays each of the individual components. As
described by Singh et al. (2015), fixed operational parameters included a
hydraulic retention time (HRT) of 6.9 h and a waste activated sludge
(WAS) rate of 1.1 m®/d. Ambient and influent temperature were given as
26 °C.

For the present work, influent composition is based on actual
municipal wastewater treated by the modelled system in Rishikesh,
India (Singh et al., 2015). Model influent is presented in Table 1, while
details of the influent characterization can be found in previous work
(Pryce et al., 2022a).

In the absence of an anoxic chamber it is considered that all deni-
trification is taking place within the aeration chamber. While in reality it
can be assumed that some denitrification would be occurring in the
settlement tank (Crabtree, 1983), this is likely to be negligible as deni-
trification in the settlement tank is known to be the primary cause for
floating sludge that would adversely affect removal performance of
other pollutants such as BOD and TSS (Henze et al., 1993). This phe-
nomenon was recorded by Singh et al. (2015) during start-up of the
investigated IFAS system, but not at steady-state.

2.3. Model development

The steady-state model was developed in the GPS-X™ software
(Hydromantis, 2022) and calibrated as according to previous work
(Pryce et al., 2022a). In short, influent and effluent data was used from a
study by Singh et al. (2015) that investigated the treatment performance
of the IFAS during start-up and steady state. Operational settings such as
influent flow rate (Q) and waste activated sludge (WAS) rate were used
from the latter state (Singh et al., 2015). The model was validated on
further influent and effluent data used in a later study on the same
system investigating the influence of DO stress on its performance (Singh
et al.,, 2016). For further details regarding all aspects of the model
development, calibration and uncertainty, readers are referred to the
proceeding work (Pryce et al., 2022a).
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Fig. 1. Modelled IFAS system diagram, a. single-stage configuration and b. Two-stage configuration.

Table 1
Influent characteristics of the IFAS system used in the present study and results
of the model validation with calculated error (Pryce et al., 2022a).

Parameter Unit  Influent Effluent Model output Model
(observed) (validation) error %
pH - 7.2+ 7.2+02 7.2 -
0.2
Temperature °C 23.0 + 23.0 £ 2.0 23.0 -
2.0
System atm 1 1 1 -
pressure
Mass flow rate  m°/  69.6 69.6 69.6 -
Q d
Chemical mg/ 440.4 + 255+ 1.7 24.2 5.1
oxygen L 25.7
demand
Biological mg/ 221.6 + 10.7 £ 0.9 10.2 4.7
oxygen L 18.4
demand
Total mg/ 2629 + 15.0 £+ 3.6 15.8 5.0
suspended L 27.6
solids
Ammonia mg/ 34.5 + 0.2+ 0.2 0.2 0.0
L 9.6
Total nitrogen mg/ 45.9 + 142+ 1.3 14.9 4.7
L 11.6

2.4. TN treatment profiling

The present study sought to map the TN removal model across all
possible combinations of parameters within the investigated range. Due
to the small size of dataset in the present investigation, it was possible to
obtain values for all parameter combinations at a moderate resolution
which provided sufficient insight into the pollutant profile. It was also
necessary to understand the influence of design and operational changes

on other critical pollutants (TSS, BOD) to ensure these were not
compromised in pursuit of enhanced TN removal. Once these values for
each of the investigated pollutants were obtained from the model
output, they could then be visualised as 3D and 2D plots to identify
optimum settings.

2.5. Environmental impact assessment (EIA)

To generate environmental scores, a streamlined life cycle analysis
(LCA) was performed. An inventory was first compiled to reflect the
materials, processes and energy required for each design measure as
shown by example in Table S1 of the Supplementary material. With
regards to the impact incurred for each volume of anoxic tank consid-
ered, the stainless steel and welding required were calculated as
demonstrated in Section S2 of the supplementary material. The impact
of the anoxic stirrer itself was not considered due to the high variability
of designs between manufacturers, but energy requirement was
included. This was taken as 0.01 Kw/m> based on typical power re-
quirements ranging between 0.008 and 0.013 kW/m® (Tchobanoglus
et al., 2003). Energy consumption for several different aeration rates in
the investigated IFAS were taken from previous work (Singh et al.,
2017), and a line of regression calculated to predict the consumption at
intermediate DO concentrations (see Fig. S1 of the supplementary ma-
terial). The components of the IFAS system that were common across
configurations were not included to improve resolution of the analysis.

