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ARTICLE INFO ABSTRACT

Keywords: Phosphorus is an essential element for living organisms, but its unequal distribution combined
Substance flow analysis with the current anthropogenic activity make it a critical resource. To decrease the risks of future
Wastewater treatment shortages, new techniques to manage phosphorous are needed to be mainstreamed under a Cir-
Phosphorous recovery cular Economy approach to boost a sustainable transition. A full characterization of flows and

Circular economy

stocks is necessary to measure the contribution of secondary materials to meet the overall demand
Digestate sludge

in a system and support decision-making process towards potential improvements. This under-
standing is determinant for a successful implementation of phosphorous recovery at the regional
level, where site-specific conditions dictate local constraints.

In this study, material flow analysis has been applied to characterize the 2020 phosphorous
cycle in the Province of Rimini (Italy) and the State of San Marino, which are served by a
wastewater treatment plant with a 560,000 person-equivalent capacity. Our model shows that,
about 236 + 23 t P entered the system, while 155 + 14 t P left it, resulting in a net accumulation
of 81 + 21 t P, mainly located in soil for crop production, water bodies, and sedimentation due to
dissipative flows. The greatest potential for phosphorous recovery is embedded into the digested
sludge from the wastewater treatment plant, which would ideally meet 96% of the annual local
demand of mineral fertilizers. However, this flow is currently disposed of by landfilling. Further
technical, economic, environmental, and regulatory valuations are ultimately needed to build a
positive business case to recover phosphorous in the region.

1. Introduction

1.1. Overview

Phosphorus (P) is an essential and irreplaceable element for living organisms, playing an essential function in the human meta-
bolism as well as in the global agriculture and food production systems. Although P is the tenth most abundant element in the earth’s
crust (Rattan and Stewart, 2017), the supply risk level and the economic importance of P and phosphate rocks rank as nearly critical for
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the U.S. (McCullough and Nassaer, 2017) and critical for the European Union (EU) (European Commission, 2020) mainly because the
growing global and European demand for this element is coupled with virtually non-existent reserves within the Member States, with
the exception of Finland (Zhu et al., 2023). The location and concentration of its natural deposits occur in a small number of countries
including Morocco, Jordan, South Africa, the United States, and China. All together, they represent up to 90% the world-known re-
serves of P (Rattan and Stewart, 2017). This unevenness in the availability of P reserves forces countries to depend on P imports to
sustain their agricultural needs. Moreover, the irreplaceability of this nutrient causes fluctuations in the prices of food whenever the
price of P fertilizers change (Wang et al., 2022). On top of that, the extraction of P in mines and the long time in which the circulation of
P occurs in the natural environment poses the thread of experiencing scarcity in relation to the economically extractable P around the
world (Childers et al., 2011).

Its extensive use in agriculture (about 95% of P used as fertilizer in this sector globally (Sena et al., 2021)), makes this element
undergo intentionally dissipative uses (Ciacci et al., 2015), causing P flows to migrate from the anthroposphere to the biosphere
according to a linear model of production and consumption still depictable as “take-make-dispose”. Although this dispersion into the
environment does not make future P recovery impossible, the achievement of a restorative model for this element (Reike et al., 2018;
Ellen McArthur Foundation, 2013) is certainly challenging. Despite this, adopting a circular economy model for P would improve the
net use efficiency of this resource, reduce the risk of shortages and geopolitical frictions, minimize price volatility, and improve the
resilience of food systems (Egle et al., 2015).

This potential recyclability is under consideration to improve the overall effectiveness in the P cycle. The literature on P recovery
indicates that wastewater treatment plants (WWTPs) represent an interesting spot to locate technologies able to recover high-quality P
products (van Dijk et al., 2016; Egle et al., 2015; Childers et al., 2011; Cordell et al., 2009). Many processes to remove P at wastewater
treatment plants have been developed, the most promising of which are covered in the EU list of the Best Available Techniques (BATSs),
(Brinkmann et al., 2016). Common methods exploited by BATs include crystallization, nanofiltration/reverse osmosis, evaporation,
aerobic treatment, enhanced biological P removal, and chemical precipitation. However, their adoption is mainly driven to meet the
water quality standards by reducing the P concentration in the effluents of the WWTPs rather than on further recovering and using P
(Karunanithi et al., 2016). Nonetheless, the output of these technologies might concentrate P in sewage sludge for subsequent valo-
rization (Egle et al., 2015).

