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To promote optimal phosphorus (P) recovery from municipal wastewater and sewage sludge with viable legal
instruments, it is imperative to understand the regional and national consequences of different legal re-
quirements for recycling. In this study we develop a scenario-based analysis to assess the environmental and
economic impact of different national P recovery strategies in the context of a detailed representation of the
existing Austrian wastewater infrastructure. This assessment combines material flow analysis, life cycle assess-
ment and life cycle costing and includes the indicators P recycling rate, P utilization degree, heavy metal removal
rate, share of heavy metals’ content in wastewater redirected to agricultural soils, global warming potential,
cumulated energy demand, terrestrial acidification potential, volume of freight transport and annual costs. The
following main conclusions can be drawn. P recovery from ash shows the highest potential regarding the uti-
lization of P from wastewater. A high P utilization from wastewater should rely on recovery technologies that
decontaminate products, otherwise pollutant loads to agricultural soils might increase. P recovery to the extent of
60-85 % of P in WWTPs influent can be achieved by savings/costs of —0.8 to +4.7 EUR inhabitant ! yr! in
addition to current cost of the wastewater treatment/sludge disposal system. Key factors to be considered for
costs are the choice of recovery process, revenues from products, and the use of existing incineration infra-
structure. P recovery can lead to the reduction of greenhouse gas emissions in Austria if nitrous oxide emissions
from sludge incineration are limited and efficient heat utilization strategies are implemented. There is a trade-off
in terms of environmental and economic costs in choosing a more centralized or decentralized mono-incineration
strategy.

1. Introduction their national biogeochemical P cycles (Egle et al., 2014; Zoboli et al.,

2016; Zatuszniewska and Nogalska, 2022).

Demand for sustainable phosphorus (P) management has gained
traction in recent years due to the recognition of its critical role for
contemporary society, most notably for food security in the form of
fertilizer (Brownlie et al., 2022). With few internal reserves, the Euro-
pean Union (EU) and its member countries are highly dependent on
imports of phosphate rock from Morocco (24%) and Russia (20%), as
well as white P from Kazakhstan (71%) (European Comission, 2020). In
2022, the Russia-Ukraine conflict has further interrupted supply chains,
leading to further scarcity and price increases for P resources (VMbah and
Wasum, 2022; Brownlie et al., 2023).

The discovery of two secondary P resources with a high potential for
primary raw material substitution, namely municipal wastewater and
meat and bone meal has given EU members viable options to improve
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Two decades of intense research on P recovery from wastewater has
led to a variety of suitable technologies to produce plant-available and
low polluted fertilizers that are awaiting full-scale implementation
(Remy and Jossa, 2015; Kraus and Seis, 2015; Egle et al., 2016¢; Kraus
et al., 2019a; Chrispim et al., 2019). Even with high substitution po-
tentials and existing technologies for recovery from wastewater, for the
time being, the challenge of slightly unfavorable economics for P recy-
cling with high recovery rates remains (Schoumans et al., 2015; Egle
et al, 2016). In conclusion, customized legislation or incentives
enforcing the recycling of P from secondary resources are required to
ensure EU nations recognize their responsibility for better P
management.

To promote optimal P recycling with viable legal instruments, it is
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imperative to understand the regional and national consequences of
different legal requirements for recycling, being dependent on the in-
dividual country and/or region (Schoumans et al., 2015; Hukari et al.,
2016; Chrispim et al., 2019). It is not enough to set challenging recovery
rates if the monetary and environmental impacts of different strategies
and potential policies are unknown (Smol et al., 2020).

Scenario-based analysis can help to identify those who are best fit to
avoid too soft or too rigorous standards for P recovery and/or recycling
(Bauwens et al., 2020). Further, it can help eliminate those that
contradict other goals for wastewater treatment and climate protection
(e.g., energy neutrality, pollutant destruction; e.g. Jacobi et al., 2018).
For well-developed scenarios analysis, in-depth knowledge of the status
quo of a system is mandatory (Grafstrom and Aasma, 2021; Yang et al.,
2021).

Austria is an example of an EU member state with a strong back-
ground in P management research and adequate data availability to
perform such analyses. Amann et al. (2022) developed an in-depth
operational and spatial model of the current Austrian wastewater
treatment system. This sets a unique basis for a holistic evaluation of
effects various P recovery strategies would exert on Austria’s economy
and ecology, which is provided in this paper.

Previous research on P recovery strategies has focused on evaluating
single plants (Orner et al., 2022; Farago et al., 2021) and/or a limited
selection of evaluation criteria (Law and Pagilla, 2019). While this gives
a good overview on pathways to consider, it is not enough to analyze
circularity and its effects on a micro- or meso-level only (Jacobi et al.,
2018). To improve overall circularity, as is the quest in this case for P, a
detailed analysis of how materials and substances move within a larger
system (i.e., on a national level) is required (Zoboli et al., 2016). A
multi-criteria evaluation concept can help to guide decision making in
the circular economy and mitigate potential negative impacts of new
recycling strategies (Yazdani et al., 2019; dos Santos Goncalves and
Campos, 2022).