Once the inventory was compiled, the relative impact scores for each
measure could be generated by way of the IMPACT 2002+ method using
Simapro Analyst 9.3.0.2 LCA software coupled with the Ecoinvent 3.8
database (Jolliet et al., 2003). This method was chosen being a
comprehensive alternative and due to its capacity to produce a single
environmental score that was necessary to the present work.
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2.6. Economic assessment

To consider the economics of each measure, the relative costs were
calculated for each of the measures of the inventory per 1 m® treated
wastewater at present value. Costs were considered in an Indian context
due to India being the country of focus in earlier trials (Singh et al.,
2015, 2016, 2017). Costs were calculated at present value and did not
consider future price fluctuations or variation due to inflation or interest
rates. As such, the life cycle costs were simply calculated according to
Equation (1):

Life cycle cost,LCC ($ / m*) = Cc + Co €))

Where C¢ represents capital costs ($/m>) such as anoxic tank and mixer
costs, while Cp represents operational costs ($/m3) such as energy for
aeration and agitation. Energy costs in India were taken as $0.077/kWh
according to current databases (Global petrol prices, 2022), while the
cost of stainless steel in tank construction was taken as $3.28/kg ac-
cording to Indian suppliers (Indiamart, 2022).

2.7. Sustainability assessment

Recent work has extended the widely used eco-efficiency index (EEI)
that integrates environmental and economic costs into a single compa-
rable index (Mocholi-Arce et al., 2020), to incorporate a third factor —
technical performance of wastewater treatment (Pryce et al., 2022b). By
doing so, the productivity of an investigated strategy or system is not
compromised in sight of only greatest eco-efficiency. While a fourth
factor (social) is sometimes used within sustainability indices to account
for odours, noise, visual impact, public acceptance and complexity
(Molinos-Senante et al., 2014), these were excluded from the present
study being of little value in the configuration comparison. The tri-factor
sustainability index (TFSI) scores are calculated as according to Equa-
tion (2) (Pryce et al., 2022b):

TFSI — EnS, 1 EcS, 1 PS, 1
EnS,a| WL, |EcSpa] WI, PSpax| WI,

(2)

Where EnS, = The environmental score of strategy n, EnSyax is the
highest environmental score of all the strategies, EcS, is the economic
score of strategy n and EcSyax is the highest environmental score for this
indicator. PS,, is the overall performance score of strategy n and PSyx is
the highest performance score achieved for this indicator. Finally, WI, is
the relative weighting given to each indicator n. For the present study,
weighting was assigned as determined in a recent study that sought to
rank each of the sustainability dimensions (Agarwal and Singh, 2022).
As such the relative weightings were taken as 0.204, 0.299 and 0.56 for
the environmental, economical and technical aspects respectively.
While the index in that work also included a social aspect, this weighting
(0.057) was divided equally between the remaining indicators.

In the present work the TFSI is comprised of LCIA and LCCA scores to
represent environmental impact and economic costs, while the water
pollution index (WPI) developed by Hossain and Patra (2020) is used to
represent treatment performance. The WPI generates a water quality
score capable of integrating multiple quality parameters relative to set
limits (Hossain and Patra, 2020), however in the present work only TN is
used being the focus of this study. The WPI is calculated as according to
Equation (3) (Hossain and Patra, 2020):

Water Pollution Index, WPI ! Z 1+ <Ci _ Si) 3)
no= Si

Where n is the number of parameters being integrated, C; is the effluent

concentration of the iy parameter and S; is the effluent limit for that

parameter as designated by the CBCP in this case (MoEFCC, 2015).