The necessity for developing and adopting feasible technologies and practices to recycle this element has moved policy makers to
introduce transnational and national regulations. For instance, the European Commission is expected to include P recovery form
wastewater as one of the economic activities that will qualify as contributing substantially to the transition to a Circular Economy
under the Taxonomy Regulation (European Commision, 2023). Some EU countries have followed, or even anticipated, the estab-
lishment of a legal framework to remove and recover P (Zhu et al., 2023). Such is the case of Italy, whose Implementation Action Plan
2020-2025 for the Italian Bioeconomy Strategy includes wastewater and sludge valorization into compost, biochar, biomethane,
chemical substances and materials for the benefit of local areas as one the five flagship projects to be developed in the short term
(Presidenza dei Consiglio dei Ministri, 2021).

Similarly to other countries in south Europe, Italy has relatively smaller stocks of P in the agricultural topsoil than Member States in
north Europe (on average, 60 kg P ha~! versus >100 kg P ha™?, respectively) and ranks among the highest EU country users of P
fertilizers, applying more than 9 kg P ha~! yr~!. However, this input is then contrasted by an estimated P loss of the same magnitude
due to severe erosion, which implies a four-times higher environmental risk (e.g., eutrophication) to river basins than the European
average. (Panagos et al., 2022).

Considering the importance of the agricultural sector in the northern regions of Italy, in which up to 65% of the national fertilizer
consumption occurs (Centro di ricerca Politiche e Bioeconomia, 2021), past eutrophication events, and the legal framework supporting
circular economy initiatives, we believe that there might be an enormous socio-economic potential for Italian provinces to benefit from
local P recovery.

1.2. Research issue and aim of this study

Systematic identification and quantification of P flows that are potentially available in a system for recovery and reuse is crucial to
evaluate beneficial effects of implementing solutions for material circularity and improve resource management (Wang et al., 202.2;
Papangelou et al., 2020; Egle et al., 2014). More specifically, the setting of strategies for the recovery of essential and critical resources
such as P from currently unexploited waste streams would have the dual effect of enhancing sustainability and resilience in material
supply chains as well as pursuing the goals of waste prevention and minimization, maximize the use of non-renewable resources into
anthropogenic cycles, and reduce their potential impact on the environment as mainstreamed by Green Chemistry principles.

To this aim, material flow analysis (MFA) can enable proper characterization of the flows and stocks of materials within a certain
system at a specific space and time (Brunner and Rechberger, 2005). It is commonly applied to understand how materials or energy are
metabolized in natural-anthropogenic systems at different scales that can range from processes, isolated populations, regions, coun-
tries, groups of countries to the entire world, providing quantifiable information to support decision-making processes in the fields of
resource management, waste management, and environmental management. Based on the principle of mass conservation, MFA detects
how and where a given resource is transported, stored, or metabolized through different processes and sinks.

Of relevance here, MFA has been previously used for (i) conceptualizing and mapping the anthropogenic metabolism of P (Baroi
et al., 2020), (ii) indicating and comparing how regions use, reuse and lose P (Wang et al., 2022); van Dijk et al. (2016); (iii) showing
the heterogeneity of the P metabolism between countries, regions and within countries (van Dijk et al., 2016); (iv) identifying and
quantifying flows of P that are potentially available for their recovery, assessing the level of circularity of P within a determined
system, and evaluating recovery and recycling solutions towards a better circular resource management (Houssini et al., 2023; El Wali
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et al., 2021; Papangelou et al., 2020; Treadwell et al., 2018; Koppelaar and Weikard, 2013; Brunner, 2010); (v) developing a
framework for categorizing P into reserve and resource identification and evaluation (Lederer et al., 2014); (vi) overcoming de-
ficiencies in the reliability and availability of data (Baroi et al., 2020; Zoboli et al., 2015); (vii) examining specific problems and
opportunities that might differ across different geographies and jurisdictions (Egle et al., 2014).

Although the anthropogenic metabolism of P is applicable with relative minor adjustments to different geographical scale thanks to
a well-established supply chain and use of this resource in modern society, site-specific mass balances are needed to account for the
intrinsic variations in material accumulation and depletion dynamics from stocks at the regional or province scale. Ultimately, this
thorough system understanding of P flows and stocks is vital to a successful development of recovery techniques and prioritizing
sources for accessing a sustainable supply of P.

To this aim, we have explored the potential for P circularity at the province level, in the system comprising seven municipalities in
the Province of Rimini plus the independent State of San Marino located in north Italy. Altogether, they configure the urban-
agricultural system that is served by the WWTP of Santa Giustina, located in the Province of Rimini, with a capacity of 560,000
person-equivalent (p.e.). In particular, In the present work, an MFA model has been developed and applied to (i) characterize the P
anthropogenic cycle, (ii) define the current levels of material circularity, (iii) identify spots where action should be taken to reduce P
leakages and benefit from the initiatives aiming to improve P management in the system under scrutiny.