In this study, the research focus is on the development of a multi-
criteria evaluation concept that allows a scenario-based analysis to
assess the environmental and economic impact of different national P
recovery strategies in the context of a detailed representation of the
existing Austrian wastewater infrastructure. This assessment combines
material flow analysis, life cycle assessment and life cycle costing and
includes the indicators P recycling rate, P utilization degree, heavy
metal removal rate, share of heavy metals content of sewage sludge
potentially redirected to agricultural soils, global warming potential,
cumulated energy demand, terrestrial acidification potential, volume of
freight transport and annual costs. This work is based on extensive data
collection and evaluation methods and is able to set its focus on the
development and presentation of a one-of-a-kind approach to sustain-
ably guide resource policy in establishing laws, and practitioners in
setting-up and executing P recovery concepts.

As a result, the development of legal requirements adapted to local
conditions can be promoted to close national and regional nutrient cy-
cles. Scientifically justified guidelines and the public communication of
these results are further seen as an opportunity to increase the accep-
tance of future legislative adjustments.

2. Materials & methods

To carry out this study, first, the considered processes and system
boundaries as well as economic and ecological criteria (evaluation ap-
proaches) for a quantitative assessment of different strategies for P re-
covery were defined (chapter 2.1). Second, detailed data collection and
analysis was carried out to be able to accurately represent the current
situation of wastewater and sewage sludge treatment, utilization, and
disposal in Austria. Main assumptions and results on the Status Quo can
be found in detail in Amann et al. (2021, 2022). Third, different sce-
narios (chapter 2.2) were developed to illustrate multiple P reuse or
recovery strategies, achieving a P utilization degree (chapter 2.3.1) of at
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least 50 % or more of the P load of all municipal wastewater treatment
plants in Austria. Detailed life cycle inventories (Amann et al., 2022 and
chapter 2.4.1) on all relevant processes (reference processes) provided a
further basis for material flow analysis (MFA), cost estimation and life
cycle assessments (LCA), which were used to implement the economic
and ecological evaluation (chapter 2.3).

2.1. System boundaries & status quo

The spatial system boundary for this study contains all processes that
are likely changed, impacted, or substituted by P recovery. The analyses
conducted in this work necessitate the use of large datasets, which were
collected over the period 2018-2021. The most recent year for which
comprehensive data were available was 2016. Therefore, this reference
year was defined as the temporal boundary for the Status Quo. Scenarios
were originally developed to estimate changes as compared to the year
2016. Since the COVID-19 crisis and Russia’s invasion of Ukraine have
created large economic turbulences on the market — especially in the EU
(Mbah and Wasum, 2022) — an additional sensitivity analysis was per-
formed on the initial cost estimation and based on resource and utility
prices in Q2/2023.

The processes considered as part of the overall system are municipal
wastewater treatment, sewage sludge recycling and disposal, P recovery, and
the use of recovered products (Fig. 1; see also Amann et al., 2022).
Municipal wastewater treatment includes the treatment of wastewater and
the resulting sewage sludge at all wastewater treatment plants (WWTPs)
in Austria with a treatment capacity of more than 2000 population
equivalents (PEcapacity) including dewatering and potential drying of
sewage sludge as well as onsite recovery at the WWTP, in case it was
assumed in the scenario definition. In the process of sewage sludge
recycling and disposal, the transport of sewage sludge, as well as the
reuse, thermal recycling or disposal of sewage sludge were considered. P
recovery from mono-incinerated sewage sludge ash by specific recovery
processes as well as the use of the P products in agriculture or industry
were included as a further process.

Inputs to the system are the untreated municipal wastewater (con-
taining P) and the resources required to maintain it. Outputs are all
emissions from the system, the products as well as any potential energy
surplus (e.g., from incineration).

2.2. Scenario development

2.2.1. Considered WWTPs

Different scenarios of our study consider different sizes of WWPTs to
be included into a strategy for P recovery. We start with the biggest
WWTPs >100,000 PEcapacity (>100k scenarios, see Table 1) treating the
highest loads, having better treatment efficiencies and better financial as
well as operational opportunities for the adaptation of new recycling
technologies (Haslinger et al., 2016). This is followed by other scenarios
stepwise including smaller WWTPs into the strategy of P recovery.
Scenarios 50k, >20k, >2k indicate scenarios that include all WWTPs
with >50,000, >20,000 and > 2000 PEapacity, respectively (Table 1).

2.2.2. Centralized versus decentralized concepts

With the range of existing technologies, two different approaches to
P recovery can be pursued, which differ greatly in their importance for
the development of regional concepts and required infrastructure. These
are (i) centralized concepts that go beyond individual WWTPs collecting
sludge from surrounding regions to treat by mono-incineration (MI) and
to provide sewage sludge ash (SSA) for further industrial processing (MI
+ PR-SSA scenarios) and (ii) decentralized concepts with P recovery (PR)
directly at the WWTP (PR-WWTP - scenarios, see Table 1).

The maximum P recovery potential related to Pi,fyent ranges from 45
to 70% for decentralized concepts, while up to 90% can be achieved
with centralized processing (Egle et al., 2014). Further, decentralized
recovery at WWTPs is generally characterized by higher resource (Law



A. Long et al.

MUNICIPAL WASTEWATER TREATMENT

i WWTP
Municipal
wastewater
AL T
! &
Resources
(Chemicals, ...)
— P Recovery on-
i site

Table 1

Dewatering

SEWAGE SLUDGE RECYCLING
AND DISPOSAL

Transport routing

Thermal
treatment

»Mono-
Incineration”

(3

&

Fig. 1. Depiction of processes covered in the economic and environmental analysis. SSA: sewage sludge ash.

|

o

Composting,
Granulation

Agriculture

Journal of Environmental Management 362 (2024) 121339

P RECOVERY

P Recovery from SSA

Direct recovery

. (NP(Klogeger
A 4,p0,

Integration industry

2—- (NP(K) ot

USE OF RECOVERED
PRODUCTS

Agriculture

F

Substitution
primary products

-,

Use of by-
products
o°

Emissions
(Air, water, ...)
» .