Further details of the TFSI can be found in recent work (Pryce et al.,

2022b).
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3. Results and discussion
3.1. Evaluating treatment performance in a single-stage configuration

Results of the investigation into maximizing TN removal by SND
showed the lowest achievable effluent TN concentration to be 8.7 mg/L
at the optimum operational parameter settings of 3.5 mg/L DO con-
centration and a relative RAS flow rate of 1.25Q. This conformed to
Indian effluent limits for TN of <10 mg/L (MoEFCC, 2015). As indicated
in Fig. 2a, the greatest TN removal was achievable when DO concen-
trations were above 2 mg/L. These findings were succinct with earlier
modelling work by Shaw et al. (2003), who investigated a three stage
anoxic-IFAS-IFAS system. They observed high levels of SND in the two
aerobic IFAS reactors that maintained respective DO concentrations of 3
and 4 mg/L. Empirical work has also supported these findings. In a
sequencing batch biofilm reactor (SBBR), Li et al. (2007) showed a DO
concentration below 4 mg/L to be preferable for SND, while Zhang et al.
(2009) also reported the greatest SND to occur at a DO concentration
between 3 and 4 mg/L. Furthermore, the role of heterotrophic aerobic
denitrifiers in providing SND in IFAS reactors is gaining increasing focus
in recent years (Jia et al., 2020; Sriwiriyarat et al., 2021), with 3-5 mg/L
being the recommended DO concentration to maximize its efficiency (Ji
et al., 2015).

In terms of BOD removal, a positive relationship was observed with
oxygen availability which was unsurprising being an oxidative process
(Penn et al., 2009). Effluent BOD concentrations reduced more slowly
above a DO concentration of 3 mg/L as shown in Fig. 2b, suggesting this
to be a critical level for organic matter removal in the IFAS system.
While RAS rate was observed to offer little influence to BOD removal,
some influence was observed between 1.5 and 2.5 mg/L with perfor-
mance seen to improve at higher rates. This is likely to be a reflection of
the increasing carbon uptake for denitrification as NOj is being pro-
duced (Raper et al., 2019). At higher DO concentrations, less anoxic
environments will be present as oxygen penetrates further into the
colonies which will constrain further denitrification (Satoh et al., 2003;
Daigger et al., 2007). With TSS demonstrating a similar effluent profile
to BOD in Fig. 2¢, it can be concluded that neither BOD or TSS effluent
limits would be compromised at the optimum aeration and recycle rates
identified for maximum TN removal.

In terms of the RAS rate, Fig. 2a shows only little influence on TN
removal across the whole profile providing a sufficient rate is met. This
is shown more clearly in Fig. 3, where by a minimum rate of 0.9Q (90%
of influent flow rate) is required to achieve the target effluent limits,
while a minimum of 1.125Q appears to incur less variability in TN
removal. Previous work by Mu’azu et al. (2020) also found TN removal
to be only mildly influenced by increasing RAS rate, particularly at
higher DO concentrations (~5 mg/L). IFAS systems are expected to be
less affected by RAS rate than AS systems, with the majority of TN
removal known to incur in the attached colonies (Regmi et al., 2011;
Moretti et al., 2015; Phanwilai et al., 2020). What the model has shown
is that it is possible to achieve both improved performance and
cost-efficiency gains by reducing the RAS pump rate from the initial rate
of 1.6-1.75Q employed in earlier work (Singh et al., 2015).

3.2. Evaluating treatment performance in a two-stage configuration

Investigation of incorporating an anoxic tank into the configuration
to facilitate subsequent denitrification in contrast to SND revealed
greater TN removal was achievable in a two-stage configuration. The
results showed that TN removal could be maximized to achieve a min-
imum effluent concentration of 4.2 mg/L. However, realizing this level
of TN removal required the greatest oxygen availability in the aerobic
reactor and longest retention time in the anoxic zone. This would be
expected with a DO concentration of 4.5 mg/L yielding the greatest level
of nitrification and therefore the most NOj3 being delivered to the
denitrification phase (Sriwiriyarat et al., 2008). As Fig. 4a shows, TN
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Fig. 2. Influence of operational parameter settings (DO setpoint and RAS rate) on effluent parameters in the IFAS including a. effluent TN, b. effluent BOD, c. effluent

TSS. Darker shades indicate lower effluent concentration of pollutant.