2. Materials and methods

2.1. System definition

Rimini is a province situated in the Emilia-Romagna region of Italy and the north region of the Adriatic Sea. It has an area of 865
km? and a population of about 340,000 inhabitants. Its tourist’s affluence plays a particular role in the province due to its relatively
large size. In 2018, about 2,252,000 tourists arrived in the municipalities of Rimini. They had an average stay of 4.3 days, which equals
an additional yearly population of about 26,500 inhabitants (Servizio Statistica e Sistemi Informativi Geografici, 2019).

According to the regional Chamber of Commerce, the total agricultural land in this Province covered about 34,400 ha (ha, 1 ha =
10,000 m?) and the total production amounted to 304,570 tonnes (t, 1 t = 1000 kg). In 2019, 19,440 t of fertilizers were distributed in
the province, of which 7830 t correspond to mineral compounds, organic and organic-mineral fertilizers, 9370 t are soil amendments,
2160 t are crop substrates, and 80 t of “specific action products” such as pesticides, fungicides, insecticides, and similar (Camera di
commercio della Romagna-Forli-Cesena e Rimini, 2020. Agricoltura 2019. Le statistiche dell’agricoltura in provincia di Rimini.
Camera di commercio della Romagna-Forli-Cesena e Rimini, 1-32.).

In 2015, the new WWTP of Santa Giustina was inaugurated to serve the communes of Rimini, Coriano, Santarcangelo, Verucchio,
Poggio Torianna, Bellaria Igea-Marina, San Leo, and the State of San Marino. The total plant capacity results from the addition of a new
line of treatment with a capacity of 340,000 p.e. to the traditional line with a capacity of 220,000 p.e. The new line was built to
guarantee that by 2024 there will not be bathing prohibitions along the Rimini coast because of low-quality water levels. It aims to
eliminate incoming and untreated black water from the 11 discharges of water to the sea from the region. Besides increasing the
capacity in the plant of Santa Giustina, the project included a set of tanks to cope with the variability of water inflow during rainy
events in summer, where the system experiences its peak loads. At Santa Giustina, sewage sludge receives anaerobic digestion and
mechanic dehydration treatment. Heat is also recovered during the treatment process (Gruppo HERA, 2023).

2.2. The anthropogenic P cycle and system MFA archetypes

To develop a model that is comparable to the existing literature on P flow analysis (PFA), we referred to a system archetype, which
is commonly used in systemic approaches when specific patterns are persistent and suitable for the elaboration of new models. More
specifically, two PFA studies from the literature were used as archetypes for the modelling of the system comprehending the mu-
nicipalities served by the WWTP of Santa Giustina. The first model was developed by van Dijk et al. to assess the aggregate P flow from
the EU, accounting for the imports and losses of P at the continental level (van Dijk et al., 2016). The second model was developed by
Koppelaar and Weikard to quantify the global P flows from its extraction until its landfill deposition. Both models present similarities
but contain different boundaries and processes (Koppelaar and Weikard, 2013).

Van Dijk et al. makes the distinction between the P flows that occur in a geological timescale from the cycles occurring at a human
timescale and mainly because of the human management of this resource. In their study, where the flows of P from the EU Member
States were quantified, they took out of the boundaries the extraction and mining activities, since virtually all the mined P that is
sourced to the member states occurs outside the EU. Therefore, these authors considered the following finished goods as the flows
entering the systems: mineral fertilizers, animal feed additives, food P additives, and detergents (van Dijk et al., 2016).

The urban-agricultural system can be considered as an open system, in which material exchange with the outside environment
occurs in different proportions. Moreover, there is an interaction between the anthropogenic and geologic cycles, which differ in
timescales and magnitude of flows. Once P is applied to soils, there are four main pathways it can follow. A first pathway is the
accumulation of P in the soil, since not all P is taken up by the crops, grasses, and plants in general (van Dijk et al., 2016). A second
pathway is the entrance into natural subsystems, in which P circulates from the soil to crops, and returns to the soil when the crop
residues degrade in the soil and bacteria decomposes the molecules containing P (Rattan and Stewart, 2017). If crops and grass are
used to feed livestock, then P follows a slightly larger cycle (third pathway), in which P is consumed by the animals and later excreted
(Smits and Woltjer, 2018). If crops and livestock destiny is human consumption, P leaves the agricultural subsystem and does not
directly flow again into the soil (fourth pathway). Finally, natural runoff and erosion make soils lose their P availability.

The following stage covers food processing and non-food commodities production. Food waste can either return a fraction of P into
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the agricultural system if used as a source of fertilizer for soils or it can end in landfills depending on the waste treatment procedures
that take place in the delimited system (Smits et al., 2018).