Products

—_—

Energy

Overview on main scenarios. Scenario names indicate (i) the size of WWTP included into recovery strategies (>20k ...), (ii) centralized (MI) or decentralized (PR-
WWTP) concepts, (iii) for centralized concepts if MI is expanded (expansion) or not (status quo) and for decentralized concepts which technology group has been

considered (TG1 or TG2). (iv) P recovery form SSA (PR-SSA) is performed in all cases except in PR-WWTP scenarios for WWTPs >50,000 PE apacity-

Scenario

Where

Type of recovery

Incineration through ...

>20k MI-status-

quo

+ PR-SSA
>20k AGR/MI-

status-quo

+ PR-SSA
>50k MI-status-

quo

+ PR-SSA
>100k MI-

status-quo

+ PR-SSA
>2k MI-

expansion

+ PR-SSA
>20k MI-

expansion

+ PR-SSA
>50k MI-

expansion

+ PR-SSA
>20k PR-WWTP

TG1

+ PR-SSA
>20k PR-WWTP

TG2

+ PR-SSA
>50k PR-WWTP

TG1

+ PR-SSA
>50k PR-WWTP

TG2

+ PR-SSA

WWTPs >20,000 PEcapacity

WWTPs >20,000 PEcapacity that do not use sewage
sludge or sewage sludge compost for agricultural

purposes (AGR)
WWTPs >50,000 PEcapacity

WWTPs >100,000 PEcapacity

WWTPs >2000 PEcapacity

WWTPs >20,000 PEcapacity

WWTPs >50,000 PEcapacity

WWTPs >20,000 PEcapacity

WWTPs >20,000 PEcapacity

WWTPs >50,000 PEcapacity

WWTPs >50,000 PEcapacity

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

from SSA with AshDec, EcoPhos, Phos4Life or by direct integration
into the fertilizer industry

technology group one (TG1): Airprex process at Bio-P WWTPs
>100,000 PEcapaC;[y and Stuttgart process at WWTPs >50,000
PEcapacity

technology group two (TG2): Wasstrip + Lysotherm process at Bio-P
plants >100,000 PEcapacity and TerraNova process at WWTPs >50,000
PEcapacity

technology group one (TG1): Airprex process at Bio-P WWTPs
>100,000 PEcapacity and Stuttgart process at WWTPs >50,000
PEcapacity

technology group two (TG2): Wasstrip + Lysotherm process at Bio-P
WWTPs >100,000 PEcapacity and TerraNova process at WWTPs
>50,000 PEcapacity

existing MI infrastructure
+1 new plant

existing MI infrastructure

existing MI infrastructure

existing MI infrastructure

existing MI infrastructure

+3 additional plants

existing MI infrastructure
+3 additional plants

existing MI infrastructure

+3 additional plants

existing MI infrastructure

existing MI infrastructure

existing MI infrastructure

existing MI infrastructure

and Pagilla, 2019) and lower transport requirements, as nutrient prod-
ucts can be sold regionally (Rufi-Salis et al., 2020). For centralized re-
covery, new MI capacities must be created and positioned at
strategically favorable points, otherwise transport volumes could
potentially increase.

2.2.3. Mono-incineration capacities and P recovery technologies from ash

To incinerate the sludge of WWTPs >100,000 PE apacity N0 new ca-
pacities are needed in Austria (Table S 1). Scenario >100k therefore
only relies on existing MI facilities (MI-status-quo scenarios, see Table 1).

Without accounting for plant down-times, comparing the minimum MI
capacity (without new constructions) per year with sewage sludge
production in Austria, we see that the sewage sludge of all wastewater
treatment plants >50,000 PEcapacity could be treated with the currently
available MI capacity as well (Scenario >50k MI-status-quo). In contrast,
scenarios >20k and >2k with MI and recovery from ash (MI + PR-SSA)
must include (i) the assumption that treatment and recovery from
sludges exceeding the available MI capacity in Austria are executed in
neighboring countries (MI-status-quo scenarios) or (ii) the hypothetical
placement of new MI capacity somewhere in Austria (MI-expansion
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scenarios). To pair WWTPs with an existing or hypothetical new MI
plant, transport distances from each plant iy, to each MI j,, were queried
from OpenStreetMap (OpenStreetMap contributors, 2022). Then, a
transport model was applied, accounting for both volumes and dis-
tances, to minimize overall transport volumes within the boundaries of
available MI capacity at each site (see exemplary scenario Fig. 2 and
other scenarios Figure S 1 — S 3). Sludge pre-drying was assumed to
happen on-site of the MI plants.

The goal of this study was to provide a range of environmental and
economic effects that P recycling could have on the current wastewater
treatment system in Austria. To set this focus and due to the data
intensive analysis, a pre-selection of P recycling processes had to be
made. A selection of technologies with very different recycling ap-
proaches (e.g., higher energy demand vs. resource intensive) ensured
that the range of potential effects would show in the results.

For recovery from ash, four different reference processes were cho-
sen (Table S 2): AshDec, EcoPhos, Phos4Life and direct integration into
the fertilizer industry.