9.90
1.8 9.75
9.60

1.6
9.45
1.4 9.30
25 9.15
9.00
1.0 -

.0 3.2 3.4 3.6 3.8 4.0

8.70
3

RAS rate (Q, m3/d)
Effluent TN (mg/L)

DO setpoint (mg/L)

Fig. 3. TN profile of the single-stage system under alternative operational
settings (RAS rate and DO setpoint). Only model outputs are displayed when
investigated effluent parameters (TN, BOD and TSS) do not exceed proposed
Indian effluent limits (MoEFCC, 2015), i.e. TN < 10 mg/L, BOD <30 mg/L, TSS
<100 mg/L.

removal performance largely reflected oxygen availability, however at
the higher DO setpoints the anoxic volume was found to be more
influential. Intuitively, the effluent TN concentration was starting to
increase in the absence of an anoxic tank at higher DO levels, likely due
to limited facility of denitrification coupled with rising NO3 production.
In contrast, when denitrification was facilitated by an anoxic zone,

effluent TN was substantially reduced.

The removal of organics and TSS was primarily governed by the set
DO concentration with anoxic volume having little effect as shown in
Fig. 4b and c respectively. Providing a DO concentration of at least 2
mg/L was available, sufficient settling was observed which was bene-
ficial for the removal performance of both parameters. This supports
previous work that identified 2 mg/L to be a minimum for good settling
in an AS system (Wilén and Balmer, 1999), and suggests the integration
of media has little effect on the oxygen requirement for adequate
settling. Furthermore, above this concentration the inclusion of an
anoxic tank at any volume was not seen to compromise their removal.
This was succinct with previous work that found a post-anoxic phase to
have limited influence on sludge settling properties (Alagha et al.,
2020).

When the TN profile was visualised in greater focus, it was observed
a minimum DO concentration of 3 mg/L was required to ensure Indian
standards of each investigated pollutant were met. Fig. 5 shows that in
the absence of a dedicated anoxic zone, only the highest DO setpoints
would not achieve the effluent targets in this range. The influence of
increasing anoxic volume is shown to be mostly gradual between DO
concentrations of 3-4.5 mg/L with the exception of the lower volumes at
the highest setpoint. In this case it is clear that even the addition of only
a small anoxic tank of <5 m® will yield substantial performance gains,
provoking further investigation into the minimum effective volume in
light of land limitations.

Investigation at the highest DO setpoint revealed an anoxic tank
volume of only 1 m® would be required to achieve the effluent TN limit
(<10 mg/L), however this was recognised as a lower performance than
the single-stage system at its optimum operational settings (8.7 mg/L).
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Fig. 4. Influence of design and operational values (anoxic tank volume and DO setpoint) on effluent parameters in the IFAS system including a. effluent TN, b.
effluent BOD, c. effluent TSS. Darker shades indicate lower effluent concentration of pollutant.
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Fig. 5. TN profile of the single-stage system under alternative design and
operational settings (anoxic tank volume/HRT and DO setpoint). Only model
outputs are displayed when investigated effluent parameters (TN, BOD and
TSS) do not exceed proposed Indian effluent limits, i.e. TN < 10 mg/L, BOD
<30 mg/L, TSS <100 mg/L.