Food is consumed by humans after being processed and traded. In this stage, food waste can be generated or discharged in excreta.
Excreta is assumed to enter wastewater systems which can be diverse in their procedures; hence varying the fate of P, which could be
either recovered (Scholz et al., 2014) or released into marine ecosystems (Smits et al., 2018). Van Dijk et al. include returning flows of
P after consumption that enter again the food production, but also quantifies the P that is lost without considering the waste treatment
practices (van Dijk et al., 2016).

The generic system diagram developed for P flows and stocks in this study is shown in Fig. 1.

2.3. Data collection and main assumptions

MFA may be very intensive in data collection, for which the use of complementary statistics and accounting approaches (e.g., top-
down, bottom-up, Miiller et al., 2014) are often necessary to address the complexity of determining a material flows and stocks in an
anthropogenic system. Common data sources include databases, reports, and scientific literature or by taking direct or indirect
measurements on site (Brunner and Rechberger, 2005).

For the present MFA, data were gathered to quantify the annual metabolism of P withing the selected municipalities of Rimini and
complemented with literature sources including factsheets from the European Sustainable Phosphorus Platform (ESPP, 2019). In
particular, the data covered the application of fertilizers in the agricultural soils of the province (Table 1), the agricultural and animal
food production (Camera di commercio della Romagna-Forli-Cesena e Rimini, 2020. Agricoltura 2019. Le statistiche dell’agricoltura in
provincia di Rimini. Camera di commercio della Romagna-Forli-Cesena e Rimini, 1-32.) (Table S4 in the SI), the food consumption
based on an average Italian diet (Sette et al., 2011) (Tables S5-S6 in the SI), the P concentration of the influents and effluents of the
WWTP of Santa Giustina (European Environment Agency, 2020), and the fate of P in agricultural fields and the local waste man-
agement systems (ARPA - Agenzia Prevenzione Ambiente Energia Emilia-Romagna, 2021; van Dijk et al., 2016; ISPRA, 2015). Most
data were only available at municipality level: thus, reasonable estimates were computed by scaling the magnitude of the provincial
flow with the proportional population size of the chosen municipalities (Admin Stat Italia, 2021). This assumption implies that the
total provincial flow is equally distributed along each of the municipalities that conform the Province of Rimini.

The U.S. Department of Agriculture provides a comprehensive database (U.S Department of Agriculture, 2020) containing the
mineral content of diverse foods. To obtain the annual P content in all the harvested crops, the harvest volume of each crop type was
multiplied by its P content in its raw form. Manure and crop residuals were assumed to be reutilized as organic fertilizers in their
entirety. The associated content of P in organic waste was calculated by taking the fraction of organic waste that was used in the MFA
model by Koppelaar and Weikard (2013).

Sette et al. conducted the third national food consumption survey in Italy to obtain the average intakes of micro- and macro-
nutrients in average Italian diets. The results were designed to represent the total population at a national level and include the P
intake in males and females of different group ages (Sette et al., 2011).

Under the Urban Wastewater Treatment Directive (91/271/EEC) Member States are required to report information on their
wastewater treatment infrastructure and the influent and effluents that WWTPs process. This report, available at the European
Environmental Agency site, included the incoming and discharged P concentrations in the effluent of Santa Giustina, as well as the load
entering the treatment facilities. P content in superficial waters is monitored throughout the year by the Regional Agency for

Soil Supplement for Net balance for food
Fertilizers ammendments livestock import/export
|
Animal
feeding
Mineral Crop . Food Organic waste to
fertilization production Harvesting production composting/AD
NAS
e Food Organic waste to
Fishing consumption composting/ AD
Waterbodies/ sludge to
Value chain Sediment WWTP landfiling
= Loss
Import

Household
chemicals

Fig. 1. System diagram with processes and flows characterizing the P cycle in the urban-agricultural system conformed by the municipalities that are served by the
wastewater treatment plant (WWTP) of Santa Giustina in the Province of Rimini.
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Table 1
Summary of distributed fertilizers in the province of Rimini and their phosphoric anhydride content. Based on (ISTAT, 2021).

Type of fertilizer Distributed Fertilizer P40, content

tons % tons %

mineral, compound, organic and organic-mineral fertilizers 7834 40% 554 96%
thereof: mineral 2020 10% 54 9%
thereof: compound 424 2% 180 31%
thereof: organic 3261 17% 26 5%
thereof: organic-mineral 2117 11% 292 50%
Amendments 9370 48% 25 4%
soil correctives 0 0% 0 0%
crop substrates 2158 11% 0 0%
specific action products 76 0% 0 0%
Total 19,438 100% 579 100%

Prevention, Environment and Energy of Emilia-Romagna. A study by Santolini and Morri provided the average annual P concentra-
tions in the Marecchia River (Santolini and Morri, 2017).

