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Abstract: The current geopolitical landscape of the European Union has made it clear that the energy
sector must be a top priority in EU policy, especially in light of the sudden escalation of Russian–
Ukrainian conflicts. Energy efficiency has been used as the first tool of EU policy to tackle energy and
climate crises, given the issues surrounding energy vulnerability and the need to limit gas emissions
that contribute to climate change. The white certificate mechanism in Italy has played a pivotal
role in encouraging measures to achieve the country’s energy-saving goals. Given the high energy
requirements of Wastewater Treatment Plants (WWTPs), especially for aeration in the biological
section, this paper examines the replacement of the air distribution system for a large WWTP as a
viable intervention. In order to provide economic perspective for the plant, both the discounted
Payback Period (dPBP) and the Net Present Value (NPV) were calculated for the investment. When
viewed through an economic lens, the dPBP metric exhibits values that span from less than 1 year to
nearly 4.5 years. Additionally, the investment’s cost-effectiveness was emphasized by the NPV, which,
depending on the factors considered, can exceed 17.5 million euros. Finally, given the centrality
of the theme of climate change, the avoided greenhouse gas emissions generated by the efficiency
intervention were calculated, according to the GHG Protocol, resulting in a quantity of avoided
emissions equivalent to over 57,770 tonnes of CO2e. These results highlight important achievements
in terms of both the cost-effectiveness of the plant and the reduction of greenhouse gas emissions.

Keywords: energy efficiency; WWTP; aeration; GHGs; decarbonization

1. Introduction

Since 2013, all 27 EU member states have been net energy importers, and in 2020, 58.3%
of the total energy required in the EU was imported [1]. Furthermore, considering the
gross available energy in EU and its source, 24.4% of the total energy is related to imports
from Russia. The current geopolitical scenario highlights the need for action to reduce the
reliance of member nations on energy, and energy efficiency is the most readily available
tool to rapidly achieve results.

In May 2022, the European Commission unveiled the REPowerUE Plan to address the
issues and interruptions in the global energy market resulting from Russia’s invasion of
Ukraine [2]. The significance of energy conservation, and therefore efficiency, is further
highlighted in this design. Saving energy is seen as “the cheapest, safest, and cleanest
approach to lessen our dependence on imports of fossil fuels from Russia” [3]. With an
anticipated primary energy usage of 750 Mtoe and a final energy consumption of 980 Mtoe
by 2030, the revised energy efficiency target increased from 9% to 13%.

Wastewater treatment (WWT), which eliminates biological and chemical impurities
from water, has become crucial in the fight to safeguard the environment and the general
population. In order to comply with the discharge restrictions stipulated by the law, which
have grown more stringent every year, WWTPs (Wastewater Treatment Facilities) have
developed and adopted new technologies over the past few years [4].
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Meeting water quality standards has always been the primary focus of the WWT sector
in order to maintain public trust [4]. Consequently, without taking into account significant
energy considerations, WWTPs are typically created to satisfy specific effluent criteria [5,6].

The Wastewater treatment facilities consume a lot of energy. There are 22,558 WWTPs
installed in Europe, and they utilize 15,021 GWh annually [7], which is more than 1% of the
total electricity consumed in the EU [8]. Additionally, the cost of energy accounts for 15%
to 40% of the total operating expenses [9].

The operational expenses of a traditional WWTP can be attributed to energy consumption
to the extent of around 25–40%, according to the literature and management experience [9–12].
This value fluctuates between 0.3 and 2.1 kW h/m3 of treated wastewater [13].

Aeration in biological treatments (normally 50–70% of energy consumption in a stan-
dard WWT plant), primary and secondary settling with sludge pumping (14%), and solids
dewatering (usually 7%) are key contributors [9].

Given this scenario, it is essential to consider the importance of introducing measures
that optimize processes in WWTPs in terms of energy efficiency as a key issue. This
is particularly relevant considering EU energy dependency and the need to minimize
greenhouse gas emissions [13–15].