More interestingly, TN removal was seen to increase disproportionately
with increasing anoxic tank volume until 4 m® as shown in Fig. 6. This
would be expected at this higher DO concentration (4.5 mg/L) where
SND is prevented in the aerobic tank due to deeper oxygen penetration
in the bacterial colonies (Cao et al., 2017; Bhattacharya and Mazumder,
2021). As a result, an accumulation of NOg is expected at the start of the
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Fig. 6. Influence of anoxic tank volume on effluent TN at the highest investi-

gated DO concentration (4.5 mg/L). Effluent concentrations are highlighted at
4 m® and 20 m® volume.
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anoxic phase (Sriwiriyarat et al., 2008). The results in Fig. 6 suggest that
under the described conditions, the majority of denitrification activity is
therefore occurring within the first 4 m® where the readily available
supply of NOs is coupled with the required electrons from the remaining
influent carbon (Raper et al., 2019). This would explain why only
gradual improvement in TN removal of 0.1 mg/L per 0.5 m® volume is
observed above 4 m>, being due to a limiting supply of NOs or organic
carbon. In fact, while a 4 m® anoxic tank would yield an effluent TN
concentration of 5.8 mg/L, increasing the volume to 20 m® would return
only a further 1.6 mg/L improvement.

While the 20 m® anoxic configuration will yield the lowest effluent
TN concentration overall, there is strong reason for the 4 m® alternative
to be favoured in development. For example, a key market for this
technology is the developers of large residential and tourist complexes
above a certain size that require decentralized onsite treatment to be
provided as mandated since 2004 (Kuttuva et al., 2018). In this market,
decision-making is likely to be guided by a combination of site limita-
tions, maximizing profits and legal obligation (Bhullar, 2013). As is
common in built-up urban centres, these developments leave little
available space surrounding the building in order to maximize the profit
margin of the development through increased height. What little space
remains will be carefully allocated, and options that minimize the
footprint required for services are likely to be favoured, both by the
developers and the residents (Gu et al., 2016). Secondly, while de-
velopers are mandated to provide onsite treatment, they are unlikely to
spend more than required for better treatment if they can still avoid any
legal repercussions with a more cost-effective alternative. This is wors-
ened by the poor enforcement of onsite and regional effluent targets
being achieved (Kuttuva et al., 2018; Reymond et al., 2020; Brei-
tenmoser et al., 2022).

3.3. Evaluating economic and environmental costs of each configuration

Comparison between the key configuration scenarios detailed in
Table 2 revealed the additional environmental and economic costs that
would be incurred to realise the enhanced TN removal. Fig. 7 shows that
in single-stage configuration when only SND is relied upon for TN
removal, a cost of $0.14/m? is incurred to meet aeration demand with an
impact score of 1.02 Pt/m°. The costs of achieving a further effluent TN
reduction of 2.9 mg/L as in Scenario 2, are $0.02/m> and 0.11 Pt/m® to
meet the greater aeration rate, the provision of agitation and additional
construction. Reducing the effluent concentration by a further 1.6 mg/L
as in Scenario 3 would incur a further $0.01/m® cost ($0.03/m® total)
but only a marginal increase in environmental burden (<0.0001 Pt/m?’).
Furthermore, due to the reduced oxygen demand and lack of need for
anoxic agitation, Scenario 1 is found to offer energy savings of 9.4%
when compared to alternative scenarios.

Consideration for the respective costs at the construction and oper-
ation life stages demonstrates significant disparity between single- and
two-stage configurations, although only marginal difference between
Scenarios 2 and 3. More prominent is the asymmetry between these life
stages attributed to the high energy consumption incurred by aeration
(Martins et al., 2019). Increasing the TN removal capacity by 2.9 mg/L
4 m? anoxic tank) and 4.5 mg/L (20 m® anoxic tank) would incur an
additional capital outlay of $1648 and $4686 respectively. In compar-
ison, a total expenditure of $38,614 will be required to supply the

Table 2
Design and operational configurations under different scenarios displayed with
relative operational energy demand.

Scenario DO setpoint (mg/ Anoxic volume Energy demand (kWh/
L) (m®) m?)

1 35 0 1.83

2 4.5 4 2.01

3 4.5 20 2.01
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Fig. 7. Environmental and economic total life-cycle performance (i.e. con-
struction and operation) of three configuration scenarios as described
in Table 2.

additional 1 mg/L of DO at current prices over the 15-year service life.
Relative disparity is also observed in terms of environmental impact
between these stages with the 4 m® and 20 m® incurring respective
scores of 1.58 Pt and 4.51 Pt during construction but an additional 256,
710 Pt during total operation.