Waste and losses occur along the entire P metabolism chain. However, food residuals were only considered to happen in the food
production stage, disregarding the magnitude of P that is lost or sent to the solid waste management system at the local food supply
chain. To estimate the amount of P that is discarded as household organic waste after food consumption and put into the solid waste
management system, data reported by the Regional Agency for Prevention, Environment and Energy of Emilia-Romagna were used
(ARPA, 2020). The fraction of P contained in organic waste was calculated after the study by (Tuszinska et al., 2021), who measured
the amount of P compounds in food waste samples from agricultural and municipal biogas plants.

Given the variability of sources, the level of aggregation in which data is available and their diverse quality, three additional
inflows were added at distinct stages of the model to match mass balance constraints. The first one was calculated to satisfy the
nutritional needs of the animal feed. Food supplements for animals are included in other MFAs as animal diets require additional
sources of P (van Dijk et al., 2016; Koppelaar and Weikard, 2013). Another aspect that was simplified in the model was the net balance
of food imports and exports. Since this trade of goods at an aggregate level can be seen as a simple exchange of P, the inflow was
calculated to fulfill the nutritional requirements of the population based on their average annual P intake. The final inflow that was
calculated to cope with the inflow/outflow mismatches was the P content in non-edible products used at households.

2.4. Uncertainty analysis

Exogenous values employed in MFA models are generally obtained from different sources that used different methodologies, which
implies that data come in different formats and qualities. In this view, data used in MFA are cross-disciplinary and highly heterogenic
and, as such, subjected to different levels of uncertainty and limited in accuracy (Allesch and Rechberger, 2018).

Several approaches based on data classification have been developed to account for uncertainties in the data (Allesch and
Rechberger, 2018). Hedbrant and Sorme developed a method of asymmetric intervals based on the assignment of uncertainty factors
for different uncertainty levels. This approach classifies uncertainty levels from 1 to 5 to societal data in environmental research, when
conditions for statistical treatment are not met (Hedbrant and Sorme, 2000).

Likewise, Laner et al. (2014) developed a method based on symmetric intervals. They used probability distributions to represent
uncertain values, assuming that for most values, there will be a true value within the intervals, which in absence of samples, can be
assigned by an expert judgement (Allesch and Rechberger, 2018). Weidema and Wesnaes proposed a Pedrigree Matrix that has been
widely used in MFA (Allesch and Rechberger, 2018). The matrix highlights the data quality and the data collection strategy as

Table 2
Levels of uncertainty factors set in this study.
Level UF Source Geographical Correlation Example Symmetrical
interval
*/1 General Value - P Molecular weight +0%
1 */1.1 Official Statistics, Data from area under study and or average Data from regional agencies (e.g., Emilia- +10%
appropriate scientific data from larger area in which the areaunder =~ Romagna)
literature study is included
2 */1.25  Official Statistics, Data from area with similar production Data from European Environmental +25%
appropriate scientific conditions. Agency.
literature
3 */1.33  Non-official statistics, Data from distinctly different area. P content of organic wastes. +33%
presentations Data from U.S. Department of Agriculture
and studies using samples from other
geographical areas.
4 */2 Educated guess, Data from unknown area or area with Mineral fertilizer use in gardens, +100%

publications without a
source.

distinctly different production conditions.

estimations of transfer coefficients.

UF: uncertainty factor.
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parameters to define semiquantitative indication of the reliability, completeness of the data, and temporal, geographical, and tech-
nological correlations. Through these five independent data quality indicators, the Pedigree Matrix communicates data limitations that
can be associated to uncertainties.

The model developed for this study is based on the uncertainty factors by Hedbrant and Sorme but following symmetric intervals
around the magnitude of each input data (Hedbrant and Sorme, 2000). In this way, five levels of uncertainty according to the
guidelines were used but adapted to a symmetrical form (Table 2 and Table S7 in the Supporting Information). These five levels of
uncertainty define the uncertainties following a simplified version of the Pedigree Matrix (i.e., limited to source reliability and
geographical representativeness indicators) from which data were obtained to elaborate the model (Table S7 in the Supporting In-
formation). Further details on equations to account for uncertainty propagation are described in section S3 in the Supporting
Information.

3. Results and discussion

3.1. Phosphorous flows and stocks characterization

The MFA model in Fig. 2 displays and quantifies the flows of P in the urban-agricultural system conformed by the municipalities
that are served by the WWTP of Santa Giustina. Similarly, Fig. 3 shows each flow with its corresponding uncertainty range. Both figures
categorize flows according to their pathways within the system: import, loss, and value chain flows. Annual values are in t of P
equivalent. Fig. 4 plots the phosphorous concentration versus medium magnitude for specific waste streams.

