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Phosphorus (P) recovery from sewage sludge ash (SSA) offers a promising pathway to alleviate concerns
over future P supply. However, although techno-economic studies indicate favourable prospects, the
environmental and social performance of SSA-based recovery routes is still poorly characterised, which hampers
the large-scale market uptake of recovered P in bio-based fertilisers. (Canziani et al., 2023; El Chami et al., 2023).

The present study aims to evaluate the environmental impacts related to the production of four commercial
granular fertilisers used in the agricultural sector through Environmental Life Cycle Assessment (E-LCA).
Specifically, the environmental performance of a conventional production process relying on non-renewable
mineral P sources (i.e., phosphorite) was compared with that of an innovative P recovery technology in which part
of the mineral P is replaced by P-based products obtained through a wet-chemical recovery process from SSA.
The recovery of phosphorus from SSA was investigated by testing a wet-chemical recovery process involving acid
leaching (H2SOs or HCI), coagulation, filtration, and precipitation using Ca(OH): or a low-grade MgO by-product.
To account for the social impacts associated with P extraction and refinement and with the supply of key elements
for fertiliser production (i.e., Mg, S, Ca, Cl), a Social Hotspot Analysis (SHA) was conducted for specific
stakeholders. By integrating environmental impact assessment and SHA, this work provides a comprehensive
evaluation of P recovery sustainability, offering novel insights to decision-makers for the transition toward circular
and sustainable P management and guiding future research on impact reduction strategies for P recovery
technologies. Two main scenarios were outlined: a Business-As-Usual (BAU) scenario, in which fertilisers are
solely based on imported PR (i.e., phosphorite), and a Circular Economy (CE) scenario, in which a fraction of PR
is replaced with P-based products recovered via the wet chemical P recovery process from SSA.

The E-LCA study was conducted according to the international standards ISO 14040-44 through a
commercial software (SimaPro v.9.5). The inventory data were collected from experimental study (primary data)
and the database Ecoinvent 3.11 (mainly secondary data), 1 ton of fertilizer was selected as functional unit. The
SHA focused on key social themes considered as the most directly affected groups along upstream extraction and
refining stages of the key raw materials under investigation (e.g., P, Mg, S, Ca, Cl). The assessed indicators were
grouped into five main categories: Right to decent work, Health and safety, Society, Governance, and Community.
Regarding the work framework. The selected sub-categories covered wage assessment, forced labor, and freedom
of association, alongside workplace accidents for health and safety.

Figure 1 compares the environmental profiles of the four P-recovery configurations alone, exploring the
influence of the extraction process on the environmental sustainability of the final formulations. The analysis
shows that LG-MgO-based configurations generally outperformed Ca(OH).-based ones, except for EPma, EPte
and WDP. This evidence might be attributed to the absence of Ca(OH)., whose production represented one of the
highest contributors to GWPtot. No significative differences were noticed between the environmental
performances of HCI- and H.SOs-based configurations. CE formulations generally provided limited environmental
benefits, frequently underperforming BAU formulations across key air- and water-related impact categories, such
as acidification potential (AP), marine eutrophication (EPma), terrestrial eutrophication (EPte), photochemical
ozone creation (POCP), and water deprivation (WDP). CE options employing low-grade magnesium oxide (LG-
MgO) demonstrate reduced climate- and resource-related burdens compared to Ca(OH),-based configurations,
highlighting the critical influence of precipitant selection in the recovery process.

Figure 2 presents the outcomes from the SHA conducted and expressed in terms of average social risk score. As
previously mentioned, the average social risk values associated with the supply chains of each raw material were
weighted based on the production data of each considered country.

Most of the social risk values ranged between 2 and 4, indicating a medium-high risk for raw material supply
chains across the selected social impact sub-categories. Future perspectives are mainly related to improving the
environmental performance of CE formulations will require recovery process optimisation, primarily in terms of
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reagents selection and dosage, energy intensity and water consumption. Future investigation are planned to include
the use phase within the system boundaries, investigating potential differences in fertiliser efficiency and nutrient
bioavailability between different scenarios.
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Figure 1. Total environmental impacts of the four assessed configurations of P recovery from SSA. Impacts are
individually normalised to the higher value of each sub-category. (GWPtot: Global Warming Potential total;
ODP: Ozone Depletion Potential; AP: Acidification Potential; EPfw: Eutrophication Potential freshwater; EPma:
Eutrophication Potential marine; EPte: Eutrophication Potential terrestrial: POCP: Photochemical Ozone
Creation Potential; ADPf: Abiotic Depletion fossil and WDP: Water Depletion Potential).
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Figure 2. Average social risk scores for the supply chains of P, Mg, S, Ca and CI. (1 =low, 2 = medium, 3 =
high, 4 = very high).
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