2.2.4. Decentralized P recovery

Below 50,000 PEcapacity, energy consumption and costs at Austrian
WWTPs are considerably higher due to a lack of supervisory personnel
(Haslinger et al., 2016). Accordingly, it was assumed that decentralized
P recovery is only performed at WWTPs >50,000 PEapacity- Further on,
since most decentralized recovery technologies are especially efficient in
WWTPs with anaerobic digestion and enhanced biological P removal
(EBPR), the preferred decentralized technology to be applied had to be
determined for each plant. Therefore, two technology groups have been
considered. Technology group one 1 (TG1): Airprex process at WWTPs
>100,000 PEcapacity with EBPR and Stuttgart process at all other WWTPs
>50,000 PE apacity; Technology group two 2 (TG2): Wasstrip + Lyso-
therm process at plants >100,000 PE apacity with EBPR and TerraNova
process at all other WWTPs >50,000 PE apacity- For sludges from WWTPs
where decentralized recovery was economically unfavorable (lack of
anaerobic digestion or an established MI concept), again MI and re-
covery from ash was considered (Table S 2). All main scenarios are
summarized in Table 1.

2.2.5. Sub-scenarios for drying

In addition to drying on-site of MI plants (central drying), as used in
the primary model for the main scenarios, decentralized drying at
WWTPs is a further possibility to increase the calorific value of sludge
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for incineration. The WWTP itself, by reducing sludge mass, lowers the
costs for sludge transport and could use surplus energy if available. On-
site of a MI plant, surplus heat from incineration is usually sufficient to
dry the sludge. At WWTPs, it is often insufficient to meet the demands
for drying. Haberkern et al. (2008) assumes that 30 % of the heat de-
mand for drying can be covered by waste heat from the internal com-
bined heat and power unit. As the heat supply is a decisive issue, three
sub-scenarios were investigated: drying with 0 %, 30 % or 100 % of the
drying heat being supplied from surplus, carbon-free energy, and the
remaining heat by gas. Within the scope of this analysis, those Austrian
WWTPs potentially able to install drying capacity due to their size were
selected for the scenarios. For the scenarios >20k MI-status-quo and
MI-expansion + PR-SSA, 7 and 20 plants were selected, respectively.
Using these, the drying requirements of the associated MI plants were
determined. If a MI plant is already equipped with a dryer or one is
under construction, no demand for decentralized drying was considered.

2.3. Scenario evaluation and evaluation criteria

The following evaluation methods and criteria were identified as
relevant for this study (for detailed description see Amann et al., 2022).
While Amann et al. (2022) provide results for the Status Quo, in this
study we focus on the changes between scenarios and Status Quo to
indicate performance of the different scenarios.

2.3.1. Material flow analysis (MFA)

The methodology of material flow analysis (MFA) according to
ONORM S 2024; Austrian Standards, 2005) was applied to survey all
flows into, out of and within the system. The basic principles of mass and
energy conservation are used. Both the flows of goods and the flows of
substances contained in the goods, such as P or heavy metals, can be
balanced (Brunner and Rechberger, 2016). This enables the fate of
substances within the system and substance emissions from it to be
determined.

The considered substances in those goods are the nutrients nitrogen
(N) and P, as well as heavy metals arsenic (As), cadmium (Cd), chro-
mium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc
(Zn). These substances were chosen for their relevance in related legis-
lation for sludge and fertilizer use in Austria (Fertilizer Ordinance, 2004;
Compost Ordinance, 2001; Regulation, 2019).

The P recycling rate (%) is used to determine how much of the P
contained in the wastewater treatment plant influent is applied in

>2k MI expansion + PR-SSA

<> Simmeringer Haide

@ GroRwilfersdorf
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Fig. 2. MI and WWTPs transporting to a specific MI indicated by the same color for the exemplary scenario >2k MI-expansion + PR-SSA. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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agriculture or used. The P utilization degree (%) considers only the plant-
available part of recovered P via MFA, reflecting the fraction of P
available for fertilization.

To determine the fate of pollutants in the analyzed system, the
following criteria were developed: the heavy metal removal rate (in %)
represents the percentage of heavy metals originating from municipal
wastewater and landfilled safely as inert material. The rate of heavy
metals directed to agricultural soils (in %) instead considers the proportion
of heavy metals that ends up in agriculture and could potentially harm
humans and the environment.

Lack of sufficient data inhibits the modelling of organic trace sub-
stance behavior. Therefore, we gave their concentration in recovery
products (in pg kg ! or mg kg™1), determined using literature data, as a
proxy for their potential for harm.

2.3.2. Life cycle assessment (LCA)

LCA is a method for evaluating systems and quantifying their envi-
ronmental effects based on the emissions and consumption of resources
in all relevant processes. The assessment considers both the direct
environmental effects in the system itself (foreground system) and the
indirect environmental effects in the upstream or downstream chain.
The life cycle assessment was performed according to the specifications
of ISO 14040 (2006) and ISO 14044 (2006). LCA is used to evaluate the
mid-point indicators global warming potential (GWP), terrestrial acidi-
fication potential (TAP) and cumulative energy demand (CED). To
ensure that P recycling strategies will not contribute to climate change
and an increased energy use, it is required to compare GWP and CED for
the different scenarios, as well as with current P mining and fertilizer
production. As sulfuric acid is a main reagent in many P recycling
technologies as well as for beneficiating primary P resources, TAP was
additionally chosen to evaluated the impact of sulfuric emissions.