Italy has no mineable reserves of phosphate rock. Thus, it relies entirely on P imports and recycling to supply its fields with this
nutrient. While no direct information on the total food imports was obtained, a hypothesis to explain the relatively large amount of its
magnitude is the low production of animal food originated in the province. Our PFA model shows that about 236 + 23 t P enter the
system annually in form of mineral fertilizers, feed additives for livestock, soil amendments, household chemical products (e.g., de-
tergents) and imported food. The inflow of mineral fertilizers responds to the agricultural activity of the municipalities which mainly
produce whole wheat cereal, lettuce, alfalfa, and grapes.

More specifically, 122 + 12 tons P/year of the total inflow entering the system is driven by the application of fertilizers to agri-
cultural soils. Additional imports include 71 + 15 t P/year resulting from the net trade balance of finished food products import, 15 +
14 t P/year from supplemental food additives to livestock, and 20 + 7 t P/year in detergents and other household chemicals reaching
Santa Giustina from houses connected to the wastewater system.

The greater mass flow of P within the system goes from the agricultural soils to the harvested products. The 158 + 31 t P/year
include crops for both human and livestock consumption. 34 + 29 t P/year are estimated to return to the soils as agricultural residues,
containing a fraction of the P that is taken up by the crops. Organic fertilizers are also applied in the municipalities (55 &+ 7 t P/year),
while 7 + 1 t P/year are supplemented by soil amendments produced from digested sewage sludge.

The annual natural runoff of P into waterbodies amounts to about 45 + 8 t P/year. This flow represents the amount of P that enters
the Marecchia River, as past studies have shown that the river effluent had an average P concentration of 0.31 mg/L from 2017 to 2020
(Santolini and Morri, 2017). The mass balance in agricultural soil (i.e., Crop production stage) suggests that there is a net accumulation
of 15 &+ 23 t P/year.

The model distinguishes between three different sources of P for food production. The main source comes from harvested products,

Soil Supplement for Net balance for food
Fertilizers ammendments livestock import/export
122 8 16 i
55 Animal 35
feeding
74
122 158
Mineral Crop . 50 Food ] ‘12 Organic waste to
fertilization production Harvesting production composting/AD
NAS: +16 34 7
45 4 . 4 F°°d_ 26 Organic waste to
Fishing consumption composting/AD
122
Waterbodies/ 17
aeroodies WWTP Wastewater sludge to
Value chain Sediment 25 landfiling
NAS: +65
== Loss
Import 20

Household
chemicals

Fig. 2. The P cycle in the urban-agricultural system conformed by the municipalities that are served by the wastewater treatment plant (WWTP) of Santa Giustina in
the Province of Rimini. Values are in metric tons (t) of phosphorous contained. NAS: net addition to stock.
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Fig. 4. Phosphorous concentration (%) versus medium magnitude (t) for wastewater sludge, dry weight (WWS-DW); household organic waste, dry weight (HHOW-
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intended for human consumption, and resulting in 50 + 13 t P/year. Another 34 + 11 t P/year come from animal products. The last
inflow comes from sea products fished in the Adriatic Sea and commercialized at the Rimini market (4 + 1 t P/year). Food scrap and
non-edible material are discarded and assumed to leave the system with no further recycling, accounting for 12 + 10 t P/year.

A national survey on food consumption habits in Italy suggests that the average P daily intake is around 1200 mg per capita (Sette
etal., 2011). Considering the system population throughout the year, 122 + 7 t P/year are consumed. Since 77 + 9 t P/year come from
local sourced products, an annual P flow of 71 + 15 t is estimated to come from the food net trade balance. This balance would add all
imports and subtract all exports of the food system, filling the lack of statistics related to the trade of foods at province level in terms of
mass and list of P-containing products.

According to the 2020 report on Waste Management in Emilia-Romagna, 45,000 t of organic waste are separately collected in the
entire Province of Rimini from which 33,700 t correspond to the municipalities included in the system (~75%). A recent study
measured an average of 19 & 1 mg per gram of dry weight (mg/gqw) of P in organic food waste (Tuszynska et al., 2021). The same study
reported that dry matter of the organic waste samples was 4% =+ 1%. Based on these samples, the P contained in 33,700 t of organic
waste ranges between 26 + 9 t.

The 122 + 7 t P/year that are consumed by the population and visitors are assumed to be excreted into the sewage system. At this
point, the excreted P is mixed with P contained in household chemicals, both conveyed to the WWTP of Santa Giustina and corre-
sponding to about 142 + 3 t P annually. This quantity represents the recovery P potential that could be achieved at the theoretical
100% efficiency rate in the wastewater treatment facility. In 2021, the current treatment technologies at the site allowed the removal
of about 117 + 2 t P/year from wastewater, which corresponds to a P removal efficiency rate of 82%, in compliance with the EU
Directive 91/271/EEC.