The improvement of energy efficiency in WWT is a subject that receives a lot of
attention from scientists. In particular, Descoins et al. [16,17] noted that implicit energy
components had received very little attention, whereas wastewater modeling experts
had previously concentrated on modeling effluent characteristics. Furthermore, Holenda
et al. [17] concentrated on aeration, whereas Fikar et al. [18] examined energy efficiency
optimization with reference to various activated sludge processes. Studies on the economic
and environmental sustainability of various types of WWT plants that carry out biological
processes have been conducted in Spain, Portugal, Norway, and Australia [19,20], among
other countries [19]. Some researchers [13,20–22] underlined the potential of wastewater
as an energy carrier from the perspectives of both chemical and thermal energy recovery
when looking at energy efficiency in WWT from a broader perspective. For instance,
Moli-nos-Senante et al. [23] explored ways to boost the amount of energy produced by
wastewater treatment facilities and the production of substitute natural gas (Bio-SNG) from
the biogas created during the anaerobic digestion process. Cano et al. [24] examined energy
optimization for wastewater treatment plants that adopt multiple sludge pre-treatment
methods before the anaerobic digestion process. Recent studies [24–26] have examined
the energy consumption and greenhouse gas (GHG) emissions of various sewage sludge
treatment system scenarios, emphasizing the efficiency of using biogas to meet the energy
requirements of WWT processes in lowering GHG emissions. According to the Easter
Research Group Inc., there are 554 WWT factories in the USA that are developing CHP
facilities [27]. The installation of CHP units for facilities performing anaerobic sludge
digestion with inflows exceeding 18,500 m3/d was one of the key findings of the study.

In other articles [27–32], energetic elements related to chemical manufacturing, external
energy production, and indirect energy usage were taken into account, resulting in an
overall assessment of the technology’s significance in terms of life cycle analyses [33–35].

The proposed paper examines the potential energy savings that can be achieved by
replacing diffusers in the biological treatment section of an established, large-scale WWTP.
This intervention was designed to enhance the plant’s energy efficiency and represents
the primary focus of the study. The evaluation of the avoided costs and GHG gases are
discussed. The economic and environmental returns from the implementation are evaluated
in order to appreciate how an energy efficiency intervention can positively affect the
footprint of WWTPs. These evaluations were conducted using the results obtained with and
without consideration of the White Certificate mechanism. This mechanism, adopted by
Italian legislation (D.M. 21 May 2021) in order to boost energy efficiency interventions, could
enhance the willingness to consider WWT in the energy efficiency framework. Different
interventions in the integrated water service may utilize this mechanism. The results
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obtained are reported considering biological treatment that works with two different types
of configurations: intermittent aeration and step-feed aeration.

2. Materials and Methods
2.1. White Certificates in the Integrated Water Service

As presented, the White Certificates serve as tools for pushing energy efficiency inter-
ventions in different sectors. The main actors involved in the mechanism are obliged and
eligible parties who can obtain Energy Efficiency Obligations (EEO), GSE (Gestore Servizi
Energetici), and GME (Gestore Mercati Energetici), which are responsible for emitting, con-
trolling, and regulating the market of obligations and authorities that control and improve
guidelines and regulations in this context. Figure 1 shows the actors involved in the White
Certificate mechanism.
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Figure 1. Actors involved in the White Certificate mechanism.

Although the mechanism has undergone complex historical development over time,
it has ultimately yielded significant results that cannot be ignored. This incentive system
for energy efficiency has been successfully used since 2005. Between 2005 and 2017, the
program produced more than 26 million tons of total energy savings, accounting for 62%
of the industry’s energy reductions, and more than 6 million tons of CO2 emissions were
avoided. In the integrated water service, different implementation methods allow for
participation in the scheme. This paper considers the replacement of diffusers in the
aeration system of the secondary treatment part of a WWTP. According to the guidelines,
the lifetime of the intervention (i.e., the time for which the obligations are matured) is
5 years. The RISP (energy savings) is calculated according to the guidelines, using algorithm
number four, as provided by GSE [36]:

RISP =

(
1

SAEbaseline
− 1

SAEex post

)
× kgO2 × fe (1)

where:

• RISP is the energy saved in EEO;
• KgO2 is the quantity of oxygen present in the volume of the air processed by the

production system of compressed air in the ex-post situation, and is equal to the
amount of air in Sm3 multiplied by 0.285 KgO2/Sm3;

• fe is the conversion factor (equal to 0.000187 toe/kWh) when withdrawing electricity
from the grid;
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• SAEbaseline is the aeration efficiency, which is referred to as the baseline solution. It
is equal to the ratio between KgO2 and the energy consumed for the production of
compressed air in KgO2/kWh;

• SAEex post is the aeration efficiency in operational conditions, referred to as the ex-post
situation, measured in KgO2/kWh.

2.2. WWTP Configuration and Calculation of Energy Saving

The biological section of the existing large WWTP that was analyzed is composed
of four moduli. Moduli 1, 2, and 3 work with intermittent aeration, whereas modulus
4 uses step-feed aeration. A diffuser density (DD) of 7% was used, with 59,000 diffusers
evenly distributed. The Transferred Oxygen, OTR (Oxygen Transfer Rate), and the type of
diffusers were assumed to remain constant in baseline and ex-post configurations. Climatic
data for Turin, Italy were used, and the mean monthly temperature was considered in the
calculations. The mean temperatures used are reported in Figure 2.
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Figure 2. The temperatures used for the calculations from different months of the year, including
temperatures from climatic data, temperatures in the basin, and ilet temperatures at turbochargers.

The site altitude for the WWTP was assumed equal to 304 m.
The airflow in the baseline configuration was considered based on the project hypoth-

esis, and the SOTR (Standard Oxygen Transfer Efficiency) was calculated using Equation
(2) (considering a Qdiff baseline of 6.5 Nm3/h). The resulting SOTR was equal to 0.44 kgO2/h
per diffuser.

SOTRbaseline = SOTE·
kgO2

m3 ·Qdiff baseline (2)

where SOTE is the Standard Oxygen Transfer Efficiency.
Then, the Oxygen Transfer Rate at site conditions was calculated using an F value

taken from the literature, which was equal to 0.73.

OTRf = SOTR
[
τβωC∗

∞20 − C
C∗

∞20

][
(θ)T−20

]
αF (3)
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where:

• C is the average dissolved oxygen concentration within the process water volume,
measured in mg/L;

• OTRf is the field oxygen transfer rate estimated for the system operating under process
conditions at an average dissolved oxygen concentration (C) and temperature (T),
measured in kg O2/h;

• SOTR is the oxygen transfer rate under standard conditions (20 ◦C, 1 atm, C = 0 mg/L),
measured in kg O2/h;

• T is the field temperature;
• C*

st is the dissolved oxygen surface saturation concentration at the operating tempera-
ture, measured in mg/L;

• C*
s20 is the dissolved oxygen surface saturation concentration at a standard tempera-

ture (20 ◦C), measured in mg/L;
• τ is the temperature correction factor = C*

st/C*
s20;

• β is the relative DO saturation to clean water, expressed as C*
wastewater/C*

tap water;
• Pb is the barometric pressure at the test site (kPa);
• Ps is the standard barometric pressure (101.325 kPa);
• ω is the pressure correction factor, expressed as Pb/Ps;
• de is the mid-depth correction factor (0.40);
• Df is the depth of diffusers in the basins, measured in m;
• C*∞,20 is the saturated dissolved oxygen value at sea level and the standard temper-

ature (20 ◦C) for diffused aeration, measured in mg/L. It is higher than Cst as it is
affected by the oxygen transfer from bubbles under pressure in the water column. The
value of C∞,20 can be estimated using the following equation:

C∗
∞,20 = C∗

s,20 ×
[

1 + de

(
Df
Ps

)]
• θ is the empirical temperature correction factor (1.024);
• α is the relative oxygen transfer rate in process water versus clean water

(KLaf,20(wastewater)/KLaf,20(tap water));
• F is the fouling factor.

