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Abstract: The current exploitation of freshwater, as well as the significant increase in sewage sludge
production from wastewater treatment plants (WWTDPs), represent nowadays a critical issue for the
implementation of sustainable development consistent with the circular economy concept. There
is an urgent need to rethink the concept of WWTPs from the conventional approach consisting in
pollutant removal plants to water resource recovery facilities (WRRFs). The aim of this paper is to
provide an overview of the demonstration case studies at the Marineo and Corleone WRRFs in Sicily
(IT), with the final aim showing the effectiveness of the resources recovery systems, as well as the
importance of plant optimization to reduce greenhouse gas (GHG) emissions from WRRFs. This study
is part of the H2020 European Project “Achieving wider uptake of water-smart solutions—Wider-
Uptake”, which final aim is to demonstrate the water-smart solution feasibility in the wastewater
sector. The main project goal is to overcome the existing barriers that hamper the transition to
circularity through the implementation of a governance analysis tool. The preliminary actions in
the two demonstration cases are first presented, while, subsequently, the water-smart solutions to
be implemented are thoroughly described, highlighting their roles in the transition process. The
achieved preliminary results underlined the significant potential of WRRF application, a great chance
to demonstrate the feasibility of innovative solutions in the wastewater sector to overcome the
existing social, administrative and technical barriers.

Keywords: circular economy; wastewater treatment; water resource

1. Introduction

Nowadays, the exploitation of freshwater sources and the consistent expansion in
the sewage sludge generation from wastewater treatment plants (WWTP) are significant
ecological concerns and represent a challenge for sustainable growth [1]. These, along with
other issues, such as greenhouse gas (GHG) emissions, energy efficiency, carbon footprint,
emerging pollutants and the usage of chemicals, are being prioritized in wastewater man-
agement [2]. The scarcity of resources and sustainability goals are the driving major global
changes in the wastewater industry. By applying the concept of circular economy and
resource recovery to wastewater management systems, wastewater can be considered as a
renewable resource from which water; energy and materials (e.g., nutrients, biopolymers
and cellulose) can be recovered [3]. Wastewater treatment is becoming a key platform for
paving the way towards sociotechnical developments that focus on the global production
system transformation from a linear economy model to a circular one [3-5]. In a circular
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economy vision, the resources lost with waste streams (treated water, sludge and nutrients)
can be recovered/reused, thus reducing the adoption of resources coming from the primary
sources [6-8]. The combination of traditional wastewater treatment technologies and a
new water-smart model that focuses on resource recovery is leading to a new way of
perceiving wastewater treatment facilities. Indeed, the new paradigm is the conversion
from wastewater treatment plants to water resource recovery facilities (WRRF) [9-11]. It is
assumed that a WRRF (also known as “wastewater biorefinery” or “water resource factory”)
applies innovative technologies to operate at the intersection of wastewater treatment and
biotechnological processes. In fact, it mainly exploits the activity of biological agents to
extract valuable products while, at the same time, treating wastewater [12,13].

Recently, the scientific community has increasingly paid attention to the establishment
of technical solutions for the water sector based on circular economy, promoting the
implementation of large-scale innovations allowing the paradigm shift from WWTPs to
WRREFs [9]. However, implementing a resource recovery-oriented process is challenging
due to, among others, high-cost investments [14]. As more and more resource recovery
technologies are available, the WWTP design is no longer a simple technical problem but
a complex problem that requires an integrated approach to make effective decisions [15].
Indeed, in addition to the technical vulnerabilities that apply to many arising emerging
resource recovery technologies, different nontechnological bottlenecks might hamper the
fruitful application of such innovations in the wastewater treatment sector [16].

The barriers hindering the transition to the WRRF paradigm are indeed also of eco-
nomic, regulatory, social and educational, logistic/organizational and administrative char-
acter [8,13,17]. New and better models for interdisciplinary cooperation are required to
keep away from the circumstances where policies, incentives and guidelines in different
areas (e.g., energy, health and agriculture) may preclude or prevent the transformation of
the industry based on wastewater resources.

There is, hence, an urgent need to further demonstrate and develop solutions for the
new paradigm of wastewater treatment that are not only technological but also of different
features, like innovative business models, governance and stakeholder commitment plans
and educational programs focusing both on wastewater professionals and citizens. How-
ever, to implement the new paradigm, the potential in terms of resource recovery of the
existing plant has to be known. In this light, this paper presents demonstration case studies
of the Marineo and Corleone WRRFs, which aim to show the effectiveness of resources
recovery systems and importance of plant optimization to reduce the plant carbon footprint.
The activities presented here are part of the H2020 European Project “Achieving wider
uptake of water-smart solutions—Wider-Uptake” [1].