While the two-stage configurations provoke considerable additional
expenditure in comparison to the single-stage system, the reduction in
TN being released into the environment will have its own economic
value that may offset costs, although difficult to quantify due to having
no direct market value (Molinos-Senante et al., 2010). Such value may
come from the potential for water reuse (Hagen et al., 2017),
willingness-to-pay (Paola et al., 2018), avoided environmental costs
(Hernandez-Sancho et al., 2010; Molinos-Senante et al., 2013),
resource-recovery (Foglia et al., 2021) or even the preservation of
ecosystem services (Marre et al., 2015). There is therefore good cause for
maximum TN removal to be prioritized that could see justification for
the additional costs of the most expensive and impacting configuration.

Conversely, with the increasing prevalence of energy poverty (Li
et al., 2021), the current climate may favour the most energy-efficient
solution. Energy prices are rising at unprecedented rates due to geopo-
litical instability (Nezhyva and Mysiuk, 2022), renewable uptake (Cur-
ley et al., 2022), increasing expense of fossil-fuel extraction (Kreps,
2020), and rising inflation (Modi, 2022) amongst other reasons.
Energy-efficiency has long been growing as a priority in technology
development (Mabhi et al., 2021), yet its value as a positive influence on
human health is now also gaining attention (Zhong et al., 2022). Energy
consumption is a key driver of environmental impact (Martins et al.,
2019), while aeration accounts for between 50 and 90% of the energy
consumption in a biological WWTP (Drewnowski et al., 2019). Its
reduction will yield green benefits that are becoming increasingly
attractive in the product market (Hashem, 2021). However, in the face
of severe energy price hikes, it is the economic benefits that will show
the greatest return and money is often the language that talks the loudest
in development (Di Foggia, 2018; He and Chen, 2021; Ullah et al.,
2021).

3.4. Evaluating the sustainability of each configuration

Despite Scenario 3 incurring significantly higher environmental and
economic costs compared to the energy-efficient SND configuration,
Fig. 8 indicates this to be the more sustainable alternative overall when
the TN treatment performance is incorporated. In terms of the TFSI,
Scenario 3 demonstrated the greatest sustainability with a lower score of
0.77 Pt/m3. Respectively, Scenario 2 scored 0.86 Pt/m> while Scenario 1
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Fig. 8. TFSI scores and component inputs of each of the three configuration
scenarios as described in Table 2. Lower score indicates greater overall
sustainability.

was in fact shown to be the least sustainable option scoring 0.99 Pt/m®.
These results suggest that the environmental and economic efficiency
gains that Scenario 1 affords do not provoke greater sustainability. In
contrast, the higher environmental and economic costs incurred by the
two-stage scenarios are offset by the greater environmental sensitivity of
the cleaner effluent. This is intuitive with Scenario 3 shown to remove an
extra 4.5 mg/L TN compared to Scenario 1, which amounts to a sub-
stantial 1.72 tonnes less TN being introduced to the environment over
the service life.

With TN removal performance being central to the sustainability of
each configuration, sustainability may shift under different influent
compositions. For example, the C:N ratio is known to be critical to TN
removal performance (Bueno et al., 2018). In the current model, this
ratio is relatively high at 9.3 (Bueno et al., 2018). While a higher C:N
ratio is beneficial for both TN removal strategies (Bueno et al., 2018;
Phanwilai et al., 2020), a lower C:N ratio has been shown to be less
detrimental to the SND strategy (Chai et al., 2019). This would be ex-
pected due to the limited carbon supply being available when the
denitrifying activity is occurring. In contrast, a low C:N ratio should be
more detrimental to the two-stage process with the denitrifying activ-
ities occurring after the carbon source is reduced during the proceeding
oxidation phase. Intuitively, this suggests a shift in the relative TN
removal performance of the two strategies that may then favour the
single-stage strategy when the environmental and economic gains are
also considered. However, such an investigation will also need to weigh
the environmental and economic costs of providing an external carbon
source to the anoxic zone in the two-stage configuration as a further
scenario. By doing so, TN removal performance would be expected to
improve significantly in the two-stage system (Zou et al., 2022), that
may again outweigh the additional costs incurred.

