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Abstract

The retrofitting of wastewater treatment plants (WWTPs) should be addressed
under sustainability criteria. It is well known that there are two elements that most
penalize wastewater treatment: (i) energy requirements and (ii) sludge management.
New technologies should reduce both of these drawbacks to address technical

efficiency, carbon neutrality and reduced economic costs.

In this context, the main objective of this work was to evaluate two real plants
of different size in which major modifications were considered: enhanced recovery of
organic matter (OM) in the primary treatment and partial-anammox nitrification
process in the secondary treatment. Plant-wide modelling provided an estimate of the
input and output flows of each process unit as well as the diagnosis of the main
performance indicators, which served as a basis for the calculation of environmental

and economic indicators using the LCA methodology.

The combination of high-rate activated sludge (HRAS) + partial nitrification
Anammox can decrease the environmental impacts by about 70% in the climate
change (CC) category and 50% in the eutrophication potential (EP) category. Moreover,
costs can be reduced by 35-45% depending on the size of the plant. In addition, the
enhanced rotating belt filter (ERBF) can also improve the environmental profile, but to
a lesser extent than the previous scenario, only up to 10% for CC and 15% for EP. These
positive results are only possible considering the production of energy through biogas

valorization according to the waste-to-energy scheme.



1 Keywords: high rate activated sludge (HRAS), enhanced rotating belt filter (ERBF)
2  integrated fixed film activated sludge (IFAS), life cycle assessment (LCA), scale-up

3 analysis, wastewater treatment modelling.



Nomenclature

AD
AS
cC
CHP
COoD
EP
ERBF
EROI
FD
FET
FU
GHG
HRAS
HT
IFAS
LCA
LCI
LCIA
MET

NEB

oD

oM

PC

PMF
PN-AMX
TA

TET
UASB
WD
WWTPs

Anaerobic Digestion
Activated Sludge

Climate Change

Combined Heat and Power
Chemical Oxygen Demand
Eutrophication Potential
Enhanced Rotating Belt Filter
Energy return on investment
Fossil Depletion

Freshwater EcoToxicity
Functional Unit

Greenhouse Gas

High Rate Activated Sludge

Human Toxicity

Integrated Fixed Film Activated Sludge

Life Cycle Assessment
Life Cycle Inventory
Life Cycle Impact Assessment

Marine EcoToxicity
Net Environmental Benefit

Ozone Depletion

Organic Matter

Primary Clarifier

Particulate Matter Formation
Partial Nitritation-AnaMmoX
Terrestrial Acidification
Terrestrial EcoToxicity

Upflow Anaerobic Sludge Blanket
Water Depletion

WasteWater Treatment Plants
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1. Introduction

Traditionally, wastewater treatment plants (WWTPs) have been considered as end-
of-line elements. Their main objective was to discharge a treated effluent into the
aquatic environment and avoid problems related to eutrophication and ecotoxicity
(Cieslik and Konieczka, 2017). In this context, conventional nitrification-denitrification
has been applied to remove nutrients, mainly nitrogenous compounds, through the
oxidation of organic matter (OM) provided that a suitable C/N ratio between 5 and 20
is maintained in the influent (Wu et al., 2009). In last years, increasingly strict
environmental regulations introduce other aspects to be taken into account such as
the removal of organic micro-pollutants, gas emissions and the efficient management
of sludge, which is generally considered as an environmental and economic burden
(Kamali et al., 2019). The conventional nitrification-denitrification consumes a greater
amount of energy in aeration to convert ammoniacal nitrogen into nitrite and its
subsequent oxidation into nitrate (Gude, 2015). The electricity demand of these
conventional technologies can vary from 0.3 kWh/m® to 0.6 kWh/m? (Wan et al.,
2016). In addition, if it is necessary to add an external source of OM, the operational

costs can increase considerably (Morales et al., 2015).

With the main objective of improving the removal of nutrients, new processes and
technologies have recently been exploited. One of the most important is the
autotrophic nitrogen removal (Anammox) process, which is characterized by lower
temperature, between 10-20 °C (Tao et al.,, 2014), low carbon-to-nitrogen ratio
(Lackner et al., 2014) and a low sludge production (Pedrouso et al., 2018). Different

alternatives such as SHARON-Anammox (Single-reactor High Actively ammonia
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Removal Over Nitrate) (Kampschreur et al., 2008), CANON (Complete Autotrophic
Nitrogen-removal Over Nitrate) (Vazquez-Padin et al., 2010) or IFAS (Integrated Fixed
Film Activated Sludge) (Malovanyy et al., 2015) have been considered. However, this
new process cannot work with a high percentage of solids or COD (Lackner et al.,
2014). It is for this reason that the highest possible OM fraction should be recovered in
the primary treatment, as a preliminary stage of the partial nitrification-Anammox
process. For this purpose, enhanced rotating belt filters (ERBFs) or high rate activated
sludge (HRAS) (Jimenez et al., 2015; Ruiken et al., 2013) and other more conventional
technologies such as upflow anaerobic sludge blanket (UASB) (Kujawa-Roeleveld et al.,

2006) could be implemented.

In this regard, innovative wastewater treatment schemes have been proposed
to address more complex challenges. These modifications range from retrofitting
stages, encompassing novel units in conventional processes, to substantial
modifications of the WWTP configurations (Grobelak et al., 2019; Rajasekhar et al.,
2020). However, it is difficult to assess how these new technologies (many of them still
at a pilot level) work in a real facility. Therefore, it is necessary to use tools to model,
optimize and select the most appropriate plant layout for each particular scenario. It is
not possible to undertake the construction of new facilities unless the previous techno-

economic and environmental studies have been rigorously conducted.

In this context, a plant-wide modelling and simulation study of the different
innovative configurations may provide additional insight on the compatibility of the
above discussed technologies. Several plant-wide studies have been conducted to

evaluate treatment schemes, technology retrofitting or control strategies (Flores-
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Alsina et al., 2008; Gernaey et al., 2014). In addition, modelling studies of innovative
technologies have been conducted to evaluate their implementation in conventional
plants (Behera et al., 2019; Boiocchi et al., 2019; Wang et al., 2017). Many of these
studies focused only on techno-economic feasibility lacking environmental aspects of

such technologies which is the primary focus of this manuscript.

Today, thanks to advances and availability of computational power, highly
demanding computational tasks such as plant-wide simulation can be performed. To
evaluate the environmental profile of these new configurations, the life cycle
assessment (LCA) methodology has proven to be a good alternative because it allows
the calculation of environmental impacts over the entire life of a product or a process
(ISO 14040, 2006). The LCA methodology has been applied not only to the evaluation
of conventional WWTPs and alternative wastewater and sludge technologies (Dong et
al., 2014; Singh et al., 2018); but also the use of reclaimed water from WWTP (Kamble
et al., 2017; Opher and Friedler, 2016). In addition, the combination of environmental
and economic indicators in WWTPs has also been considered for the definition of
sustainability criteria in the selection of treatment technologies (Lorenzo-Toja et al.,

2016; Resende et al., 2019).

The main objective of this study is to combine the approach of OM recovery to
maximize biogas production and a partial nitrification-Anammox to remove nitrogen in
the treated effluent as the scenario to be implemented in two real WWTPs of different
sizes (medium and large) in different European countries (Spain and Denmark). With

the outcomes of the modelling stage, an environmental and economic analysis was
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conducted to assess whether the wastewater treatment schemes based on this

perspective are better than conventional wastewater treatment strategies.