2. Sicilian Case Studies
The WWTPs of Corleone and Marineo

The Corleone WWTP was designed for a daily flow rate of 3700 m3 day~! corre-
sponding to 12,000 inhabitant equivalents. The Corleone WWTP is a typical conventional
activated sludge (CAS) process with a pretreatment stage (sieving and degritting) followed
by two aerobic biological reactors with surface aeration and three final clarifiers. In detail,
each aerobic reactor is characterized by a square shaped horizontal section with a length of
11 m and a water level of 3.2 m, corresponding to a net mixed liquor volume close to 390 m3.
The WWTP has three identical final clarifiers, each characterized by a 12-m diameter and
height of 1.75 m corresponding to a volume close to 200 m®. After the final settling, there is
a disinfection unit with sodium hypochlorite before the final effluent discharge, currently
into a nearby river. The WWTP also incorporates membrane modules for the final effluent
filtration and a distribution network for water reuse (irrigation) in local agriculture and
green urban areas (i.e., green gardens). The sludge line consists of two aerobic digesters,
each with a volume close to 165 m3, and eight drying beds, with a horizontal surface equal
to 40 m?. In Figure 1a, a panoramic view of the Corleone WWTP is reported.
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Figure 1. Panoramic view of the Corleone (a) and Marineo (b) WWTPs (source https://earth.google.
com/web/ accessed on 20 July 2020).

The Marineo WWTP was designed for a daily flow rate of 2160 m>® day~! corre-
sponding to 7000 inhabitant equivalents. After a pretreatment stage (screening, degritting,
primary clarification and equalization), the plant is characterized by a CAS layout (with
two identical combined basins) followed by a surface filtration unit and UV disinfection.
Each combined basin incorporates an activated sludge reactor with net volume of 300 m3, a
secondary clarifier characterized by a volume of 200 m? and a horizontal surface of 540 m?,
one aerobic digester with a volume of 250 m®. An irrigation network has been scheduled
but not realized so far; therefore, at present, the WWTP effluent is discharged into a nearby
river. Figure 1b shows a panoramic view of the Marineo WWTP.

In Table 1, the influent and effluent values for the main parameters (average values)
for both plants are shown.
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Table 1. Inlet and outlet average values of the main quality parameters for the Corleone and
Marineo WWTPs.

WWTP Corleone Marineo
Units Influent Effluent Influent Effluent

TSS (mg L) 122.54 15.18 283 32.8
BODs (mg L) 144.17 19.43 278 19.38
COD (mgL~1) 239.76 33.31 565.5 425

TP (mg L) 3.58 na. 12.73 n.a.
NH,* (mg L1 20.38 11.54 24.3 3.1
NO, ™~ (mg L) na. 0.26 na. 1.03
NO;~ (mg L1 n.a. 2.29 na. 17.99

3. The Role of Wider-Uptake Project
3.1. Corleone

In the context of Wider-Uptake Project, the Corleone WWTP is devoted to water and
sludge reuse in agriculture, the minimization of sludge production and, overall, plant
optimization in terms of energy consumption and GHG emissions.

The current main wastewater treatment line is being upgraded with an anaerobic
sludge reactor inserted in the activated sludge recycling line according to the oxic—settling—
anoxic/anaerobic (OSA) process configuration (Figure 2). Indeed, the CAS-OSA system
is a technologically simple and economically sustainable solution designed to reduce the
production of waste activated sludge compared to the CAS system [18].

>
)

Pre-treatments BN Intermittent} ~ OSA Final clarifiers Disinfection
Aeration Reactor

Aerobic
digester

Figure 2. CAS-OSA full-scale plant configuration.

In the CAS-OSA configuration, an anaerobic/anoxic environment reactor is inserted
before the recycled sludge (coming from the settler) reaches the aerobic reactor. The
anoxic/anaerobic conditions will promote a stress condition in the biomass that will cause
a metabolic split between anabolism and catabolism, which should slow down the biomass
production and bacterial growth [18]. Indeed, under the metabolic uncoupling conditions,
since part of the energy is consumed for microorganism maintenance, their growth is
inhibited, thus leading to a reduction in sludge production [19,20].

Moreover, a new aeration system for the activated sludge reactors has been designed
and realized. Specifically, the old surface turbine aerators of the activated sludge reactors
have been replaced with a diffused aeration system. Traditional design criteria have been
adopted for the calculations [2]. For each of the existing activated sludge reactors, the
amount of the required air flow (492 m3/h) and the blower power (8000 W) have been
assessed. With this regard, 100 fine-bubble diffusers (nominal pore size, d < 3-mm bubbles)
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have been installed at the bottom of each activated sludge reactor. The adoption of the new
aeration system by blowers will allow applying SMART control solutions (e.g., by means
of a proportional-integral-derivative PID) for reducing the plant energy demand.