To determine all flows affecting GWP, TAP and CED, a life cycle
inventory was set up (Chapter 2.4.1). The ecoinvent database 3.6 was
then used to intersect the calculated flows with datasets on indirect
environmental effects from background processes (Table S 3). Typical
examples of these so-called background processes are electricity pro-
duction, the manufacture of chemicals or subsequent waste disposal.

- GWP (in kg COze; CO5 = 1, CHy = 29.7, N3O = 264.8; IPCC, 2013):
emissions of CO, equivalents associated with the Status Quo and
scenarios of wastewater treatment and sewage sludge utilization and
disposal, are determined.

TAP (in kg SO2e; SO = 1, NH3 = 2.45 and NOy = 0.56; Goedkoop
et al., 2009): emissions of SO, equivalents associated with the Status
Quo and scenarios of wastewater treatment and sewage sludge uti-
lization and disposal, including all upstream (e.g. chemical produc-
tion) and downstream (e.g. disposal of residual materials) processes,
are determined.

CED nuclear & fossil or renewable (in MJe; VDI, 2015): the energy
input associated with the Status Quo and the scenarios of wastewater
treatment and sewage sludge utilization and disposal including all
upstream (e.g. chemical production) and downstream (e.g. disposal
of residual materials) processes is determined and assigned to the
categories nuclear and fossil or renewable depending on the existing
energy mix.

In addition to energy consumption and emissions from increased
sewage sludge transport, actual freight volumes are of interest (noise
pollution, particulate matter, space requirements, etc.). By means of
transport routing, volume of freight transport (in tkm) is therefore deter-
mined for all scenarios.

2.3.3. Cost estimation

To predict changes in treatment costs if P recycling is enforced, a cost
comparison calculation was performed to estimate the additional costs
for recovery (in EUR). To give an indication of the expected cost change
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with or without valorization of products, the annual costs of the Status
Quo of wastewater treatment and sewage sludge recycling and disposal
are calculated considering and excluding revenues that can be obtained
via (recovered) products, respectively.

2.3.4. Functionals units

Functional units are used as a standard, against which environmental
impacts of different treatment alternatives can be assessed. The func-
tional unit serves as a normalization factor, enabling a comparison of
products or systems that may have different characteristics or lifespans.
In this work two functional units are used to be able to establish a
connection to inhabitants (inh), as well as to product-specific quantities
(kg P recovered). The reference to actual Austrian inhabitants allows for
a better comparison of total Austrian costs and environmental costs per
scenario. The reference to kg P recovered enables a comparison of actual
efficiencies of the different scenarios under analysis.

2.4. Data

2.4.1. Life cycle inventory

The individual P recovery processes considered in this study are not
discussed in detail, as they are only reference processes for modeling costs
and environmental impacts. A summary of these processes for the
established life cycle inventory can be found in Table S 2; sources for the
data were (Egle et al., 2014, 2016; Kraus et al., 2019a,b; Mehr and
Hellweg, 2018; Morf, 2018; Schlumberger, 2019; Zhou et al., 2019 and
Buttmann, personal communication, 2021). A detailed description of the
processes can be found in reports by Egle et al. (2014, 2018) and Kraus
et al. (2019a).

All required resources and energy, as well as products and wastes
produced by the different technologies were considered in this analysis.
The resources for the operation of decentralized processes can be found
in Table S 4, while those of centralized processes are summarized in
Table S 5. Infrastructure (basins, tanks, etc.) was also estimated
following Kraus et al. (2019a,b). Transport distance for chemicals was
assumed to be 100 km, transport of ash to the recovery plant at 200 km.
Residues from the processes are shown in Table S 6. They are assumed to
be treated and, if necessary, deposited.

Credits may apply for the substitution of primary P materials (P
fertilizer, P acid), but only the plant-available P fraction of the recovery
products was considered (Table S 7). It was defined as the relative net P
uptake (net rPU in %) of plants compared to a water-soluble mineral
fertilizer according to Kratz et al. (2019).

Besides P, other substances can also be recovered from SSA, mostly
precipitating salts in the form of FeCls or AlCl3 and other chemical
agents such as CaCly. Some processes also receive credits for electricity
and heat, e.g., due to a reduced electricity consumption for sewage
sludge dewatering (Table S 8).

2.4.2. Substance flows

To be able to map the fate of heavy metals originally contained in
sewage sludge by means of MFA, transfer coefficients for the different
cleaning, treatment and recycling processes had to be determined. The
transfer coefficients finally chosen to represent an average situation are
shown in Table S 9 and were sourced from Egle et al. (2014), Mehr and
Hellweg (2018), Amann et al. (2018) and data of Buttmann (personal
communication, 2021). For direct integration into the fertilizer industry,
it was assumed that all heavy metals from SSA end up in the product.

2.4.3. Cost estimation

When possible, investment costs of P recovery were determined for
two plant capacities. Then, following Kraus et al. (2019a,b), a r-factor
was determined and applied to account for a non-linear price increase
between capacities (Table S 10).

For integration into the fertilizer industry, the additional cost of an
ash storage facility was applied to the investment costs. For the
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modeling of PR + SSA scenarios, it was assumed that a maximum of two
P recovery plants could work cost-effectively in Austria. As further costs,
according to Kraus et al. (2019a,b), the planning costs were set at 15% of
the investment costs and additional peripheral costs for the AirPrex,
Stuttgart process and Wasstrip + Lysotherm processes at 20% of the
investments. In addition, maintenance cost was determined at 2 % of the
investment costs per year. Personnel costs were calculated based on the
manpower required and a cost of 60,000 EUR per person-year (Table S
10). For direct integration into the fertilizer industry, an additional
requirement of 6 person-years was assumed, although with the sizes of
existing plants in Austria, the requirement could possibly be covered by
existing personnel.