The transferred oxygen was calculated assuming an aeration system operating time
of 9.8 h/d for moduli that use intermittent aeration and 24 h/d for the modulus that uses
step-feed aeration.

Transferred Oxygen = OTRf·n of diffusers (4)

The dry air that must be compressed was then estimated, as well as the power needed
by the turbochargers to inject air into the biological basin.

Pw =
wRT1

29.7 n e
×
[(

p2
p1

)n
− 1
]

(5)

where:

• Pw is the power requirement by blowers (kW);
• w is the weight of air flowrate (kg/s);
• R is the universal gas constant, R = 8.314 (J/mole K);
• T1 is the air absolute inlet temperature (K);
• p1 is the air absolute inlet pressure (atm);
• p2 is the air absolute outlet pressure (atm);
• n is (k − 1)/k, where k is the specific heat ratio, K = 1.395;
• 28.97 is the molecular weight of dry air;
• e is the efficiency of the blowers.

Finally, the consumed energy was calculated.
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The same calculations were performed for the ex-post situation, where the OTR was
held constant and the SOTR was recalculated using an F value taken from the literature,
which was equal to 1.

Starting from the transferred oxygen and energy consumed over the years, the SAE
(Standard Aeration Efficiency) can be estimated in both situations:

SAE =
Transferred Oxygen

Energyused for air compression
(6)

After the calculations, the energy savings could be retrieved, and the following evalu-
ations were performed.

Considering the economic benefit from the investment, the discounted Payback Period
(dPBP) was calculated together with the Net Present Value (NPV). In this calculation, the
avoided costs of energy were considered as revenue, whereas the investment and the
maintenance were considered as costs. The lifespan of the project was assumed to be equal
to 25 years.

PBP

∑
t=1

FAt − F0 = 0 (7)

NPV =
lifetime project

∑
t=1

FAt − F0 (8)

where:

F0 is the cost of the investment [€];
FAt =

Ft
(1+k)t = discounted cashflow[€];

Ft is the cashflow given by the revenue minus the annual costs [€];
k is the discount rate [%];
t is the umpteenth year between zero and the lifetime of the project.

For the calculation of the avoided emissions, the GHG protocol was used, specifically
referring to Scope 2 and using a location-based emission factor for Italy, which was equal to
0.2583 kgCO2e/kWh [37]. This approach was used in order to maintain a generic approach.

Avoided EmissionGHG, i = Emission Factor ·∆ kWhi (9)

Figure 3 shows the scheme of the implemented work and serves as a guide for opera-
tions that are useful for ensuring repeatability of the work.
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3. Results and Discussion
3.1. Wastewater Treatment Plant Studies

The plant that was analyzed was a large wastewater treatment plant in Italy. The
wastewater treatment plant manages a large metropolitan area (which covers about 450 km2

and 2.2 M inhabitants) and operates on about 615,000 m3/d of municipal and industrial
wastewater, corresponding to a potential organic load equivalent to 2.7 M inhabitants.

The water line uses four parallel process lines (or moduli) in order to perform primary,
secondary, and tertiary treatments (chemical for phosphorous removal and biological for
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nitrogen removal). The reclaimed water is primarily discharged into the nearby river, but is
also partially reused for industrial or agricultural purposes through a 5 km industrial network.

The capacity of the sludge line is equivalent to roughly 6000 m3/d (2% d.s.). Sludge
goes through pre-thickening, post-thickening, and mechanical/thermal drying after anaer-
obic digestion.

3.2. Power Requirement and Energy Consumption in Baseline and Ex-Post Configuration
and Energy Savings Calculations

Varying temperatures, the power requirement, and energy consumption were calcu-
lated for the situation before and after substitution of the diffusers.

Moduli 1, 2, and 3 were considered together, whereas modulus 4 was analyzed
separately in the presented results. Figure 4 shows the power requirements for the moduli.
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Table 1 shows the results obtained for the power requirement in the ex-post and
baseline configurations for the different moduli.

Table 1. Power requirements in ex-post and baseline configurations for the different moduli.