In addition to the implementation of the OSA process in the plant, an intermittent
aeration process will be implemented in order to make possible the denitrification process
and, consequently, improve the quality of the effluent.

Furthermore, in view of optimizing the WWTP in terms of process efficiency and
energy consumption, the sludge recycling pumps (from the settlers to the activated sludge
reactors) have been replaced with new pumps able to be automatically controlled.

The ultrafiltration system has never started. Therefore, within the Wider-Uptake
Project, the membrane maintenance is going to be performed in view of operating the
ultrafiltration system to produce water to be reused for the irrigation of Corleone’s munici-
pal gardens.

Notwithstanding the reduction of sludge production by the implementation of the OSA
system, a slight amount of excess sludge will be inevitably produced. In a circular economy
point of view, the sludge will be subjected to composting and, thus, transformed into
agricultural soil conditioner. In this regard, the sludge composting activities will be carried
out in aerated piles of sludge mixed with bulking agents under different configurations
characterized by different operational conditions and composition in order to achieve the
best compost quality. The produced compost will be applied to soil and on potted plants as
a soil conditioner, and the role/effect on plant growth will be assessed. The interactions of
soil-water—plants will be studied both for sludge reuse and water reuse. In particular, the
effect of sludge and water reuse on the plant growth quality will be tested.

3.2. Marineo WIWTP

In the context of the Wider-Uptake Project, the Marineo WWTP is devoted to demon-
strating the material recovery from wastewater treatment. Moreover, the plant optimization
in terms of energy consumption and GHG emissions will be undertaken.

Within the Wider-Uptake Project, two process lines have been set up as deviation lines
from the main wastewater treatment scheme: final filters (columns) filled with biochar and
zeolites for nutrient (N and P) recovery (Figure 3c) and a pilot plant for polyhydroxyalka-
noate (PHA) production (Figure 3d). The goal is twofold: on the one hand, the enhancement
of nutrients recovery by using two different adsorption materials (e.g., biochar and zeolites),
while, on the other hand, different plant operational conditions will be investigated in
order to maximize the PHA accumulation within the biomass and minimize the energy
consumption and GHG emissions (both direct and indirect).

Figure 3. Modified orthophoto of the combined basin under study (a), particularly of the Wider-
Uptake Shed (b), and the deviation lines for nutrient adsorption (¢) and PHA production (d).

In particular, the deviation line for PHA recovery (Figure 4) is characterized by a
fermenter unit for volatile fatty acid (VFA) production (namely, F-SBR), an ultrafiltration
membrane for VFA-rich fermentation liquid separation, a sequencing batch reactor for
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the growth of the PHA-accumulating organism (namely, S-SBR) and a sequencing batch
reactor for the accumulation of PHA (namely, A-SBR). The deviation line can treat around
40 L/day of the waste-activated sludge produced by the full-scale treatment line.

Treated

Wastewater

Selected
biomass

—

O

Sewage
sludge

5O 4
PHA rich
d) A-SBR j biomass

VFA-rich fermentation liquid

a) F-SBR b) Membrane c) 5-SBR

Figure 4. PHA pilot plant configuration. (a) Sequencing batch fermentation reactor (F-SBR), (b) Ultra-
filtration membrane, (c) selection sequencing batch reactor (5-SBR) and (d) accumulation sequencing
batch reactor (A-SBR).

This pilot plant is aimed at enhancing the state-of-the-art PHA production from urban
wastewater with the use of high SRT waste activate sludge (WAS) as the substrate for VFA
production [21,22]. Indeed, WAS produced from high SRT processes are not considered as
good feedstock for PHA production processes, due to its fermentation toughness. Due to
their low biodegradability, low VFA yields are obtained compared to primary sludge or
low SRT WAS that have a better acidogenic potential [23,24].

The pilot scale plant for N and P recovery consists of adsorption columns (Figure 5).
Specifically, two columns filled with adsorbent materials (biochar and clinoptilolite) have
been set up and will be fed in the downward mode with treated wastewaters. Clinoptilolite
is a specific type of zeolite, the most commonly adopted. The flow rate will be 0.36 m3 d 1.
The zeolite column is equipped with a backwash system with an upward flow in order
to keep clean the adsorbent material and with different sampling points to evaluate the
nutrient’s adsorption kinetics. Zeolite and biochar inside the columns will be used to
adsorb N and P, respectively. In order to allow the reuse of the zeolites for multiple cycles,
after the adsorption cycle, zeolites will be regenerated by 1-M NaCl solution washing
to desorb the recovered NH;*. When exhausted, zeolites will be applied to the soil as
a conditioner. On the other hand, the biochar column is not provided with a backwash
system, because P is mainly irreversibly retained. When the biochar is exhausted, it will be
directly applied to soil as both the CO, sink and slow-release fertilizer [25].