Utility costs for resource demand and revenues from selling products
were calculated using the life-cycle inventory of processes and defined
unit prices per item based on Egle et al. (2014), Parravicini et al. (2020),
Kreutzer, Fischer & Partner (2016), Kraus et al. (2019a,b), alibaba.com
(2021), durchblicker.at (2021) and agrarheute.com (2021) (Table S 11).

Since the initial cost estimation, prices for utilities and products have
increased substantially (Mbah and Wasum, 2022). Therefore, a cost
sensitivity analysis was performed using updated prices from Q2/2023
(most recent ones at the time of preparing the manuscript) (busi-
nessanalytiq (2023), chemanalyst (2023), alibaba.com (2023), e-control
(2023), WKO (2023), Statistik Austria, 2023a, Statistik Austria, 2023b,
Stadt Wien (2023), agrarheute.com (2023); Table S 12).

3. Results
3.1. Material flow analysis (MFA)

Results for P recycling rates of each scenario can be seen in Table 2.
The maximum achievable P recycling rate, including all WWTPs >2000
PEcapacity is currently 87 % of the influent load of P to municipal WWTPs
in Austria (mean for all reference processes). As expected, the recycling
rate for the scenarios with mixed recovery from SSA or, if possible, on
site of WWTPs is lower than for MI-only scenarios. With this strategy,
only 42 to 61 (P recovery only) or 56-69 % of P (including direct
agricultural reuse) could be recycled.

After subtracting the share of P in products or directly applied via
sewage sludge that is not considered as plant-available, the P utilization

Table 2
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degree is obtained (Table 2). The maximum P utilization degree
achievable with the chosen reference processes and scenarios is 80 %.
Considering the scenarios for WWTPs >20,000 PE apacity, this is 73 %
(MI scenarios) and 59 % (mixed scenarios) of the influent load, for those
>50,000 PE apacity it is 63 % and 49 %, respectively. If direct agricultural
application of sewage sludge were banned entirely, the P utilization
degree would decrease by 0-12 percentage points, depending on the
scenario.

For SSA processes, an acceptable P concentration in the ash is
essential for economic viability. Sewage sludge ash competes with the
primary feedstock (processed) rock phosphate, which usually has con-
centrations of at least 9-10 % P. Looking at the empirical distribution
function (Fig. S 4) of calculated P concentrations in the theoretical SSA
of each Austrian WWTP, it can be seen that at least 65% of the sludges,
given separate MI, would reach a P ash concentration of 9%. However,
lower concentrations down to 5 % are also possible. The average P
concentration from theoretical mixing of all sludge from Austria and MI
is 8.2-8.8 %, depending on the scenario (Table S 13).

Earlier studies on heavy metal contamination of sewage sludge have
shown that despite the massive decrease in heavy metal concentrations
in sewage sludge, the potential loads from sewage sludge application are
not insignificant compared to other inputs to agriculture (Amann et al.,
2021). This shows that a possible increase through the implementation
of P recovery strategies must be considered.

For P products from precipitation at the WWTP (e.g., struvites,
calcium-phosphates, ...), no risk can be determined, since the corre-
sponding products are very low in heavy metals, and only a small per-
centage of sludge metals is retained (Tables S 14 — S 15; Kraus and Seis,
2015; LfU, 2015; Kriiger et al., 2016; Mehr and Hellweg, 2018; Butt-
mann, 2021). In contrast, a large proportion of the heavy metals from
the influent of WWTPs ends up in sludge and thus predominantly also in
conventional SSA. With the current implementation of sewage sludge
utilization and disposal (Status Quo), a considerable proportion of heavy
metals is already deposited together with the ash in landfills via incin-
eration and ash deposition and thus discharged into a final sink. Heavy
metals enter streams via wastewater treatment plant effluent, soils or
groundwater via agricultural application of sewage sludge, the atmo-
sphere via sewage sludge incineration, or material storage or landfill via
sewage sludge ash.

Results for P recycling rate and P utilization degree given as % of WWTP-P inlet loads. For each scenario, the mean of all reference processes is shown.

Scenario: P recycling rate in % of WWTP-P inlet through ... P utilization degree in % of WWTP-P inlet through ...
Sludge use in agriculture Recovery and application in Total  Sludge use in agriculture Recovery and application in Total
(direct, compost) agriculture or industry (direct, compost) agriculture or industry

Status Quo (Amann 21% 0% 21% 12% 0% 12%
et al., 2022)

>2k MI-expansion + 0% 87% 87% 0% 80% 80%
PR-SSA

>20k MI-status-quo + 8% 75% 83% 4% 69% 73%
PR-SSA

>20k AGR/MI-status- 23% 61% 84% 12% 56% 69%
quo + PR-SSA

>20k MI-expansion + 8% 75% 83% 4% 69% 73%
PR-SSA

>20k PR-WWTP TG1 + 9% 56% 65% 5% 53% 58%
PR-SSA

>20k PR-WWTP TG2 + 8% 61% 69% 4% 55% 59%
PR-SSA

>50k MI-status-quo + 14% 61% 74% 7% 56% 63%
PR-SSA

>50k MI-expansion + 14% 61% 74% 7% 56% 63%
PR-SSA

>50k PR-WWTP TG1 +  15% 42% 56% 8% 40% 48%
PR-SSA

>50k PR-WWTP TG2 + 14% 47% 60% 7% 41% 49%
PR-SSA

>100k MI-status-quo + 17% 53% 70% 9% 49% 58%

PR-SSA
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The average heavy metal removal rate for the Status Quo is 32%. The
rate of heavy metals directed to agricultural soils in the Status Quo is
currently about 20% (Amann et al.,, 2021). A large portion is not
retained by WWTPs and enters water bodies via the effluent.