2. Materials and methods
2.1. Methodology
The IWA task group has developed new models and tools for the evaluation of
WWTPs such as the Benchmark Simulation Model No.2 (BSM2), which is being widely
used as a framework for plant-wide analysis (Gernaey et al., 2014; Saagi et al., 2017).
This study addresses several models developed from BSM2 and its interfaces. Table 1
summarizes the modelling approach used for both conventional and emerging
technologies. As part of the simulation strategy, the plant-wide model is initialized
using a sequential approach to avoid model convergence issues (Behera et al., 2019;
Solon et al., 2017). A closed loop stable state simulation is then performed using stiff
differential solver like odel5s in MATLAB-Simulink software (2016a). In addition,
further information (related to the underlying concepts of the primary technologies
and the different plant-wide layouts representing novel retrofitting solutions
considered in the model) can be found in the Supplementary Material. For the
calculation of environmental impacts, the Life Cycle Analysis (LCA) methodology was
applied according to the standardized method defined by ISO 14040 (2006).
>TABLE 1<

2.2. Goal and scope definition

In this study, two real WWTPs (one medium and one large) were considered as
the basic configuration for implementing the technologies previously proposed. It is
important to know how improve biogas production and the efficiency of the

wastewater schemes depending on the technology considered. One WWTP is located
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in Denmark (Avedgre) and is designed for 265,000 equivalent inhabitants with a flow
of about 72,000 m>/d. The second plant is located in Valladolid (Spain). The flow is
213,000 m?/d with a population of 1,000,000 equivalent inhabitants. All the flows of
energy and materials, as well as the emissions associated with the operation of the

WWTPs, were considered and quantified in detail.

2.3.  Functional unit (FU)

The functional unit (FU) is defined as the quantification of all inputs and
outputs of the product or system under evaluation. The FU should be consistent with
the main goal of the study (ISO 14040, 2006). The main function of a WWTP is treated
wastewater and 1 m® of treated wastewater is the most common FU (Resende et al.,
2019; Schaubroeck et al., 2015). However, in this case, electricity production is the
main reason for implementing these innovative technologies. In this context, 1 kWh of
energy produced in a combined heat and power unit (CHP) was defined as FU (Singh et

al., 2020).

2.4. System boundaries and definition of the system under assessment

The system boundaries were approached from a gate-to-gate perspective (ISO
14040, 2006). In a WWTP, the main environmental impacts correspond to the
operation phase (Shiu et al., 2017; Tabesh et al.,, 2019) while those of the
decommissioning and construction phases can be considered minor. The main reason
is that the lifetime of a wastewater treatment plant can vary between 25 and 50 years,
so while the impact of the operational phase is added up year by year, the impact of
the construction will be divided by the number of years that the WWTP is in operation

(Buonocore et al., 2018; Lorenzo-Toja et al., 2016). Further details on the operational
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conditions and input parameters of the different WWTPs can be found in the
Supplementary Material (Table S1 and S2).

>FIGURE 1<

In this case, the base scenario (Scenario 0) is the conventional scheme of a
WWTP. Both WWTPs consist of a pre-treatment followed by a primary clarifier (PC)
and an activated sludge (AS) process with nitrogen removal in the water line. The
sludge line consists of a thickener, an anaerobic digestion (AD) unit and a dewatering
system. In addition, biogas is transformed into electricity and heat in a CPH unit. The
main difference between the two plants is sludge disposal. In the case of the Valladolid
plant, the sludge is applied on agricultural land, while at the Avedgre plant, it is
incinerated. Therefore, these alternatives are considered for the environmental
profile. These conventional technologies are replaced by innovative technologies.

Thus, two scenarios were studied and compared with the base case:

Scenario 1 consists of the combination of ERBF and IFAS in the water line.
Scenario 2 is based on HRAS followed by an IFAS unit in the water line. The sludge line
is the same for all scenarios and does not change. As mentioned above, the only

change is the final disposal of the sludge (incineration or land application).

2.5. Inventory data acquisition
Data collection is the most time-consuming stage and is linked to the quality of
the results obtained in the environmental analysis (Nguyen et al., 2020). In this case,
the inventory considered real data from the WWTPs (primary data), while secondary
data are obtained from the modelling results (Niero et al., 2014). Accordingly, data

associated with COD, nitrogen, phosphorus or heavy metals were obtained from the

10
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available information reported by the managers of Valladolid and Avedare facilities
(Aguas de Valladolid, 2017; BIOFOS, 2017). More information on these data can be
found in Table S1 of the supplementary material.

These influent parameters were implemented in the model to obtain data
related to methane production, energy consumption or effluent parameters. The data
obtained for the simulation of the model (secondary data) are presented for each
scenario (Table S3 to Table S8). Finally, the primary and secondary data were
completed with the Ecoinvent v3.5 database (Wernet et al., 2016). Moreover, several
simplifications were considered for the life cycle inventory data, especially those of
foreground processes, as detailed below:

Two different electricity country mix were selected due to the different location
of the WWTPs. Spanish and Denmark country mix were updated and the medium-
voltage electricity used in WWTPs was modelled, including transport losses (Dones et

al., 2007).

Euro 4 trucks with a capacity between 12-32 t were selected to transport
chemicals and sludge. In addition, an average distance of 50 km was considered for the
transport of chemicals and sludge (Morera et al., 2020). For the sludge application into
the soil, emissions to air (N,O and NOs) and water (NO;” and PO,>) were calculated and
taken into account in the final environmental profile (Bruun et al., 2006). Finally, for
biogas leaks associated with CH;, CO, and H,S emissions, a value of 1.5% was

considered to calculate emissions to air (Lij6 et al., 2017).

The inventories (main inputs and outputs) are shown in Tables 2 and 3 per

functional unit considered (1 kWh of energy produced). That is, the results of the

11
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model simulation were referred to the FU and implemented in the environmental
software to calculate the environmental impacts.

>TABLE 2<

>TABLE 3<

2.6. Environmental and economic indicators

In this study, only the classification and characterization steps within the LCA
methodology were taken into account. Two methods were selected to calculate the
most representative impacts of a WWTP. Eutrophication potential (EP) was calculated
with CML 2001 method (Guinée, 2002) whereas climate change (CC), ozone depletion
(OD), terrestrial acidification (TA), particulate matter formation (PMF), human toxicity
(HT), marine ecotoxicity (MET), terrestrial ecotoxicity (TET), freshwater ecotoxicity
(FET), water depletion (WD) and fossil depletion (FD) were calculated the ReCiPe
Midpoint (H) method (Huijbregts et al., 2017). The software SimaPro 9.0 was used for
the implementation of the inventories.

The reason for choosing two methods is how to assess the impact linked to the
COD concentration. In the ReCiPe method there is no characterization factor, whereas
in the CML 2001 method there is a characterization factor for this parameter. Since
COD is a discharge limiting parameter, it is important to consider its contribution in

WWTP profile.

As for the economic indicators, only the costs associated to the operational
phase was considered. These economic indicators are related to sludge management,
electricity and chemical consumption. Biogas is considered as a benefit; thus, it is

computed for the calculation of revenues (Li et al., 2019). As in the environmental

12
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analysis, construction costs were not considered because they represent a minor

contribution to the total costs (Termes-Rifé et al., 2013).

3. Results

3.1. Life cycle environmental profile for each new wastewater treatment
scheme

Firstly, the environmental results are presented according to the size of the
plant, observing the contribution that each subsystem makes to the total
environmental profile. Figure 2 shows the contribution per subsystem for the Avedgre
case. In the conventional case (Scenario 0), the main contributor to the impact in all
environmental categories except EP, TET and HT is the CAS with nitrogen removal unit
followed by dewatering. The negative effect is associated with high electricity
consumption and direct emissions from the treated effluent as it presents residual
concentrations of nitrogen, phosphorus and heavy metals. The discharge of these
pollutants in large quantities can cause mortality of aquatic species. In the case of
heavy metals and metalloids, there are compounds that are more toxic, and their
discharge is more limited such as arsenic or mercury. For this reason, the impacts of
these substances are studied in more detail in the Supplementary Material (Tables S9

and S10).

In the dewatering unit, emissions are associated with the consumption of
electricity and polyelectrolyte that is used as an additive to improve the dewatering of

the sludge. Depending on the impact category, the negative effect related to

13
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polyelectrolyte can vary from 83% in the TET category to 52% in the WD category

(Figure S2 of the Supplementary Material).