Washing stream

e

Backwashing tank

Treated WW

-
Y .
oS |

Feeding pump Backwashing pump
" Effluent

Figure 5. Nutrient recovery plant operating scheme.
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4. Materials and Methods
4.1. Historical Data Analysis and Monitoring Campaign

After a preliminary analysis of the WWTP historical monitoring data (period: 2015-2020),
an ad hoc monitoring campaign was designed and carried out. Indeed, for both WWTPs,
three plant sections were monitored: (1) inlet wastewater fed to the activated sludge reactor,
(2) treated water effluent from the disinfection tank and (3) MLSS inside the activated

sludge reactor.

In Figures 6 and 7, the sampling section locations are reported for the Marineo and

Corleone WWTPs, respectively.

2 ’ Equalization
- tank
Screening Degritter
Degrasser 1

QOUT

Filter Bio-filter

To disposal

Drying
Sampling section BR= Biological reactor AD= Aerobic digester
Q;, = influent flow Qqyr = effluent flow Qg= recirculation flow SP= Sludge pit
Q= sludge water Q= waste activated sludge Digested sludge

Figure 6. Schematic representation of the Marineo WWTP.
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Figure 7. Schematic representation of the Corleone WWTP.
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For Sections 1 and 3, automatic samplers were adopted and set considering the
hydraulic retention time (HRT) inside the activated sludge system (namely, 11 h for Marineo
and 10 h for Corleone).

Concerning the samples for Section 3, the samples were withdrawn manually.

Table 2 summarizes the parameter analyzed for each section.

Table 2. List of parameters analyzed in each sampling section for both WWTPs.

Sampling Sections

Parameter 2

BODs
CODror

Nrot
NH,*
NO;~
NO,~

Pror
PO43~
SST
SSV
DSVI/SVI

Clarifier performance

HKIX|IX|X|I XXX XXX
HKIX|IX| XXX X | X | XX @

XX | X | X

4.2. Clarifier Performance Verification

The secondary clarifiers verification was performed by using the State Point Analysis
(SPA) method [26]. The method is based on the solids mass balance around the clarifier
under the following conditions: (i) steady-state conditions, (ii) only one vertical dimension
is considered, (iii) sludge compression is neglected and (iv) effluent solids are neglected.

According to the SPA method, the clarifier operating conditions can be evaluated by
means of:

v" hydraulic capacity evaluation (detention time, surface overflow rate (SOR) and weir
overflow rate (WOR)) and
v' solids loading capacity or solids loading rate (SLR).

The SPA method allows to graphically evaluate the settler “state point” in a graph
where the underflow rate line (UR), SOR line and settling flux curve are depicted. The “state
point” represents the cross-point between the UR and SOR lines. Under stable operation
conditions, the “state point” must be located well below the settling flux curve.

The following steps were followed:

v/ acquire the clarifier data (number of clarifiers in operation, clarifier surface, mixed
liquor suspended solid-MLSS concentration, influent flow rate and return activated
sludge-RAS flow rate);

V" build the sludge settling curve representing how the sludge settling velocity varies
with the MLSS concentration [27];

v build the settling flux curve and

v' draw the settling flux curve, SOR and UR line in a graph and identify the state point.

The sludge settling curve was built by performing 30-min batch settling tests under
different TSS concentrations and using a 1-L graduated glass cylinder. During the batch
settling tests, the position of the suspension-liquid interface was measured at different time
intervals. Therefore, the evolution of the sludge blanket height over time during the batch
settling test was calculated [27]. For each batch test, the slope of the initial linear tendency
was the settling velocity (V;) related to the reference TSS concentration (C;). Consequently,
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by performing the test for different TSS concentrations, the curve settling velocity /TSS
concentration can be drawn. The experimental settling velocity can be described according
to Equation (1).

Vi = Vg x e *xCi (1)

where V and k are the empirical parameters.

Moreover, by using the 30-min sludge volume, the Sludge Volume Index (SVI) or
Diluted Sludge Volume Index (DSVI) can be evaluated according to Equation (2) and
Equation (3), respectively.

mL SSV3p x (1000 mg/g)
SVI| — | = 2
< gSS) X-Vr @
where
55V3p = 30-min settle sludge volume (mL),
X = mixed liquor suspended solids concentration (mg/L) and
V1 = volume of the settle column.
mL DSV30
DSVI | — | =
; <8 55) X4 ®

where

DSV3p = 30-min settled sludge volume of diluted sludge and
X4 = mixed liquor suspended solids concentration (mg/L) after dilution.

4.3. Batch Tests

Preliminary tests were carried out at the laboratory scale to evaluate the effect of
chemical treatments of clinoptilolite, the most natural abundant zeolite with a high affinity
for NH,* [28], with the aim to improve the operational capacity of clinoptilolite. For further
details on the clinoptilolite used in this study, the reader is referred to the literature [29].