Nearly 45% of the sewage sludge produced in the Emilia Romagna region is sent to landfill coverage, while 32% is treated and
applied in agricultural soils, 14% is incinerated, and the remaining 9% is recovered for cement production and other products. In
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Rimini, around 7000 t of dry weight of sewage sludge are treated and sent to landfill coverage (ISPRA, 2015).

Finally, the P discharge after water treatment amounts 25 + 3 t P/year and adds to P leached flow from crop production: the
resulting net P addition to stock amounts to 66 + 8 t P/year and runs off to natural water bodies, as measured by the water quality
monitoring station at the Marecchia River, and likely undergoes natural sedimentation once it reaches the Adriatic Sea. This P is
assumed to be virtually lost, since the dynamics of P once it enters waterbodies is difficult to predict. More research in this direction is
needed. If natural runoff coming from over-fertilized soils is combined with WWTPs discharge points, concentrations of P in surface
and groundwaters can increase to above desired levels. Improved agricultural techniques and lower concentrations in water effluents
should be promoted by local authorities and other stakeholders to avoid eutrophication events.

Overall, the results suggest that out of the 236 + 23 t P/year that enter the Province of Rimini, 81 + 21 t P/year are accumulated in
the system, and 155 + 14 t P/year leave its analytical boundaries via the waste management systems.

3.2. Toward phosphorous circularity in the province of rimini

Eurostat developed the “circular material rate” indicator to monitor the level of circularity within the EU Economy (Eurostat,
2021). This circularity rate is used to measure the contribution of recycled materials to meet the overall material requirements in a
system. Applying this metric to our model, a full recovery of the P contained in the wastewater sludge at Santa Giustina would ideally
meet 96% of the annual demand of mineral fertilizers in the covered municipalities, confirming WWTPs as hotspots for P recovery (Di
Maria and Sisani, 2019; Meng et al., 2019). Moreover, wastewater sludge is the flow with the highest concentration of P, compared to
other waste flows as seen in Fig. 4. Notwithstanding this, such a circularity potential for P may remain only theoretical since the
digested sludge produced at Santa Giustina is sent to landfill coverage and no further technological application to recover P is applied
at today conditions. Hence, the current circularity rates within the system are minimal.

Research by Papa et al. showed that nutrient recovery from sewage sludge is broadly practiced in the majority of WWTPs of Italy.
Either by composting or direct land spreading, the destinations of sewage sludge reuse account for 79% in the Italian territory,
following a major behavior within the EU where more than 50% of the sludge is reused for agriculture (Papa et al., 2017). In Emilia
Romagna, a third of the sewage sludge produced in the regional WWTPs is applied in agricultural soils and composting applications
(ISPRA, 2015), suggesting that the region might be implementing actions to recover this resource, while almost the whole amount of
wastewater sludge generated at Santa Giustina is landfilled.

However, behind this situation there is not only a problem of non-optimal management of resources, but also a serious principle of
prevention. Indeed, current regulatory trends concerning the safety and risk assessment of digested sludge products may pose future
challenges to continue with this practice (Egle et al., 2015) and may hinder its implementation in the province of Rimini. The Directive
86/278/EEC regulates the use of sewage sludge for agricultural uses, establishing standards to prevent harmful effects on soil,
vegetation, animals, and humans. It defines sludge as (i) the residual from sewage plants that treat domestic or urban wastewaters, or
(ii) the residual sludge resulting from septic tanks used for treating sludge. While treated sludge is defined as the sludge that has
undergone biological, chemical, or heat treatment. In Emilia-Romagna, the regional norm DGRER 2773/2004 establishes the con-
centration limits of substances and pathogens in sludge to be applied as soil amendment, ultimately prohibiting sludge application for
horticulture and fruit agriculture where products are characteristically close to the terrain and are consumed as raw products. (ISPRA,
2015).

In this context, other end-of-life strategies might define a trend for the near future, as more stringent limits on heavy metals,
pathogens, and persistent organic pollutants might be established at European, national, and regional regulations. In particular,
incineration could be a preferred pathway for sludge disposal, similarly to what happens in other EU countries such Germany, the
Netherlands, and Belgium (Papa et al., 2017).

Thermal treatment of sludge reduces the risk associated with pathogens, viruses, and persistent organic pollutants, and it can be
preparatory to an efficient P recovery. In particular, a dewatering process prior to combustion can concentrate 85-90% of the P
contained in the incoming sludge (Icardi, 2023). The ability to achieve relatively high extraction rates (i.e., 75-90%) from a dry sludge
containing 5-11% of P (Boniardi et al., 2021) gives incineration ash significant potential as a main secondary source of P, although
potential issues due to co-dissolution of metals (e.g., As, Cr, Pb) should be carefully evaluated (Li et al., 2017). Assuming similar
efficiency rates for P concentration and recovery are achieved at regional incineration plants, the circular material rate index for the
system investigated would be around 61-78%.