The incineration unit is the unit causing the major impact in the EP and HT
categories due to the disposal of ashes that may contain hazardous contaminants such
as heavy metals. Other units such as PC or thickener have a negligible impact (Figure
2a). In Scenario 1 (incorporation of ERBF technology), the main impact is distributed as
in Scenario 0 (CAS unit) and the reasons for the negative contribution are the same.
However, the incorporation of this type of treatment cannot be considered irrelevant
and has a contribution of between 2% in the FET or MET categories and 11% in the TET
category. This negative effect is related to indirect emissions from chemical production

(Figure 2b and Figure S3).

Finally, for Scenario 2 (integration of HRAS technology), the environmental
profile changes. In this case, the dewatering unit is the main responsible of the impacts
in all categories except FET and MET. In these categories, the IFAS unit is responsible
for the impact due to direct emissions associated with the impact of nutrients present
in the effluent discharged to the environment. Finally, as in Scenario 0, the impact

caused by HRAS can be considered negligible in all categories.

>FIGURE 2<

Figure 3 shows the environmental profile of the large plant for each scenario
considered. In this case, the main difference is the incorporation of a composting unit
followed by land application. This final disposal has a negative effect on the PMF and
TA categories due to air emissions (Table 3a). In addition, as in the medium plant, the

main factor contributing to the impact is the CAS unit, as electricity consumption in

14
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energy-dependent categories such as CC, WD, OD, HT and FD. In categories that do not
depend on energy consumption (MET, FET, EP and TET), the negative effect is caused
by the discharge of the effluent into the environment. This effluent may contain
hazardous substances such as heavy metals that may be harmful to aquatic or
terrestrial species (Table S10). In other units such as cogeneration, PC or thickening,
the impacts are very small (Figure 3a). For Scenario 1 (ERBF), the impacts are very
similar to Scenario 0 (conventional scenario) (Figure 3b). The main difference is that
the impact on this new unit cannot be considered negligible and ranges from 3% in the
FET or MET categories to 11% in FD (Figure S7 of the Supplementary Material). Finally,
for Scenario 3 (HRAS), as in a medium plant, the impact of HRAS can be considered
negligible. Therefore, in this case, IFAS consumes less energy due to the recovery of
OM. This implies that the impact on energy dependence decreases, while in categories
that do not depend on energy consumption, the negative effect is the same as in
Scenario 1. In this Scenario, the dewatering unit becomes more important in terms of
impact in energy-dependent categories due to the electricity and polyelectrolyte

consumption (Figure 3c).

>FIGURE 3<

The first environmental analysis (Figures 2 and 3) provides an insight into the
impact that new technologies have on the profile of the WWTP. A priori, the worst
environmental profile would correspond to the combination of ERBF, while the impact
associated with the HRAS unit can be considered not significant in the impact

categories evaluated. An interesting step forward to make a conclusive decision on the
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selection of the most suitable configuration is to compare the different configurations

with each other.

3.2.  Environmental comparison for different scenarios in both WWTP analysed

In this analysis, only the categories of CC and EP were evaluated due to their
special relevance in the environmental profile of WWTPs (Rodriguez-Garcia et al.,
2011). CC is related to the energy production and consumption, while EP is related to

the quality of the effluent discharged into water courses.

When comparing both plants in terms of these impact categories (Figures 4 and
5), the environmental profile decreases when the HRAS unit is incorporated followed
by the IFAS reactor. The reduction for the CC category, if the values are compared with
the conventional scenario, is approximately 68% for the medium plant (Figure 4a) and
51% for the large plant (Figure 5a). The main reason for the reduction in the CC
category is the increase in biogas production and the reduction in energy

consumption.

In addition, for the EP category, the impacts can also decrease by incorporating
Scenario 2 (HRAS + IFAS unit): 48% for the small plant (Figure 4b) and 30% for the large
plant (Figure 5b). The main difference between the environmental profiles for the
different scales is that plants have different energy consumption, production or
consumption of chemicals. Moreover, the wastewater composition (COD, nutrients or
heavy metals) that are treated in each WWTP are different (Table S1 of the

Supplementary Material). However, in spite of the variability found for both plants, the

16
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new schemes appear to have a better environmental profile regardless the size of the

plant.

>FIGURE 4<

>FIGURE 5<

3.3. Influence of the plant size on environmental impacts

Finally, the incorporation of these new schemes for both plant sizes was
compared. As seen above, the best impacts are presented for Scenario 2 in both plant
sizes. Although, a priori, the reduction of impacts is more noticeable in the large plant
than in the medium scheme, if the categories are analysed, for the CC category,
Scenario 2 has more impact reduction in the medium plant than in the large plant. On
the contrary, in the large plant, the incorporation of the ERBF scheme has better
results than in the medium plant (Figure 6a). For the EP category, good effluent quality
is achieved at the large plant with the incorporation of these technologies. However,
although in the medium plant, the reduction is not as great as in large plants, better
effluent quality is also obtained (Figure 6b). Therefore, although the plants are located
in different countries, Scenario 2 (HRAS + IFAS unit) showed a reduction in the CC and
EP categories (Figure 6). Therefore, the scale or location of the plant does not
influence the incorporation of these new technologies in a WWTP, since, in both cases,

these technologies could considerably reduce the environmental impacts.

>FIGURE 6<

3.4. Economic results
Table 4 shows the economic results for each scenario considered. As in the

environmental results, Scenario 2 (HRAS followed by IFAS technology) shows the best

17
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economic results for both plant sizes. The implementation of this configuration can
reduce the cost between 70% for large plants and 45% for medium plants. Biogas
production increases in this scheme and the incorporation of IFAS technology can
reduce aeration requirements by 38%. In addition, in Scenario 1 (ERBF followed by
IFAS configuration), costs also decrease compared to Scenario 0 (conventional case) by
about 19% for the large plant and 23% for the medium plant. In this case, the costs
associated with the consumption of chemicals are higher than in the other scenarios.
However, aeration electricity may decrease due to the incorporation of the IFAS unit.

As for the final disposal of sludge, incineration has more costs related to
electricity consumption than the composting unit (Kelessidis and Stasinakis, 2012).
However, the amount of sludge in medium and large plants is not the same; therefore,
the costs related to sludge management are higher in the large plant than in the
medium plant. But when these technologies are incorporated, the costs associated
with sludge disposal can be reduced by 15% for Scenario 1 to 32% for Scenario 2. In
general, the incorporation of Scenario 2 can lower all operational costs and Scenario 1
can reduce the cost associated with final sludge disposal and electricity consumption.
Although chemical costs will increase, this increase is not reflected in total operating
costs.

>TABLE 4<

4. Discussion
4.1. Evaluation of the efficiency of different schemes
In WWTPs, it is important to consider the water-energy nexus to make systems
more efficient. The main objective of incorporating these innovative technologies is to

improve electricity production because biogas is considered a green energy and
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emissions to the atmosphere are lower than in non-renewable energies (Nair et al.,
2014). In this regard, an indicator called energy return on investment (EROI) was
calculated. This indicator relates the energy produced in a cogeneration unit between
the energy consumed to treat wastewater and sludge and can be calculated by
Equation [1]. However, if this indicator is less than 1, WWTPs are not self-sufficient in
terms of energy production (Colosi et al., 2015). Therefore, it must be ensured that the
incorporation of innovative technologies is more efficient than conventional systems.

Electricity produced
EROI = — [1]
Electricity consumed

Large plants perform worse in terms of electricity production than medium-
sized plants. In large plants, Scenario 0 (conventional scenario) has an efficiency of
around 0.33, with the incorporation of innovative schemes, the EROI can be increased
by 0.38 for Scenario 1 (ERBF + IFAS) and by 0.69 for Scenario 2 (HRAS + IFAS). The EROI
values for medium plant are better even becoming self-sufficient in the Scenario 2. The
values are 0.72 for Scenario 0, 0.79 for Scenario 1 and 3.75 for Scenario 2. This is to
say, if the medium plant introduces HRAS followed by the IFAS configuration, it could
not depend on the grid electricity. In addition, in large plants, this scheme only needs

about 31% of the energy from the grid; thus, fossil CO, emissions can be reduced.