Modulus Power Requirement Baseline [kW] Power Requirement Ex-Post [kW]

1, 2, 3 27,916.7 17,699.2
4 22,789.2 11,984.1

Considering the energy demand, Figure 5 shows the electric energy consumption for
the moduli.
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Table 2 shows the results obtained for the electric energy consumption over the course
of a year in the baseline and ex-post configurations for moduli 1, 2, 3, and 4.

Table 2. Electric energy consumption during a year in baseline and ex-post configurations for moduli
1, 2, 3, and 4.

Modulus Electric Energy Consumption
Baseline [MWh]

Electric Energy Consumption
Ex-Post [MWh]

1, 2, 3 8323 5277
4 16,639 8750

It can already be appreciated from the obtained results that energy consumption was
strongly reduced by the intervention.

Once the required quantities were obtained, the SAE could be calculated, considering
the Transferred Oxygen and the energy consumed.

For moduli 1, 2, and 3, the SAEbaseline was equal to 2.86 kgO2/kWh, and the SAEex post
was equal to 4.51 kgO2/kWh.

The RISP obtained was calculated as previously described in the Materials and Meth-
ods section, and was calculated to be 557.3 Energy Efficiency Obligations (EEO)/year.

For modulus 4, the SAEbaseline was equal to 1.17 kgO2/kWh, and the SAEex post was
equal to 2.22 kgO2/kWh.

The obtained energy saving for this modulus was 1443.7 Energy Efficiency Obligations
(EEO)/year.

In total, jointly considering moduli 1, 2, 3, and 4, the obtained energy that was not
consumed was equal to 2001 Energy Efficiency Obligations (EEO)/year.

Based on these findings, and after observing the SAE of the different moduli, it is
evident that intermittent aeration requires less energy expenditure than step-feed aeration,
while still achieving equivalent results in terms of treatment. Moreover, in addition to the
cost savings realized across the entire plant, intermittent aeration offers additional benefits.
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In conclusion, it can be asserted that the total energy savings achieved are substan-
tial, emphasizing the importance of this intervention with respect to the operating costs
of the plant.

3.3. Economical Evaluation of the Investment from the Company Side

In order to assess the economic feasibility of the investment, the return on investment
was evaluated.

Table 3 reports the initial cost of the intervention used for this evaluation.

Table 3. Investment costs for the substitution of diffusers (market values).

Operation Costs [€]

Cleaning of the tanks 702,172
Demolition of existing infrastructure and disposal of waste materials 324,704

Supply and installation of air diffusion network 2,857,395
Various completion works 64,613

Safety charges (not subject to rebate) related to services 15,919.24
Safety charges (not subject to rebate) related to the work 23,878.86

Total 3,988,683

The annual maintenance cost was estimated to be 6% [38,39] of the supply and instal-
lation cost of the system.

The revenues come from energy savings, which were considered avoided costs. The
lifespan of the project was assumed to equal 25 years. Cleaning of the diffusers will be
planned after 12 years of operation. It is assumed that there will be a decrease in savings
until the energy consumption reaches 75% of the baseline before cleaning is performed in
order to bring the energy consumption to the ex-post situation. The obtained results are
presented in Figure 6.
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Figure 6. Decrease in energy savings for the WWTP and the electricity consumed after the intervention
over the lifespan of the project, considering planned cleaning after 12 years.

Based on the available Eurostat data and historical trends from 2008 to 2022, the cost
of energy was analyzed using minimum, maximum, mean, and dynamic electricity costs,
varying as observed in the period between 2008 and 2022 (Figure 7).
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Figure 7. Historical series with electricity costs in Italy between 2008 and 2022. S1 = the first semester
of the year (January to June) and S2 = the second semester of the year (July to December).

Table 4 shows the energy costs considered in the present study.

Table 4. Costs of energy considered in the study.

Costs of Energy [€/kWh]

cmax 0.249
caverage 0.185

cmin 0.156
cdyn As in the period from 2008–2022

The other revenues come from participation in the WhC mechanism, with income
from each certificate equal to 260 €/Energy Efficiency Obligations (EEO).