If no significant deterioration compared to the Status Quo is to be
accepted, two things must be considered: Even if the heavy metal removal
rate increases with the help of recovery processes, there may still be an
increase in those directed to agriculture, since the amount of sewage
sludge from which P recovery is realized increases in the scenarios. At
the same time, however, it is possible that the heavy metals to agricul-
ture will decrease while the removal rate remains the same because
some processes produce phosphoric acid and other products for indus-
trial purposes and thus those heavy metals no longer end up in agri-
culture. Whether heavy metals in these products can still cause
significant health or environmental damages depends on their use. Iron
chlorides for example, which are produced in the EcoPhos and Phos4Life
processes, could be used again in the wastewater treatment plant, and
the heavy metals they contained would also be recycled. It can therefore
be stated that the future strategy should not lead to a significant dete-
rioration of the heavy metal removal rate if higher loads of sewage sludge
are recycled. As can be seen from Table 3 this only applies to the direct
integration of sewage sludge ash into the fertilizer industry, since here
no targeted separation of heavy metals takes place in the process. In the
sense of limiting the heavy metal load, additional specifications for
heavy metal removal would therefore have to be defined in the legal
regulations.

A strong input of organic trace substances via P recovery products
into agriculture is unlikely, although a general distinction must be made
between products recovered from sludge/WWTPs and those recovered

Table 3

Results for the heavy metal removal rate and the share of heavy metal trans-
ferred to agricultural soils given as the share of each heavy metal (mean over all
heavy metals) in relation to its WWTP influent load. Results for the four
considered SSA reference processes AshDec (AD), Direct Integration (DI), Eco-
Phos (EP) and Phos4Life (PL) are shown. Individual values for each heavy metal
are shown in Table S 16 and S 17.

Scenario Heavy metal removal rate Share of heavy metals
redirected to agricultural soils
AD DI EP PL AD DI EP PL
Status Quo ( 32% 20%
Amann et al.,
2022)
>2k MI- 45% 16% 34% 32% 27% 55% 0% 0%
expansion +
PR-SSA
>20k MI-status- 39% 15% 30% 29% 29% 54% 6% 6%
quo + PR-SSA
>20k AGR/MI- 31% 12% 24% 23% 38% 57% 20% 20%
status-quo +
PR-SSA
>20k MI- 39% 15% 30% 29% 29% 54% 6% 6%
expansion +
PR-SSA
>20k PR-WWTP  47%  34% 41% 42% 18% 31% 7% 7%
TG1 + PR-SSA
>20k PR-WWTP 48% 35% 42% 42% 19% 32% 6% 6%
TG2 + PR-SSA
>50k MI-status- 34% 15% 27% 26% 30% 49% 11% 11%
quo + PR-SSA
>50k MI- 34% 15% 27% 26% 30% 49% 11% 11%
expansion +
PR-SSA
>50k PR-WWTP 41% 34% 38% 39% 19% 26% 12% 12%
TG1 + PR-SSA
>50k PR-WWTP  42% 34% 39% 39% 19% 27% 11% 11%
TG2 + PR-SSA
>100k MI- 32% 15% 25% 25% 31% 47% 14% 14%
status-quo +
PR-SSA
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from SSA. Organic pollutants are marginally transferred from sludge/
liquor to precipitated P products (Tables S 18 and S 19; LfU, 2015; Morf,
2018). Significant depletion from the WWTP influent to the product was
detected for pharmaceutical residues (Stenzel et al., 2019). Previous risk
assessments also show no increased negative effects on the soil,
groundwater, and humans due to use of struvite (Kraus et al., 2019b). To
keep the concentration of organic pollutants low (especially with pre-
cipitation from digested sludge), an optimal separation of struvite
crystals or other P forms from the organic sludge mass should be ach-
ieved. This can be accomplished by multi-stage reactor systems and by
washing the material.

If sewage sludge is thermally treated at temperatures above 500 °C,
the resulting ash typically shows levels of organic pollutants below the
current analytical detection limit (LfU, 2015; Stenzel et al., 2019). In
some studies, sewage sludge has even been found to inhibit the forma-
tion of persistent organic pollutants in co-incineration with other PVC
rich-waste or municipal waste (Conesa, 2021; Gandon-Ros et al., 2021).
The co-incineration of plastics should be treated with caution, as this in
turn can lead to increased formation of trace organic substances, such as
polycyclic aromatic hydrocarbons, that also show in the ash composition
(Conesa et al., 2021). At present, it is still controversial how per- and
polyfluorinated alkyl compounds (PFAS) behave during incineration.
Some studies showed that the best-known PFAS, PFOA and PFOS, are
generally destroyed during incineration (Winchell et al., 2021). On the
other hand, there is concern that PFAS transform into other, unknown,
and potentially toxic substances (Stoiber et al., 2020).