Other strategies for P recovery could be implemented more locally, involving directly the WWTP in Santa Giustina. Current
research to develop scalable and economically feasible technologies to recover P at WWTPs include precipitation and crystallization if
P as struvite from upstream or downstream sludge dewatering, P-removal from dewatered sludge through hydrothermal hydrolysis
carbonization or thermochemical leaching and phosphate precipitation, and pyrolysis to biochar (not included in EU fertilizing
products regulation). Although in several cases these processes have demonstrated to achieve better quality and environmental
performance than traditional P-containing products or digestate sludges applied in agricultural fields, several trade-offs still hinder a
full scale-up of these technologies so that there is not yet an optimal solution that can obtain profitable high quality P products, with
the lowest environmental impacts among the existing technologies. (Remy and Jossa, 2015; Nattorp and Remmen, 2015; Wilken and
Kabbe, 2015).

Although economic considerations still hinder the large-scale implementation of these technologies, their competitiveness might
increase with the growing of the P market price. Further, better economies of scale could result from the development of dedicated
combustion line (i.e., single waste) and centralized systems. One specific barrier that limits the economic potential of these tech-
nologies is the market regulations for P recovered products. Special attention must be given to the quality characteristics of the
products, their bioavailability, and their compliance with existing regulations for fertilizers, chemical products, and their
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characterization as waste or a marketable product.

If favorable technical-economic considerations can determine a quantitative recovery of P through efficient management of waste
and residues at the WWTP in Santa Giustina, there might be the possibility of establishing a short supply chain as the availability of
secondary P approaches the order of magnitude of P imports into the system and opening business opportunities for local firms to enter
the production of P-based fertilizers.

In any case, the achievement of sustainable production and consumption of P cannot ignore a less intensive use of the soil, a
reduction in inefficiencies such as food waste, and greater respect for dynamics of biogeochemical cycles. Given the intense agri-
cultural and breeding activity that characterizes the investigated system, the pursuit of such prevention principles could lead to
significant benefits in terms of reducing the demand for P and achieving and an ideally balanced circularity in its local anthropogenic
cycle.

4. Conclusions

This study has characterized the P anthropogenic cycle at the local level and evaluated the potential to achieve a greater level of
circularity in the Province of Rimini regarding the recovery of P at the WWTP of Santa Giustina. The results demonstrate that the
greatest potential for P recovery is embedded into the digested sludge from the WWTP, which would ideally meet up to 96% of the
annual demand of mineral fertilizers in the system. However, this flow is currently disposed of by landfilling. Technical, economic,
environmental, and regulatory evaluations are ultimately needed to build a positive business case to recover P in the region.

Although the present work could be further improved by reducing data uncertainties arising from the availability of disaggregated
economic data of the studied municipalities (including, for instance, more precise data on the actual loads of P in the treated waters
with their respective variability along the different seasons of the year and quantifying the flows that were calculated to conform the
mass conservation law), our model has characterized P flows and stocks in the Province of Rimini, helping define the current levels of
material circularity and provide guidance to decision-makers on the spots where action should be taken to increase resource efficiency.

To this aim, quantitative information provided by the PFA model should be considered as the fundamental basis for follow-up
analyses such as life cycle assessment (LCA) and life cycle costing (LCC). Particularly, LCA would enable proper accounting of envi-
ronmental implications related to P recovery as the results might vary significantly depending on the characteristics of the site (Remy
and Jossa, 2015) and be relevant to a set of impact categories such as global warming, fossil resource depletion, eutrophication, and
water consumption. In turn, LCC with a social-environmental scope might inform about the environmental impacts of P when released
in quantities that surpass the carrying capacity of a given ecosystem. This is the case for areas in which the natural water network is
vulnerable to high nutrient concentration levels that can lead to eutrophication. Moreover, it was early highlighted that P is in the list
of critical materials for the EU, as it is considered scarce within the territory and most of the extraction of mined P virtually occurs in
five countries. This poses a long-term threat for the EU, as P is not exempt from price shocks and geopolitical frictions.

The above-mentioned reasons might be of importance for developing strategies in which P recovery, together with the introduction
of safe products, the impulse of food security, and circularity are shown to account for an overall social and environmental benefit.
While prevention-oriented technologies could offer effective ways to remove P from the influent waters, a shift into technologies that
also promote the recovery of marketable P products might push for higher removal rates, hence increasing the circularity performance
of wastewater systems.
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