Once the flow, dPBP, and NPV were defined, they were used in the calculations with
and without participation in the WhC mechanism. The results are reported in Figure 8.
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Figure 8. Discounted Payback Period (dPBP) calculated by varying the energy cost, where “no WhC”
= no participation in the White Certificates mechanism, and “WhC” = participation in the White
Certificates mechanism.
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As shown in Figure 9, the dPBP was quite low for the investment, underlining the
return in a very short time of the investment, which was enhanced by participation in the
White Certificates mechanism.
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Figure 9. NPV calculation for 25 years, which was assumed as the lifespan of the project, where “no
WhC” = no participation in the White Certificates mechanism, and “WhC” = participation in the
White Certificates mechanism.

As can be appreciated, in all the cases, the energy efficiency intervention leads to good
results in terms of economic benefit for the company, with a dPBP that is higher than 3 years
considering non-participation in the incentive mechanism with a minimum and dynamic
cost of electric energy. Across the various examined cases, the dPBP metric ranged from
0.9 to 4.4 years.

The Net Present Value (NPV) varies from roughly 5 million to 7.4 million euros when
only accounting for the avoided costs associated with energy savings. However, when
factoring in participation in the incentive scheme, the NPV ranges from almost 6 million to
over 17.5 million euros.

3.4. GHG Emissions Avoided with the Intervention

In order to evaluate the real convenience of the investment from an environmental
viewpoint, reductions in greenhouse gas emissions were evaluated. In fact, the reduction of
GHG emissions represents another key aspect that is related to energy efficiency interven-
tions. The calculations, in this particular context, were performed using the GHG Protocol,
specifically referring to Scope 2.

As reported in Figure 10, considering the total tCO2 equivalent over the lifespan of the
intervention, the calculated avoided emissions were equal to 57,672 tCO2e.

An equivalent measure of the CO2 absorbed by trees was computed in order to better
understand the project’s contribution to reducing GHG emissions.

In order to offset the same amount of CO2, 88,727 trees are required, assuming that an
average tree absorbs 25 kgCO2/year. Given that 0.2 trees may be grown on a square meter
of land, the investigated energy efficiency intervention equates to reforesting a 44.4 ha area.
This areal extension is equal to 62 football fields.
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4. Conclusions

This intervention to improve the energy efficiency of a large WWTP brings different
benefits. From the company’s perspective, implementing an intervention of this type
leads to important avoided costs, particularly given the actual cost of electric energy and
considering the EU’s energy vulnerability. The participation in incentive mechanisms, such
as White Certificates in this paper, makes this type of intervention even more attractive.
However, it is clear that the largest revenue stream comes from energy savings.

Furthermore, the related economic gain is coupled with a reduction in GHG emissions,
which is not negligible in the current context of heightened climate change awareness.

According to the European Environmental Agency (EEA), the energy supply sector
accounted for the majority of Italy’s GHG emissions in 2021, with 87,788 ktCO2e.

Energy efficiency must be viewed as a tool for reducing the impact of this sector on
Italy’s GHG inventory, given its significant contribution.

Given the achieved results impacting these two key aspects, a rethinking of wastewater
treatment from an energy efficiency perspective could lead to significant improvements
and contributions to decarbonization and the attainment of energy savings.

Based on the results presented in this paper, from an economic standpoint, it can be
seen that there is a very low discounted payback period for the investment, ranging from a
minimum of 0.9 to a maximum of 4.4 years, depending on the costs of electricity and the
investor’s participation in incentives. The NPV varies from a minimum of approximately
5 million to a maximum of approximately 17.5 million.

Considering the environmental advantages, it can be appreciated that over 57,700 tons
of CO2e emissions can be prevented, which is the same as the amount absorbed by nearly
90,000 planted trees.

It is important that future studies address the general optimization of global WWTPs
within the context of a circular economy, including the recovery of materials (e.g., struvite)
and the optimization of energy recovery from anaerobic digestion (AD) systems, including
electric and thermal or biomethane production. Continuous monitoring of GHG emissions
is also important.
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