Energy reduction associated with the Anammox process or enhanced biogas
production has been reported at laboratory scale (Cao et al., 2020; Sancho et al,,
2019). A similar configuration of the RBF + PC+ denitrification process was evaluated
by Gikas (2017), who reported a reduction in electricity consumption of about 85%.
This value is close to the scheme of the ERBF + IFAS reactors in the medium plant. It is

true that these new schemes to reduce energy consumption and enhance biogas
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production are still being implemented and, time is needed to assess their

performance at full scale.

Finally, it is important to note that this energy benefit can reduce indirect
energy-related emissions. However, this does not mean that the impacts on the CC
category will be zero. In this category, direct air emissions from other units, such as

IFAS or AD units, should be considered.

4.2. Trade-off analysis of eutrophication impact category

As mentioned before, eutrophication is one of the most representative impact
categories in WWTPs. Eutrophication can generate toxicity problems and even
mortality of different aquatic species due to the amount of nutrients (nitrogen and
phosphorus) present in wastewater (Zang et al., 2015).

It is estimated that the implementation of the conventional nitrification-
denitrification process decreases potential eutrophication by 54-58% (Larsen et al.,
2007). To evaluate the IFAS technology, an indicator called Net Environmental Benefit
(NEB) was estimated (Godin et al., 2012) according to Eqg. 2. The NEB indicator relates
the discharge of wastewater into the environment without any type of treatment
(Plno) with the treatment scenario (Plyw) and, finally, the impacts linked to the

technology or WWTP during its useful life (Pls.c)
NEB = [PIno — Plrw] — Plsic (2]

When the PN-Anammox process is included in the WWTPs, the results of
nitrogen removal increase in comparison with the conventional case. These removal
percentages range from 70% for large plants to 86% for medium plants, which leads to

an improvement of between 10 and 20%.
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It is important to note that several technologies have been developed to apply
the partial nitrification-anammox process for the treatment of domestic wastewater. Ji
et al. (2020) reported a nitrogen removal of about 89% using a novel simultaneous
nitrogen and phosphorus process consisting of an anammox, endogenous partial-
denitrification and denitrifying phosphate removal in an SBR. Gu et al. (2018) studied
the feasibility of incorporating an Anammox process in a conventional WWTP and
reported a nitrate removal of 87%. For the treatment of the effluent from the AD unit,
this process showed better results and slow growth of biomass, so the amount of
sludge can be considered not significant (Morales et al., 2015). Therefore, a priori, the
partial nitrification-Anammox can replace the conventional nitrification-denitrification

according to the efficiency of nitrogen removal and energy consumption.

4.3. Mapping the environmental impact of electricity from WWTPs

When analyzing the issue of the water-energy nexus in a WWTP under the LCA
approach, it can be observed that the energy produced in the cogeneration unit is used
in the plant itself. This energy can replace electricity from the grid and is considered as
green energy. The use of fossil energy implies an unsustainable source of electricity
and heat for wastewater treatment. Combining the fact that WWTPs may not be
energy self-sufficient with the importance of energy source in terms of energy
footprint, the most natural step would be to assess how the electricity mix affects
sustainability when assessed through the LCA method (Barragdn-Escandoén et al.,
2017).

In this study, the WWTPs are located in different European Countries, so it is
interesting to observe how the environmental profile of 1 kWh of energy produced in

Spain or Denmark changes. Only, the energy-dependent categories (CC, OD, PMF, TA,
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HT and FD) were evaluated in this case (Figure 7). Denmark has better environmental
profile in terms of energy production than Spain. This is because in Denmark about
73% of energy comes from renewable wind and biomass (Danish Energy Agency,
2018). However, in Spain, renewable energy is only 44% (REE, 2018), which means that
emissions related to fossil CO, are higher in Spain than in Denmark. Thus, wastewater
treatment in Spain pollutes more than in Denmark. For this reason, it is very important
to have new wastewater treatment systems that consume less energy from the grid
and produces more green energy.

>FIGURE 7<

4.4. Study of sludge management

In this study, the final disposal of sludge varies according to the country
selected. In Spain, the most common method is land application, while in Denmark,
the most common disposal is incineration technology. It is therefore important to
know how to change the environmental and economic impacts if one or the other
alternative is selected. Incineration is a more expensive alternative to land application
due to electricity consumption (Tomei et al., 2016).

However, incineration is not considered environmentally friendly due to the
fossil CO, emissions in the energy-dependent categories, while composting followed
by land application is considered the worst option in the categories that depend on soil
emissions associated with heavy metals (Yoshida et al., 2018). But, as mentioned
before, in Denmark these emissions are lower than in Spain. In addition, the
composting process have air emissions considered GHG emissions such as N,O or CHy
(Table 2b and 3b). Some studies show that direct N,O emissions can be even more

harmful than indirect fossil CO, emissions (Rodriguez-Caballero et al., 2014).
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To make this comparison reliable, as there are different plant sizes, incineration
was considered in the large plant and composting followed by land application was
included in the medium plant. Only the CC category was evaluated because it is the
category most affected by GHG emissions and electricity consumption. In Denmark,
incineration is the best option because land application can increase GHG emissions by
65% associated with N,0, CH; and CO, emissions. However, at the plant in Spain, the
situation is the opposite. This does not mean that incineration and land application are
the best alternatives for treating sludge. Beyond these options, ongoing research is
devoted to improve the final management of the sludge such as hydrothermal-
pyrolysis (Lishan et al., 2018) or addition of biopolymers for sludge dewatering (Guo

and Wen, 2020).

5. Conclusions

The retrofitting of wastewater treatment plants (WWTPs) should be addressed
under sustainability criteria. It is well known that there are two elements that most
penalize wastewater treatment: (i) energy requirements and (ii) sludge management.
New technologies should reduce both drawbacks to address technical efficiency,
carbon neutrality and reduced economic costs. In this study, a number of technologies
were modelled, two based on OM recovery (HRAS and ERBF) to improve biogas
production and another aiming at nitrogen removal (IFAS). Economic and
environmental indicators of different plant sizes (one medium and one large) were
evaluated and these new schemes: (i) ERBF + IFAS and (ii) HRAS + IFAS, were compared
with a conventional scheme (PC + CAS with nitrogen removal).

These schemes based on OM recovery followed by partial nitrification-

Anammox showed better environmental and economic results than conventional
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schemes due to higher biogas production and lower energy consumption.
Furthermore, the incorporation of the IFAS unit improved the quality of the effluent in
terms of nutrient removal. Although these technologies are more complex than
conventional ones, they also showed a better economic profile despite the size of the
plant. These positive results are only possible considering the production of energy
through biogas valorization according to the waste-to-energy scheme.
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Figure Captions

Figure 1. System boundaries of the different wastewater schemes considered.

Figure 2. Environmental impacts for each scenario considered in Avedgre WWTP (FU: 1
kWh of energy produced). (a) Scenario 0 (conventional case) (b) Scenario 1 (ERBF) (c)
Scenario 2 (HRAS). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial
acidification; EP: eutrophication potential; HT: human toxicity; PMF: particulate matter
formation; TET: terrestrial ecotoxicity: FET: freshwater ecotoxicity; MET: marine

ecotoxicity; WD: water depletion; FD: fossil depletion

Figure 3. Environmental impacts for each scenario considered in Valladolid WWTP (FU:
1 kWh of energy produced). (a) Scenario 0 (conventional case) (b) Scenario 1 (ERBF) (c)
Scenario 2 (HRAS). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial
acidification; EP: eutrophication potential; HT: human toxicity; PMF: particulate matter
formation; TET: terrestrial ecotoxicity: FET: freshwater ecotoxicity; MET: marine

ecotoxicity; WD: water depletion; FD: fossil depletion

Figure 4. Comparison between the different scenarios considered for Avedgre plant (a)
CC category (b) EP category. Acronyms: CC: climate change; EP: eutrophication

potential

Figure 5. Comparison between the different scenarios considered for the Valladolid

plant (a) climate change (CC) (b) eutrophication potential (EP)

Figure 6. Comparison between the different plant sizes (FU: 1 kWh of energy
produced). a) Climate change (CC) category; b) eutrophication potential (EP) category.