The static NH4* adsorption was carried out with 2 g of untreated and treated clinop-
tilolite. The samples were shaken with 200 mL of 1000-mg NH,* L~! in an orbital shaker
for 24 h. The amount of NH4* adsorbed was determined using one gram of clinoptilolite by
Kjeldahl distillation with 30 mL of 33% NaOH solution for six minutes. For the desorption,
1 g of NH,"-enriched clinoptilolite was shaken with 100 mL of a 1-M NaCl solution on a
horizontal shaker for 48 h. The amount of NH;* desorbed was determine by Kjeldahl dis-
tillation with 30 mL of 33% NaOH solution for six minutes. The amount of NH4* desorbed
was calculated as the difference between adsorbed (total) and retained (not exchanged by
Na*) NH4*. Adsorption kinetics were assessed as reported by Muscarella et al. [29].

Preliminary tests were performed on sewage sludge collected from the sludge recycle
line at the Marineo WWTP. The raw sludge was characterized by measuring its physic-
ochemical characteristics and monitoring their variations over a 12-week period on four
different samples taken at 3-week intervals. The sludge acidogenic potential under dif-
ferent operational conditions was measured trough acidogenic fermentation batch tests
performed in 1-L magnetic stirred glass reactors [30].

4.4. Governance Analysis

The Governance assessment for Circular Economy based on Water resources (GO-
CIWA) is a governmental analysis tool, developed within the Wider-Uptake Project to allow
the preliminary identification of barriers (social, technological, regulatory, organizational
and economic) that hinder the transition path from a linear to a circular economy model in
the wastewater sector and to identify actions to overcome them. The identification of these
barriers takes place through a participatory process involving all the actors participating in
the Wider-Uptake Project.
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This tool is divided into three levels, with the aim of being able to better analyze the

multi-layered context to which the actors belong. The three levels are interconnected, as
shown in Figure 8, and can be summarized as follows.

Tensions, lock-ins

Barriers

WIDER CONTEXT
o™ Enyiy,
e‘-(\o%‘ O’Trnent

STRUCTURAL

CONTEXT CONTEXT

Water
Actors

m \ ‘/V

Resource

Action situations | g—p»
T / . T
Construction operations
Other sectors

e
o

o
506\6“

Economy

T

Pressures

Figure 8. General flow chart for the governance assessment. Relationship between the various levels,

key points and existing barriers.

1.

The wider context refers to a broad view of the political, economic, social and cul-
tural scenarios in which governance regimes are situated and includes the effects of
market dynamics and environmental changes. To describe it, the focus is on five key
aspects, namely: Sociocultural Scenario, Population and Urbanization, Environmental
Challenges, Political Context and Economic Conditions.

The structural context includes the established governance regime and related rights
of ownership and use, as well as the prevailing practices that characterize the current
situation. To describe this context, six fundamental aspects are considered, namely:
Levels and Scales, Prevailing Technologies, Actors and Networks, Perspectives and
Ambitions, Strategies and Tools and Accountability and Resources. The main barriers
to overcome are “Tensions” and “Lock-ins”. A Community of Practice (CoP) was
established in order to form a group of professionals, experts, companies and associa-
tions orbiting around the main themes of the project. The CoP will be used to share
the perspectives of water utilities, solution providers and stakeholders from different
industry sectors to jointly develop the technical, marketing and commercial aspects of
the water-smart systems.

Context-specific deals with assessing the factors directly related to the case studies,
such as the geographical location of the systems and their histories, which consist
of a previous decision-making and framing process. At this level, the aspects to be
evaluated are previous decisions and case-specific circumstances.

At this level, the process of forming an industrial symbiosis regime is important,

fostered by the interaction between the structural context and the actors, the flow of
resources and the operating technologies.
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5. Preliminary Results
5.1. Brief Analysis of Historical Data

Historical data in terms of BOD, COD and TSS were analyzed for the years 2015-2020
(around 50 data for each measured parameter). The data showed good behaviors of both
WWTPs with two effluent excess values compared to the legislative limit for BOD5 in
Corleone in 2017 (namely, 170 and 94 mg/L).

For the sake of conciseness, the data related to the influent and effluent COD for the
Corleone and Marineo WWTPs are reported in Figure 9.

(b)
¢ 2016 900 ¢ 2016 2017
+ 2020 - - Limit DLgs 152/2016

*
* * *
*
Q""’%’ hadl® 4 e 0 waWrdo0e 4@
100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Influent concentration (mgCOD/L) Influent concentration (mgCOD/L)

Figure 9. Influent and effluent COD concentration for the Corleone (a) and Marineo (b) WWTPs
during the years 2015-2020.

The data of Figure 9 show that, in 2017, the COD was higher than the limit for both plants.
In terms of the TSS concentration, excess effluent values (four out of 50 data for
Corleone and six out of 50 data for Marineo) were obtained during the period 2015-2020.