Further scenarios for investigation are also considered, relating to
partial nitrification for shortcut nitrification/denitrification (Peng and
Zhu, 2006). The benefits of this TN removal pathway have been theo-
rized as energy savings up to 60% for aeration due to lower oxygen
demand in the aerobic stage, up to 40% less electron donor requirement
in anoxic stage, up to 2 x faster denitrification of nitrite (NOy) than NOg,
lower sludge production in both stages and up to 20% less CO, emission
(Peng and Zhu, 2006). This pathway is achievable in both the
single-stage (Peng et al., 2020) and two-stage designs (Peng and Zhu,
2006), providing the operational parameters are correctly configured.
lannacone et al. (2021) suggested these settings to include a short sludge
retention time (SRT) of <5 days, DO concentration between 1 and 2
mg/L, temperature >25 °C and as well the use of intermittent aeration
(IA). However, nitrite oxide (N,O) emissions will also need to be
measured and stipulated in the environmental assessment, having been
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reported to be considerably increased during this pathway (Peng et al.,
2020).

4. Conclusion

In the present work, the sustainability of three alternative configu-
rations of a packaged IFAS system have been evaluated and compared by
use of a recently-developed tri-factor sustainability index (technical,
environmental, economical). The optimum configurations for maximum
TN removal were first identified in terms of design and operational
parameters by way of process modelling. TN removal performance for
each configuration was then assessed. The environmental and economic
costs of each configuration were assessed by way of LCIA and LCCA
respectively.

These findings have identified the packaged IFAS system to be most
sustainable when in a two-stage configuration with an additional anoxic
tank at equal volume to the aerobic tank (1:1 aerobic-anoxic ratio) and a
DO concentration maintained at 4.5 mg/L. This is due to the greater
performance of TN removal that was shown to outweigh the additional
environmental and economic costs incurred when compared to the
single-stage configuration. Furthermore, the two-stage configuration
remained the most sustainable alternative even when the anoxic tank
was reduced to 1/5th the volume of the aerobic tank (5:1 aerobic-anoxic
ratio).

In terms of performance, the results showed that the packaged IFAS
system was able to achieve Indian effluent TN limits of <10 mg/L in both
the single- and two-stage configurations without compromising the
removal of other key pollutants. As a single-stage system, the opera-
tional settings to maximize TN removal have been identified as a DO
setpoint of 3.5 mg/L and a sludge recycle rate of 87 m®/d or 125% of the
influent flow rate. Under this configuration, the system has demon-
strated an effluent TN concentration of 8.7 mg/L. As a two-stage
configuration, an effluent concentration of 4.2 mg/L was shown to be
achievable under the highest DO setpoint (4.5 mg/L) and with an equal
anoxic volume, but 5.8 mg/L when the smaller anoxic zone is provided.

Operating the system as a two-stage configuration was shown to
incur an additional $38,614 for the higher aeration and anoxic agitation
compared to the single-stage configuration with further capital costs of
$1648 and $4686 for the 4 m® and 20 m® anoxic tanks respectively. With
regards to environmental impact, the two-stage configurations provoked
an additional impact of 256,710 Pt during operation and 1.58 Pt and
4.51 Pt during construction for the small and large anoxic tanks
respectively.

It is hoped that these findings will provide a better understanding of
the IFAS system’s robust capabilities and relative sustainability to better
inform decision-making during optioneering of suitable solutions for
nitrogen removal in an urban environment. In this way, water security
and environmental health may be better preserved in the face of
continued urbanization. Further work should now seek to compare the
sustainability of these configurations under different influent loads, as
well as including configurations that target alternative TN removal
pathways such as partial nitrification.
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