Acronyms: o large plant A medium plant.
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Figure 7. Comparison between Spanish and Danish electricity country mix production.
Acronyms: CC: climate change; OD: ozone depletion; PMF: particulate matter

formation; TA: terrestrial acidification; HT: human toxicity; FD: fossil depletion
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Table 1. Modelling approach used for conventional and emerging technologies

Technology Name Mechanism Modeling approach
reference
(Gernaey et al, 2014;

Primary clarifier (PC)

Enhanced filter
(ERBF)

High rate activated sludge (HRAS)

rotating belt

Modified Ludzack-Ettinger (MLE)
Secondary clarifier (SC)

Integrated fixed-film activated

sludge (IFAS)
Thickener and Dewatering

Anaerobic digester (AD)

Gravitational settling

Coagulation, flocculation,
sieving and cake filtration
Bio-sorption

COD oxidation, nitrification, and
pre-denitrification

Gravitational settling

Partial nitrification/anammox,
COD oxidation, conventional
denitrification

Gravitational settling
Hydrolysis, acidogenesis,
acetogenesis, methanogenesis

Otterpohl et al., 1994)
(Behera et al., 2018; Boiocchi
et al., 2019)

(Smitshuijzen et al., 2016)
(Guo and Vanrolleghem,
2014; Henze et al., 2000)

(Takacs et al., 1991)

(Behera et al,
Vangsgaard et al., 2013)

2019;

(Gernaey et al., 2014)

(Batstone et al., 2002)
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Table 2a. Main inputs to the different wastewater schemes considered in the Averdgre

plant (FU: 1 kWh energy produced)

Scenario 0 Scenario 1 Scenario 2
Inputs from the technosphere
Materials and fuel
Influent
COoD (kg) 2.93 2.93 2.93
TN (kg) 0.30 0.30 0.30
TP (kg) 3.28-10° 3.28-10° 3.28-10°
Electricity consumption
Pretreatment (kWh) 0.09 0.08 0.06
PC (kWh) 0.03 - -
ERBF (kwWh) - 0.05 -
HRAS (kWh) - - 0.01
Activated sludge (kWh) 0.94 - -
IFAS (KWh) - 0.88 0.02
Thickening (kWh) 0.01 9.82:10° 7.24-10°
AD (kwh) 0.09 0.05 0.03
Dewatering (kWh) 0.17 0.14 0.10
Incineration (kWh) 0.07 0.06 0.05
Chemical consumption
Primary treatment
Polyelectrolyte (kg) = 0.02 -
Dewatering
Polyelectrolyte (kg) 0.09 0.07 0.05
Transport
Polyelectrolyte (kg-km) 2.18 2.34 1.35
Ashes (kg-km) 17.09 14.30 10.55
Amount of ashes (kg) 0.68 0.50 0.42
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Table 2b. Main outputs to the different wastewater schemes considered in the

Averdgre plant (FU: 1 kWh energy produced)

Scenario 0 Scenario 1 Scenario 2

Outputs to the environment

Emissions to air
AD

CH, (kg) 1.63-107 1.02-107 1.02:10°
CO, (kg) 3.28:10° 2.05-10° 2.05-10°
H,S (kg) 5.64-10" 3.52:10" 3.52-10™
Emissions to water

Effluent

CoD (kg) 0.27 0.24 0.15

TN (kg) 0.04 0.03 0.03

TP (g) 3.69 3.69 3.69

Pb (mg) 3.28 2.74 2.02

Cd (mg) 0.23 0.20 0.14

Cu (mg) 9.60 8.03 5.92

Cr (mg) 9.12 7.64 5.63

Hg (mg) 0.47 0.39 0.29

As (mg) 3.75 3.13 2.31

Ni (mg) 32.77 27.41 30.21

Zn (mg) 139.03 116.32 85.79

49



Table 3a. Main inputs to the different wastewater schemes considered in the

Valladolid plant (FU: 1 kWh energy produced)

Scenario 0 Scenario 1 Scenario 2
Inputs from the technosphere
Materials and fuel
Influent
CoD (kg) 7.31 4.64 2.46
TN (kg) 0.64 0.41 0.22
TP (kg) 7.68 4.88 2.58
Electricity consumption
Pre-treatment (kWh) 0.31 0.20 0.11
PC (kWh) 0.09 - -
ERBF (kWh) - 0.13 -
HRAS (kWh) - - 0.01
Activated sludge (kWh) 3.52 - -
IFAS (KWh) - 2.03 1.02
Thickening (kWh) 0.04 0.02 0.01
AD (kWh) 0.29 0.09 0.04
Dewatering (kWh) 0.55 0.03 0.18
Composting (kWh) 0.20 0.13 0.07
Chemical consumption
Primary treatment
Polyelectrolyte (kg) = 0.05 -
Dewatering
Polyelectrolyte (kg) 0.85 0.54 0.28
Transport
Polyelectrolyte (kg-km) 21.16 14.72 7.11
Sludge (kg-km) 72.27 50.77 24.26
Spreading (kg) 2.89 2.03 0.97
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Table 3b. Main outputs to the different wastewater schemes considered in the

Valladolid plant (FU: 1 kWh energy produced)

Scenario 0 Scenario 1 Scenario 2
Outputs to the environment
Emissions to air
AD
CH, (kg) 1.02-107 9.96-10° 1.51-10°
CO, (kg) 8.06-10” 1.95-107 4.20-10
H,S (kg) 3.52:10" 3.44-10" 5.21-10"
Composting
CH, (kg) 1.84-107 1.29-10° 6.17-10°
CO, (kg) 1.69 2.75 1.31
N,O (kg) 9.82-10° 1.85-10™ 9.73-10°
NH; (kg) 5.06-107 5.61-107 2.95-107
Land application
N,O (kg) 1.47-10° 1.09-10° 5.74-10™
NH; (kg) 1.21-10° 9.00-10™ 4.73-10"
Emissions to water
Effluent
CoD (kg) 0.74 0.45 0.26
TN (kg) 0.19 0.03 0.02
TP (g) 39.70 39.70 39.70
Pb (mg) 11.69 7.42 3.92
cd (mg) 1.30 0.83 0.44
Cu (mg) 127.26 80.82 42.73
Cr (mg) 6.65 4.22 2.23
Hg (mg) 8.36 5.31 2.80
As (mg) 63.98 40.63 21.50
Ni (mg) 39.29 24.96 13.20
Zn (mg) 381.98 242.58 128.29
Land application
NO; (kg) 9.82-10° 1.85-10™ 5.74-10™
PO, (kg) 5.06-107 5.61-107 4.73-10"
Emissions to soil
TP (g) 1.65 1.05 0.55
Pb (mg) 122.14 77.57 41.01
cd (mg) 1.27 0.80 0.43
Cu (mg) 382.96 242.20 128.61
Cr (mg) 61.36 38.97 20.61
Hg (mg) 1.20 0.76 0.40
As (mg) 25.58 16.24 8.59
Ni (mg) 46.17 29.32 15.50
Zn (mg) 826.70 524.99 277.63
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Table 4. Economic results for the different plant sizes and scenarios considered (FU: 1

kWh of energy produced)

Electricity Chemical Sludge Total

consumption consumption management

(elowh) eke?) (eke) (€-kwh)
Avedgre
Case 0 0.25 0.02 0.23 0.51
Case 1l 0.22 0.02 0.05 0.30
Case 2 0.04 0.01 0.04 0.10
Valladolid
Case 0 0.59 0.19 0.26 1.04
Case 1 0.31 0.13 0.18 0.62
Case 2 0.17 0.06 0.09 0.32
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Modelling methodology and description of the technologies considered

In this case, a plant-wide analysis approach was performed for the different plant
configurations. In this context, the IWA task group has been developed new plant models that
include anaerobic digestion, primary treatment or activated sludge process. A Model No. 2
(BSM2) was developed to evaluate all wastewater treatment plants (WWTP) (Gernaey et al.,
2014). In this case, the conventional and innovative models were simulated with the real

wastewater characteristics (Table S1) for both WWTP plant sizes (one medium and one large).