5.2. Monitoring Campaign Results for Corleone and Marineo WWTPs

The influent COD concentration in Corleone ranged between 125 and 320 mg/L
(Figure 10a). These values were quite low compared to the typical urban wastewater COD
concentration [2]. This result was likely due to wastewater dilution caused by parasitic
clear water infiltration. In terms of COD removal, the imposed regulatory limits were
always complied by (Figure 10a). Important to precision was that, since the ultrafiltration
system was yet started, here, we refer to the imposed regulatory limits for the discharge
in the water body. Regarding the influent TSS, a similar dilution effect as discussed for
the COD was observed. Indeed, the influent TSS concentration ranged between 130 and
380 mg/L (Figure 10b). In terms of the effluent TSS concentration, the discharge limit of
35 mg/L was always exceeded. This circumstance will be discussed in detail below. Mixed
liquor TSS and VSS data are reported in Figure 10c. The achieved data showed that the
TSS concentration slightly increased during the monitoring day (from 2.7 to 4.8 g/L); this
result was likely due to the sludge withdrawal operations from the secondary clarifier to

the sludge line. Indeed, the sludge withdrawal occurred discontinuously and only at the
end of the day.
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Figure 10. The trend of influent (IN, Section 1) and effluent (out, Section 3) measured the COD,
removal efficiency (EtaCOD) and legislative limit (a); the trend of influent (IN) and effluent (out)
measured the TSS and legislative limit (b) and measured the mixed liquor (Section 2) TSS (ML_TSS)
and VSS (ML_VSS) (c) Corleone WWTP.

The influent COD concentration in Marineo ranged between 214 and 379 mg/L
(Figure 11a). In terms of COD removal, the regulatory limit was generally met, excepting
for three samples. Indeed, on average, the COD removal efficiency was lower (64%) than
that imposed by the Italian Regulation (DLgs 152/2006) (at least 75%) (Figure 11a). The
influent TSS concentration ranged between 145 and 300 mg/L (Figure 11b). In terms
of the effluent TSS concentration, the discharge limit of 35 mg/L was always exceeded.
This circumstance will be discussed in detail below. The data of mixed liquor TSS and
VSS reported in Figure 11c show that the TSS concentration was higher than the typical
operation value for activated sludge systems. Indeed, the observed ML TSS concentration
was close to 8 g/L, three times higher than the typical operational value (2.5-3 g/L). As
discussed below, this latter result could imply severe effects on the clarifier solid loading
rate and, consequently, on the TSS effluent concentration. Moreover, from Figure 11c, it can
be deduced that the ratio between the VSS and TSS was lower than the typical value (0.7).
Indeed, on average, the VSS/TSS ratio was equal to 0.5. This result can be due to the high
sludge retention time (SRT) of the activated sludge reactor that allowed the establishment
of endogenous biomass conditions within the aerobic biological reactor [2].
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Figure 11. The trend of influent (IN, Section 1) and effluent (out, Section 3) measured the COD,
removal efficiency (EtaCOD) and legislative limit (a); the trend of influent (IN) and effluent (out)
measured the TSS and legislative limit (b) and measured the mixed liquor (Section 2) TSS (ML_TSS)
and VSS (ML_VSS) (¢) Marineo WWTP.

5.3. Clarifier Verification for Corleone and Marineo WWTPs

For Corleone WWTPD, the settling velocity curve, calculated by diluting the MLSS
samples, showed that the velocity ranges between 4.3 and 0.5 m/h for 0.8 and 2.8-gTSS/L,
respectively (Figure 12a). This result is in accordance with the typical values suggested
in the literature (around 4 m/h for 2.8-3-gTSS/L) [31]. However, the obtained SVI value
(equal to 128 mL/gTSS) suggests that the sludge has a poor settling capability. Moreover,
since, after 30-min settling, the sludge is not compact and the SSV3 is high, the presence
of filaments bacteria is suggested [2]. This circumstance is likely due to the poor mixed
liquor aeration caused by the old surface aeration system, since plant monitoring was
performed before the aeration system replacement. The data reported in Figure 12b show
that the state point is within the settling flux curve, thus suggesting that the clarifier is not
overloaded. This result corroborates the fact that the high TSS effluent concentration can be
due to the poor biomass settling properties and to the likely filamentous bacteria presence.
The settling velocity curve calculated by diluting the MLSS for the Marineo WWTP shows
that the velocity ranges between 2.89 and 0.027 m/h for 2 and 8-gTSS/L, respectively
(Figure 12c). The obtained DSVI value (equal to 70-mL/gTSS) for the Marineo WWTP
suggests that the sludge has good settling capability. However, the data of Figure 12d
show that the state point is outside the settling flux curve, thus suggesting that the clarifier
is strongly overloaded due to the high TSS concentration inside the aerobic reactor. The
clarifier overloading is the reason for the high TSS effluent concentration. The increasing of
sludge withdrawing from the bottom clarifier and the consequent TSS reduction within the
biological reactor could improve the clarifier behavior.
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velocity curve (c) and STA application results (d) for Marineo WWTP.