The conventional system consists of a primary clarifier (PC) and a modified Ludzack-
Ettinger (MLE) process. The PC technology was simulated as a continuous stirred tank in which
the effluent was considered as effluent and sludge (Gernaey et al., 2014). The conventional
nitrification-denitrification process is conducted in aerobic and anoxic tanks (Guo and
Vanrolleghem, 2014). The sludge line (common to all scenarios) consists of a thickening,
anaerobic digestion (AD) and dewatering unit (Figure Sl1a). The thickening and dewatering
units are simulated considering a 98% yield of TSS removal (Gernaey et al., 2014), while the AD

unit was considered as a continuous stirred tank reactor (CSTR) (Batstone et al., 2002).

For the second scheme (Figure S1b), the rotating belt filter (RBF) was simulated using a
hybrid approach combining empirical and dynamic models (Behera et al.,, 2018). In the
integrated fixed-film activated sludge (IFAS), the approach of biofilm growth was selected. The
implemented unit is based on the CSTR reactor and the validation of the granular model was
studied and developed in Behera et al. (2019). Finally, in Figure Sic, the high-rate activated
sludge (HRAS) was implemented in the model as CSTR and the removal efficiency was 99%
(Smitshuijzen et al., 2016). More information on these systems and their model can be found

in Behera et al. (2020).
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Figure S1c. High rate activated sludge (HRAS) configuration for modelling simulation

The main objective of this study was focused on a change in the strategy of

wastewater treatment. This strategy is based on recovering OM in the primary treatment due

4



to this OM are more biodegradable. Thus, the amount of biogas should be higher than in the
OM that coming from the secondary treatment (Taboada-Santos et al., 2019). In addition,
when the OM is recovered in the primary treatment, the nitrogen removal should be carried
out through a partial nitrification-Anammox to avoid the addition of an external OM source

that will increase the costs (Morales et al., 2015).

In this study, two primary technologies (HRAS and RBF + chemical addition) was
implemented to recover the OM, whereas the IFAS is the unit chosen to remove nitrogen.

These technologies are explained in more detail below:

RBF unit is used to remove the TSS in a WWTP through a filtration system. The
wastewater is filtered through a pores system that can vary between 50-500 pm. This
technology is very effective for removing cellulose. In addition, if the chemical is added, the
fraction of solids and OM removed in the sludge is higher. This means that, a priori, the sludge
will more biodegradable and the transformation into methane will be higher than in the other

type of sludge (Chen et al.,, 2017; Rusten et al., 2017).

The HRAS is characterized by removing organic compounds in the wastewater. This
technology is more effective to remove particulate, soluble and colloidal OM (Jimenez et al.,
2015). However, for obtaining a suitable removal, the parameters such as solid retention time
(SRT), high hydraulic retention time (HRT) and dissolved oxygen (DO) should be adjusted for
the different conditions (Jimenez et al., 2013). In this study, as the main objective is removed
OM, the parameters are about 0.3 d for SRT, 30 min for HRT and 0.2 mg/L for DO (Taboada-

Santos et al., 2020).

The IFAS technology consists of a moving bed biofilm reactor (MBBR) followed by a
settler. Inside the MBBR reactor are located the biofilm (Kaldnes K1). In the biofilm the
nitrifiers and anammox bacteria grow to remove nitrogen (Malovanyy et al., 2015). The

strategy of this unit to remove nitrogen is combined aeration and non-aeration periods
5



achieving nitrogen removals higher than 70%. In addition, this process can be worked at

ambient temperature (Cao et al., 2017).

System boundaries and definition of the system under assessment

As mentioned above, two WWTP plant sizes (one medium and one large) were
implemented in the MATLAB-Simulink Software. To make the simulation of the modelling
more realistic, the input data of the systems (wastewater influence characteristics) were
collected from the real data (Table S1). In addition, to carry out the simulation, other WWTPs
parameters were necessary. These parameters are associated with the operation of the plant
such as dissolved oxygen concentration, the hydraulic retention time or solid retention time

among others. The average value of these parameters is presented in Table S2.

Inventory data acquisition

The modelling results for the different scenarios considered are presented in Tables S3
to S8. These model data are referred to the functional unit (FU) considered in this study. It is
important to note that the model does not consider phosphorus removal. Accordingly,

phosphorus removal data were obtained from the reports.



Table S1. Main inputs parameters for both plant sizes considered in this study

Influent Large plant Medium plant Units Reference
coD 362.78 220.89 g/m* (Aguas de Valla;igll;i), 2017; BIOFOS,
TSS 207.33 183.94 g/m’ (Aguas de VaIIaS(())ii;:l), 2017; BIOFOS,
N 31.76 16.99 g/m3 (Aguas de Vallaéicc))ii;:l), 2017; BIOFOS,

P 544 548 g/m3 (Aguas de VaIIa;i(())li;l), 2017; BIOFOS,
Cr 163.73 189.08 vl (Lorenzo-Toja ;‘B il7.,)2016; BIOFOS,
Ni 319.94 288.12 mg/m’ (Lorenzo-Toja ;toil7.,)2016; BIOFOS,
Cu 12616.51 18676.44 mg/m? (Lorenzo-Toja ;to il7.,)2016; BIOFOS,
Zn 5248.64 696.89 mg/m’ (Lorenzo-Toja ztoil7.,)2016; BIOFOS,
As 177.90 50.16 mg/m’ (Lorenzo-Toja eztoil7.,)2016; BIOFOS,
cd 12.63 771 mg/m’ (Lorenzo-Toja (;toil7.,)2016; BIOFOS,
Hg 8.54 3.85 i (Lorenzo-Toja 2;22,)2016; BIOFOS,
Pb 294.84 356.29 mg/m’ (Lorenzo-Toja (;toil7.,)2016; BIOFOS,

Table S2. Average value of the parameters considered in the simulation model

Parameters Value Units
Activated sludge tank
HRT 3-4 h
SRT 4-6 d
MLSS 2500-4500 mg/L
oD 0.1-4 mg/L
Anaerobic digestion unit
HRT 6-12 d
SRT 20 d
Primary clarifier
Over flowrate 3.75-15 m>/h-m




Table S3a. Main model parameters for the different units considered (conventional scenario for the large plant)

Parameters  Unit

coD ke/d
TSS kg/d
TN kg/d
Q m*/d

Load
Sidestream

416
312
798
584

Load
Primary
Over
20240
15180
3608
72112

Load
Primary
Under
14483
10863
667
508

Load Thickener
Over

210
157
18
668

Load Thickener
Under

9456
7092
715
101

Table S3b. Main model parameters for the different units considered (conventional scenario for the large plant)

Parameters

N,O from AS

Q biogas

Methane flow

Cco,
Carbonmass_MLE
Energy from methane
Heat energy AD

PC

Aeration energy MLE
Thickener

Dewater

Mixer AS

Mixer AD

Units

kg N,O/d

m’/d
kg/d
kg/d
kg/d
kwh/d
kWh/d
kwh/d
kWh/d
kWh/d
kwh/d
kWh/d
kWh/d

Value
540.41
9701.47
3361.99
6834.99
1576.50
38662.92
14063.44
312.27
9176.55
137.98
1960.76
1778.72
1010.32

Load
Thickener

9666
7249
733
769

Load
Effluent

3152
2364
474
72015

Load Sludge
Dewatering landfill
10126 9711
7595 7283
1382 584
610 26



Table S4a. Main model parameters for the different units considered (rotating belt filter + chemical consumption scenario for the large plant)

parameters  Unit Load P;(rf:ry P;:i‘:w Load Thickener Load Thickener Load Load Load Sludge
Sidestream Over Under Thickener Effluent Dewatering landfill
Over Under
cob kg/d 562 60965 17075 498 18774 19243 7604 13219 12657
TSS kg/d 422 45724 12806 374 14508 14432 5703 9915 9493
N kg/d 1634 7448 996 38 1411 1449 586 2407 773
Q m*/d 828 213575 661 4799 201 5000 213374 862 34

Table S4b. Main model parameters for the different units considered (rotating belt filter + chemical consumption scenario for the large plant)

Parameters Units Value
N,O from IFAS kg N,O/d 81.70
Q biogas m’/d 8638.48
Methane flow kg/d 5228.91
Energy from methane kWh/d 60132.45
Heat energy AD kwh/d 19961.64
RBF kWh/d 2114.51
Aeration energy IFAS kWh/d 3311.77
Thickener kWh/d 407.05
Dewater kWh/d 5748.38
Mixer IFAS kwh/d 551.34
Mixer AD kWh/d 1552.80



Table S5a. Main model parameters for the different units considered (high rate activated sludge scenario for the large plant)

Load
. Load .
Parameters Unit . Primary
Sidestream
Over
coD kg/d 445 46839
TSS kg/d 334 35129
TN kg/d 1701 6399
Q m*/d 386 196462

Load
Primary
Under
30995
23246
2113
17332

Load Thickener
Over

4670
3502
593
18673

Load Thickener
Under

38995

29217
2469
416

Load
Thickener

43625
32719
3062
19089

Table S5b. Main model parameters for the different units considered (high rate activated sludge scenario for the large plant)

Parameters Units
N,O from IFAS kg N,O/d
Q biogas m3/d
Methane flow kg/d
Energy from methane kWh/d
Heat energy AD kwh/d
HRAS kWh/d
Aeration energy IFAS kWh/d
Thickener kWh/d
Dewater kWh/d
Mixer IFAS kWh/d
Mixer AD kWh/d

Value
81.70
16335.64
6581.48
75686.99
9667.37
452.06
30782.85
406.20
5772.43
403.71
1492.42

Load
Effluent

8324
6243
590
213377

Load
Dewatering

11887
8915
2468

416

Sludge
landfill

11441
8581
767
31
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Table S6a. Main model parameters for the different units considered (conventional scenario for the medium plant)

Parameters  Unit

coD ke/d
TSS kg/d
TN kg/d
Q m*/d

Load
Sidestream

416
312
798
584

Load
Primary
Over
20240
15180
3608
72112

Load
Primary
Under
14483
10863
667
508

Load Thickener
Over

210
157
18
668

Load Thickener
Under

9456
7092
715
101

Table S6b. Main model parameters for the different units considered (conventional scenario for the medium plant)

Parameters

N,O from AS

Q biogas

Methane flow

Cco,
Carbonmass_MLE
Energy from methane
Heat energy AD

PC

Aeration energy AS
Thickener

Dewater

Mixer AS

Mixer AD

Units

kg N,O/d

m’/d
kg/d
kg/d
kg/d
kwh/d
kWh/d
kwh/d
kWh/d
kWh/d
kwh/d
kWh/d
kWh/d

Value
540.41
9701.47
3361.99
6834.99
1576.50
38662.92
14063.44
312.77
9176.55
137.98
1960.76
1778.72
1010.32

Load
Thickener

9666
7249
733
769

Load
Effluent

3152
2364
474
72015

Load Sludge
Dewatering landfill
10126 9711
7595 7283
1382 584
610 26
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Table S7a. Main model parameters for the different units considered (rotating belt filter + chemical addition scenario for the medium plant)

parameters  Unit Load Prl-i(::ry PrLi(::ry Load Thickener Load Thickener Load Load
Sidestream Over Under Thickener Effluent
Over Under
CcoD kg/d 341 20365 14283 173 7474 7647 3319
TSS kg/d 256 15274 10713 130 5605 5735 2490
TN kg/d 565 3399 644 15 526 541 459
Q m’/d 277 72091 223 789 80 869 72011

Table S7b. Main model parameters for the different units considered (rotating belt filter + chemical addition scenario for the medium plant)

Parameters Units Value
N,O from IFAS kg N,0/d 41.71
Q biogas m?/d 7247.34
Methane flow kg/d 2849.85
Energy from methane kwh/d 32773.25
Heat energy AD kWh/d 7022.66
RBF kWh/d 713.74
Aeration energy IFAS kWh/d 12092.09
Thickener kWh/d 137.40
Dewater kWh/d 1952.49
Mixer IFAS kWh/d 165.11
Mixer AD kwh/d 646.98

Load Sludge
Dewatering landfill
10001 9660
7501 7245
1169 604
303 26
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Table S8a. Main model parameters for the different units considered (high rate activated sludge scenario for the medium plant)

Load
. Load .
Parameters  Unit . Primary
Sidestream

Over

coD kg/d 368 9353
TSS kg/d 276 7014

TN kg/d 613 2591
Q m?/d 249 61826

Load
Primary
Under
25304
18978
1499
10460

Load Thickener
Over

1890
1417
447
10619

Load Thickener
Under

25659
19244
1217
275

Load
Thickener

27549
20662
1664
10893

Table S8b. Main model parameters for the different units considered (high rate activated scenario for the medium plant)

Parameters Units
N.O from IFAS kg N,O/d
Q biogas m3/d
Methane flow kg/d
Energy from methane kwh/d
Heat energy AD kWh/d
HRAS kWh/d
Aeration energy IFAS kWh/d
Thickener kWh/d
Dewater kWh/d
Mixer IFAS kWh/d
Mixer AD kWh/d

Value
41.71
9827.25
3852.04
44298.48
6362.56
146.37
9022.85
137.34
1951.72
140.86
575.77

Load
Effluent

2866
2149
680
72011

Load Sludge
Dewatering landfill
10007 9639
7505 7229
1216 603
275 26
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Results

Life Cycle Impacts of chemical inputs on the environmental indicators

In this section, the chemical contribution for each scenario considered were explained
to understand better the environmental profile. In the case of the Avedare plant, for Scenario
0, there is only chemical consumption in the sludge dewatering unit. Therefore, this unit was
analysed to find out the negative effect associated with the polyelectrolyte consumption. The
polyelectrolyte impact ranges from 80% in FD to 40% in EP category (Figure S2). This negative
effect is associated with the impact of polyelectrolyte production, in this process, there is

electricity consumption, water consumption or sulphuric acid consumption among other

components.
B Polyelectrolyte Transport M Electricity
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= 30%
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10%
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CC oD TA EP HT PMF  TET FET MET WD FD

Figure S2. Polyelectrolyte contribution to the impact in dewatering unit for the Avedgre plant (Scenario
0). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP: eutrophication
potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial ecotoxicity: FET:
freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil depletion

In case of Scenario 1 (RBF + chemical addition) for the Avedgre plant, the units with

chemical consumption are the primary treatment and the dewatering unit. The chemical

impacts for each unit are presented in Figures S3 and S4. Finally, in Scenario 2 (HRAS + IFAS),
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there is only chemical consumption in the dewatering unit (as in Scenario 0). The distribution

of these impacts for the different categories is shown in Figure S5.

B Polyelectrolyte Transport M Electricity
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Figure S3. Polyelectrolyte contribution to the impact in rotating belt filter (RBF) unit for the Avedgre
plant (Scenario 1). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP:
eutrophication potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial
ecotoxicity: FET: freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil
depletion

B Polyelectrolyte Transport M Electricity
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Figure S4. Polyelectrolyte contribution to the impact in dewatering unit for the Avedgre plant (Scenario
1). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP: eutrophication
potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial ecotoxicity: FET:
freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil depletion

Relative contribution [%]
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B Polyelectrolyte Transport M Electricity
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Figure S5. Polyelectrolyte contribution to the impact in dewatering unit for the Avedgre plant (Scenario
2). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP: eutrophication
potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial ecotoxicity: FET:
freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil depletion

Relative contribution [%]

X

Finally, for the large plant, the distribution of chemical impact was calculated for each
scenario. As in the previous case, Scenarios 0 and 2 only have the consumption of chemicals in
the dewatering unit, while Scenario 1 has the consumption of chemicals in the primary

treatment and the dewatering unit. The impacts are shown in Figures S6 to S9.
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Figure S6. Polyelectrolyte contribution to the impact in dewatering unit for the Valladolid plant
(Scenario 0). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP:
eutrophication potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial
ecotoxicity: FET: freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil
depletion

Relative contribution [%]