5.4. Batch Test Preliminary Results

The data reported in Figure 13a show the retained, released and adsorbed amount of
NH,*. The highest amount of NH4* was adsorbed by untreated and HCl-Na-treated clinop-
tilolite with an average of 11.8 mg of NH4* adsorbed per gram of clinoptilolite (Figure 13a).
This result contrasts with the literature, where it is reported that a strong acid treatment can
cause dealumination [32]. The lowest amount of NH;* was adsorbed by NaOH-Mg, with
a quantity of 27% lower than untreated and HCl-Na-treated clinoptilolite. Except for the
HCI-Na treatment, the two proposed treatments did not improve the adsorption capacity
of untreated clinoptilolite [29]. Regarding desorption, it was observed that the amount of
NH, " released after 48 h ranged from 76 to 83% and was closely related to the amount of
NH4 " previously adsorbed (Figure 13).

HCI-Mg el HCI-Mg
HCI-Ca SAdorpton. & HCLCa

T HC-Na 2 HO-Na
§ NaOH-Mg E NaOH-Mg
% NaOH-Ca 2 NuOHCa
é NaOH-Na E NaOH-Na
S HCl ; HCl
NaOH 5‘9 NaOH

UNT UNT

0 5 10 15 0 3 6 9 12
Ammonium (mg NH,' g*) Zeolite Treatment trial
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Figure 13. Amount of NHy" adsorbed, released and retained by the different treatments (a). Per-
centage of ammonium recovered from the ammonium solution (process efficiency) compared to the
ammonium exchange capacity of treated clinoptilolite (b).
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In this study, another parameter evaluated was the efficiency of the entire adsorption
and desorption process, such as the percentage of NH;* recovered from the solution
compared to the NH4* adsorbed by chemically treated zeolites. The highest efficiency was
observed in treated and HCI-Na-treated clinoptilolite, the lowest in NaOH-pretreated and
NaOH-Mg (Figure 13b) [29].

The dynamic adsorption tests showed how adsorption proceeds for 48 h. The kinet-
ics showed that all treatments completed adsorption within 24 h; in the case of NaOH-
pretreated clinoptilolite and NaOH-Mg-treated clinoptilolite, adsorption was almost com-
plete within 8 h. These results suggested that NaOH-pretreated clinoptilolite saturated the
exchange sites faster than HCl-pretreated clinoptilolite. However, towards the end of kinetic
adsorption, the amount of NH4" adsorbed was, on average, lower with NaOH-pretreated
clinoptilolite than with untreated or HCl-pretreated clinoptilolite [33]. In addition to the
pretreatment, the kinetics were also influenced by the treatment with the salts; in fact, there
was a higher rate of adsorption for the Na*-treated zeolite than for the treatment with
the bivalent cations Ca2* and Mg2*, probably due to the stronger bonds that the divalent
cations establish with the exchanger and, thus, to their difficult displacement [29,33].

In Table 3 the results of the sludge characterization are reported. The results highlight
the variability of the sludge features, especially referring to the suspended solids concen-
tration (Figure 14), probably due to the manual management of sludge wasting operations
from the sludge recycle line. Indeed, at present, the sludge discharge is activated manually
by the plant operators without a fixed time schedule or discharge duration.

Table 3. Waste-activated sludge features.

Parameters Week 0  Week 3 Week 6  Week 9
pH 7.1 7.1 7.2 7.0
Total Suspended solids, TSS (g/L) 14.74 13.4 10.08 3.95
Volatile Suspended Solids, VSS (g/L) 6.4 5.9 5.31 1.92
VSS/TSS 0.43 0.44 0.52 0.48
Total Chemical Oxygen Demands, TCOD (g/L) 9.89 13.39 13.73 593
Soluble Chemical Oxygen Demands, sCOD (g/L) 0.23 0.94 0.23 0.18
Protein (g/L) 0.68 0.65 0.69 0.4
Carbohydrate (g/L) 0.09 0.1 0.1 0.04
Ammonium, NH;*-N (mg/L) 47 8.3 9.5 242
Phosphate, PO43—-P (mg/L) 74 20.8 24.0 4.5
15
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Figure 14. Suspended solids concentrations in the monitored period.
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As expected for sludge produced by a high SRT process, the VSS5-to-TSS ratio is
low, indicating a low biodegradability. This aspect was confirmed by the acidogenic
fermentation tests, in which a maximum VFA concentration of about 2 gCOD/L was
obtained [30]. This concentration is indeed lower than those usually reported in the
literature for fermentation processes under similar conditions [34-37].