B
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B Polyelectrolyte Transport M Electricity
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Figure S7. Polyelectrolyte contribution to the impact in rotating belt filter (RBF) unit for the Valladolid
plant (Scenario 1). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP:
eutrophication potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial
ecotoxicity: FET: freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil
depletion

Relative contribution [%]
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Figure S8. Polyelectrolyte contribution to the impact in dewatering unit for the Valladolid plant
(Scenario 1). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP:
eutrophication potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial
ecotoxicity: FET: freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil

depletion

Relative contribution [%]
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B Polyelectrolyte Transport M Electricity
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Figure S9. Polyelectrolyte contribution to the impact in dewatering unit for the Valladolid plant
(Scenario 2). Acronyms: CC: climate change; OD: ozone depletion; TA: terrestrial acidification; EP:
eutrophication potential; HT: human toxicity; PMF: particulate matter formation; TET: terrestrial
ecotoxicity: FET: freshwater ecotoxicity; MET: marine ecotoxicity; WD: water depletion; FD: fossil
depletion
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Impacts of heavy metals and metalloids in water and soil emissions for the different

scenarios considered

In this section the environmental impacts caused by heavy metals in the ecotoxicity
categories are studied. The main reason for choosing only the ecotoxicity categories is that the
emissions are related to the discharge of the effluent (direct emissions). The main results of
the different schemes considered in these categories are shown in Table S9 (Avedgre plant)

and Table S10 (Valladolid plant).

For the medium plant (Avedgre plant) and the large plant (Valladolid plant), the
environmental impacts of heavy metals for TET in all scenarios considered are negligible
compared to the other categories (Tables S9 and $10). The main heavy metals contributing to
the impact are Zn, Ni, Cr and As. In the case of Zn, the characterization factor is higher
compared to other heavy metals. The characterization factors are shown in Table S11. In both

conventional and new technologies, heavy metals and metalloids must be measured and
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controlled before the effluent is discharged into the environment. In this way, problems

related to water and soil pollutants can be reduced and avoided.

Table S9a. Impact of the heavy metals and metalloids for ecotoxicity categories for different scenarios
considered in the Avedere plant Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET:
freshwater ecotoxicity

SCENARIO 0 (CONVENTIONAL)
MET (mg 1,4 DCBeq) TET(mg1,4DCBeq) FET (mg 1,4 DCB eq)

Arsenic 323.62 1.36:10™ 233.25
Cadmium 4.50 2.01-10™ 3.86
Chromium 1185 5.24-10™ 80

Copper 1852 9.70-10™ 1555

Lead 1.94 8.50-10"" 1.98
Mercury 24.15 9.82:10'° 23.40
Nickel 1871 9.54-10™ 1507
Zinc 41569 1.79-10™ 29335

Table S9b. Impact of the heavy metals and metalloids for ecotoxicity categories for different scenarios
considered in the Avedere plant Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET:
freshwater ecotoxicity

SCENARIO 1 (ERBF + IFAS)

MET (mg 1,4 DCB eq)

TET (mg 1,4 DCB eq)

FET (mg 1,4 DCB eq)

Arsenic 270.11 1.13-10™ 143.68
Cadmium 3.92 1.75-10"° 2.35
Chromium 993 4.39:10™ 49.76

Copper 1549 8.11-10™ 959.04

Lead 1.62 7.10-10'" 1.22
Mercury 20.04 8.15-10° 14.44
Nickel 1565 7.98:10™ 1389
Zinc 34779 1.50-10™ 18101
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Table S9c. Impact of the heavy metals and metalloids for ecotoxicity categories for different scenarios
considered in the Avedere plant Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET:
freshwater ecotoxicity

SCENARIO 2 (HRAS + IFAS)
MET (mg 1,4DCBeq) TET(mg1,4DCBeq) FET (mg 1,4 DCB eq)

Arsenic 199.35 8.36:10™" 143.68
Cadmium 2.74 1.22-107° 2.35
Chromium 731 3.24.10™ 49.76

Copper 1142 5.98-10™" 959

Lead 1.19 5.23.10" 1.22
Mercury 14.90 6.06-10° 14.44
Nickel 1724 8.79-10™ 1389
Zinc 25651 1.11-10™ 18101

Table S10a. Impact of the heavy metals and metalloids for ecotoxicity categories for different scenarios
considered in the Valladolid plant Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET:
freshwater ecotoxicity

SCENARIO 0 (CONVENTIONAL)

MET (mg1,4DCBeq) TET(mg1l1,4DCBeq) FET(mg1,4DCBeq)

Arsenic 5521 2.32.10" 3979
Cadmium 25.48 1.13-10" 21.84
Chromium 864 3.82:10™ 58.78

Copper 24561 1.29-10™ 20616

Lead 6.93 3.03:10™ 7.08

Mercury 429 1.75-10™ 416
Nickel 2243 1.14-10" 1807
Zinc 114212 4.93-10™" 80597
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Table S10b. Impact of the heavy metals and metalloids for ecotoxicity categories for different scenarios
considered in the Valladolid plant Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET:
freshwater ecotoxicity

SCENARIO 1 (ERBF + IFAS)
MET (mg 1,4DCBeq) TET(mg1,4DCBeq) FET (mg 1,4 DCB eq)

Arsenic 3506 1.47-10% 2527
Cadmium 16.26 7.25.107 13.94
Chromium 548 2.43-10 37.30

Copper 15598 8.16-10™ 13092

Lead 4.40 1.92-10% 4.49

Mercury 272 1.11-10™ 264

Nickel 1425 7.26-:10 1148
Zinc 72531 3.13-10™% 51184

Table S10c. Impact of the heavy metals and metalloids for ecotoxicity categories for different scenarios
considered in the Valladolid plant Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET:
freshwater ecotoxicity

SCENARIO 2 (HRAS + IFAS)

MET (mg1,4DCBeq) TET(mg1l1,4DCBeq) FET(mg1,4DCBeq)

Arsenic 1855 7.78-10" 1337
Cadmium 8.62 3.84:10™ 7.39
Chromium 289 1.28-10" 19.71

Copper 8246 43210 6922

Lead 2.32 1.02:10™"° 2.37

Mercury 143 5.85-10™ 139

Nickel 753 3.84-10™ 607
Zinc 38358 1.65-10™" 27069
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Table S11. Characterisation factors for the different heavy metals and metalloids considered in this
study. Acronyms: MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FET: freshwater ecotoxicity

CHARACTERISATION FACTORS

MET (kg 1,4 DCBeq) TET (kg1,4DCBeq)  FET (kg 1,4 DCB eq)

Arsenic 86.3 3.62:10" 62.2
Cadmium 19.6 8.73:10™"° 16.8
Chromium 130 5.75:10™ 8.84

Copper 193 1.01-10™ 162

Lead 0.593 2.59-10™" 0.606
Mercury 51.4 2.09-10™ 49.8
Nickel 57.1 2.91:10™ 46
Zinc 299 1.29-10™ 211

Impact on inorganics and pollutants released to air due to different types of energy

In this study, biogas is considered a green energy with less environmental impact than
fossil fuels. To verify this claim, 1 kWh of thermal energy from biogas production was
compared with 1 kWh of energy from carbon. As shown in Table S12, higher impacts are
assigned to energy from coal. However, concerning to methane and ammonia, the emissions
are higher for biogas. In general, the emissions from coal are more harmful than heat

production from biogas (Table $12).
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Table S12. Different type of substances that affect to the environmental profile depending on the
energy production

Type of substance Units Carbon energy Heat energy
Zinc Hg 507.23 147.40
Sulphur dioxide g 8.07 0.47
Sulphate ug 745.61 111.30
Aluminium mg 95.33 9.51
Ammonia g 0.05 17.42
Antimony ug 55.42 43.81
Arsenic ug 92.73 27.03
Benzene mg 4.03 1.43
Cadmium ug 8.46 4,90
Carbon dioxide, kg 1.07 0.07
fossil
Chromium ug 154.28 90.63
Cobalt ug 26.37 5.82
Copper ug 133.42 67.14
Mercury Mg 56.10 2.39
Methane ug 0.05 9.89
Nickel Hg 326.54 50.74
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