5.5. COGIWA Application

The data required for GOCIWA application were collected through semi-structured
interviews. The interviews consisted of 41 questions, in turn divided into different levels.
The results of the interviews were collected in a database to be easily accessible for a
subsequent data analysis.

The application of GOCIWA to Corleone and Marineo case studies has revealed several
barriers for the transition from linear to circular economy. Specifically, regarding the wider
context, the projection to 2050 revealed that the Sicilian population is decreasing by 9.9%
while the Italian northern region’s population will grow by 0.6% [38]. In addition, the
population is mainly located in areas of medium urbanization, which is more relevant in
Sicily than in the national context.

Regarding the environmental challenges, to date, 42% of groundwater is polluted.
Further, the mismanagement of water infrastructure causes more than a one-third loss of
the water injected into networks [39,40]. The interviews revealed both favorable factors
and barriers that favor or limit the conversion to a circular economy model and the im-
plementation of water-smart solutions. The favorable factors and barriers that emerged
from the interviews regarding the shift from linear to circular economy are summarized in
Table 4.

Table 4. Summary table of favorable factors and barriers.

Favorable Factors Barriers

Economic interest in implementing water-smart solutions Limited large-scale application of advanced technologies

Interest in recovering reuse systems that were built but never went

into operation

Difficulty in creating a market based on recovered resources

Favorable local conditions for reuse of recovered resources in

terms of social acceptance

Regulatory limits on the reuse of recovered resources

Sufficient technological maturity to implement water-smart solutions  Difficulty in identifying authorities responsible for reusing resources

Apparent political will to support transition to circular economy Absence or weak interaction with policymakers and decision makers

Lack of collaboration between the various administrative levels

Fragmented management responsibilities (treatment — AMAP,
reuse — municipalities)

Limited interaction of actors with citizen associations

Regarding favorable factors, it was found that there is an economic interest, shared by
partners and key stakeholders, in implementing water-smart solutions. In addition, there
are favorable conditions for the reuse of recovered resources in terms of social acceptance,
which is closely linked to the semiarid conditions of the southern regions, which encourage
farmers to reuse treated wastewater.

This implementation of water-smart solutions, according to the interviewees, is sup-
ported by a local political intent in boosting the transition to circular economy, especially
on the part of the municipalities of Marineo and Corleone.

The main barriers limiting the transition to water-smart conditions are the limited
large-scale applications of advanced technologies, such as the lack of sludge treatment
facilities and final destinations for treated sludge, which can also be the cause of reduced
process efficiency, and the difficulty in creating a market based on recovered resources.
This last point also depends on an issue related to a lack of knowledge of the products that
are obtained as a result of the application of these technologies, and this can be improved
through a continuous updating of the actors and a process of information of citizens and
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associations through the organization of workshops and webinars. However, it is essential
to emphasize that, in this moment, the actors and stakeholders involved are not engaged in
other industrial symbiosis activities, and there are no products derived from water-smart
solutions on the local market.

Other barriers to be considered are the regulatory limits for the reuse of recovered
resources and the difficulty to identify the authorities responsible for the reuse of resources.
In fact, the tools needed to promote the conversion from linear to circular economy include
European directives and national legislation, as well as regional regulations. Unfortunately,
a lack of coherence between the various pieces of legislation has been observed, often
caused by a particularly complex legal framework.

The interviews identified the various administrative levels and competent authorities.
Unfortunately, the interviewees also highlighted a lack of interaction with policy and
decision-makers and a lack of collaboration between the various administrative levels.

It also emerged that the greatest barrier to the participation of other actors is the lack
of involvement by the local institutions.

6. Conclusions

This manuscript summarizes preliminary actions and results in roadmapping the
transition to Water Resource Recovery Facilities of two Italian wastewater treatment plants:
Corleone and Marineo. The transition process is challenging and covers several activities
interrelated: governance assessment, evaluation of social acceptability, technical feasibility, etc.

The results presented here underlined that, for both plants under study, there are
several aspects that require technical improvement to implement the transition: improve
the sludge withdrawal operation in view of avoiding high TSS variation inside the aerobic
biological reactor or clarifier overloading. Indeed, both conditions negatively affect the
effluent TSS concentrations, often exceeding the imposed limit. In view of applying the
water reuse in Corleone, the maintenance of the UF system is also mandatory. In this
regard, the role of the local governance is fundamental, since sometimes technical decisions
overcome political barriers. Indeed, the governance assessment analysis revealed a sort
of lack of “high-level decisions” that influence plant operations that are now limited to
complying with the legislative limits without having a market vision of the resources that
can be recovered from the WWTP.

The study presented here underlines the great potential of both plants in converting
their operation into Water Resource Recovery Facilities.
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