3.2. Life cycle assessment (LCA)

GWP for the Status Quo of wastewater treatment and sludge reuse
and disposal in Austria is 61 kg COge inh ™! yr~! (Amann et al., 2022). In
comparison, the total GWP per inhabitant in Austria is about 9100 kg
COqe yr’1 (Anderl et al., 2021a). Thus, the wastewater treatment/-
sewage sludge disposal system accounts for about 0.7 % of total GWP in
Austria.

Compared to the Status Quo, minor changes, or improvements in the
range of —3.2 to +0.4 kg COze PE~! yr~! can be observed for most
scenarios (Fig. S 5). An increased electricity and heat demand is offset by
credits from P recovery and product generation. It can also be observed
that GWP tends to decrease as more and more WWTPs are included in
the recovery strategy.

Fig. 3 compares the P utilization degree achieved in each scenario to
the respective change in GWP per each additional kg P recovered. The
scenarios show a variation in the range of —4.5 to +4.5 kg COe kg ! P.
Scenarios with a low P utilization can increase and reduce COze emis-
sions through P recovery, depending on the applied technology. Those
with expansion of MI capacity and the involvement of WWTPs >20,000
or >2000 PEcapacity tend to offer both the highest P utilization degree
and a reduction in GWP due to energy recovery during MI. However, the
achievable P utilization degree is highly dependent on the recovery
process. Those scenarios which require P recovery from the ash only for
WWTPs >50,000 PEapacity are below a 70 % P utilization and contribute
less to a reduction of GWP.

Nitrous oxide emissions from MI account for around 70 % of the GWP
of direct emissions from MI (Amann et al., 2022). In the primary model,
an emission value of 150 mg m™° flue gas was applied. Assuming mean
emissions in the range of 300 mg m~2 (based on German Environment
Agency, 2018), mean GWP of the scenarios would increase by up to an
additional 6 % relative to the Status Quo (Table S 20). As a result, the net
decrease in GWP compared to the Status Quo found for all scenarios in
the primary model would no longer be present, and shift to an increase.

TAP for the Status Quo is 0.22 kg SOqe inh™! yr’1 (Amann et al.,
2022). In comparison, the total TAP per inhabitant in Austria is about 30
kg SO2e yr‘l (Anderl et al., 2021b). Thus, the wastewater treatment/-
sewage sludge disposal system accounts for about 0.7 % of total TAP in
Austria. For all considered scenarios, the TAP decreases compared to the
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Fig. 3. Comparison of the P utilization degree and the additional GWP per kg of P recovered in relation to the Status Quo. The four dots per scenario mark the results
for different ash recovery technologies (AshDec, EcoPhos, Direct integration, Phos4Life).

Status Quo. The net improvement is in the range of —0.15 to —0.02 kg
SO2 SOqe inh~! yr*1 (Fig. S 6). This is mainly due to the decrease of
direct agricultural utilization of sewage sludge and, therefore, ammonia
emissions in the scenarios.

The additional TAP for scenarios with recovery at the WWTP and for
the MI-status-quo with inclusion of WWTPs larger than 100,000 PEapacity
is less favorable than for the other scenarios (Fig. S 7). Although it could
theoretically achieve the highest P utilization rate and at the same time
the greatest mean improvement in terms of acidification potential, the
MI-expansion scenario is characterized by the greatest variability for
WWTPs with 2000 PEcapacity or more, depending on the technology.

For CED, the relatively low relevance of the wastewater treatment/
sewage sludge disposal system in the overall context is clear. With a
value of about 410 MJe PE~! yr~!, the wastewater treatment and sludge
disposal system currently accounts for about 0.2% of the total CED
(166,000 MJe PE~! yr!, Eurostat, 2022). The expected changes in

CEDyq range for most scenarios from —77 to +43 MJe PE! yr’1 (Fig. S
8). Therefore, an improvement in CED can, but is not necessarily ach-
ieved. In addition to differences in the scenarios, CED also shows a
significant dependence on the recovery process used.

Fig. 4 contrasts the P utilization rate with the change in total CED
between Status Quo and the different scenarios per kg P. The scenarios
with recovery at the WWTP (PR-WWTP) show a change in total CED that
varies in the range —150 - +125 MJe kg~! P, where the technology
group two (TG2) with Wasstrip + Lysotherm and TerraNova show much
better results as the technology group one (TG1, Airprex and Stuttgart
process). The Mi-only scenarios are in a range of —60 - +80 MJe kg™! P
again highly dependent on the assumed reference process.

Heat utilization concepts of MI plants represent a major factor in the
ecological impact of P recovery from SSA. In the primary model, it was
assumed that the overall energy efficiency of MI plants is 64 %. In
principle, however, total efficiencies in the fluidized bed of up to 80 %
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Fig. 4. Comparison of the P utilization degree and the additional CED per kg of P recovered in relation to the Status Quo. The four dots per scenario mark the results
for different ash recovery technologies (AshDec, EcoPhos, Direct integration, Phos4Life).
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are possible (Bohmer et al., 2007). Increasing the overall efficiency to 80
% results in an additional decrease of the GWP on top of the primary
model up to 3 % and the CED up to 7 % relative to the Status Quo (Table S
21).

Table 4 shows the volume of freight transport per scenario. The Status
Quo has a freight volume of about 60 million tkm per year. This corre-
sponds to about 0.1 % of total Austrian freight transport (50-57 billion
tkm yr’1 in 2017-2021, Statistik Austria, 2017; Statistik Austria, 2018).
In the scenarios assuming MI-status-quo with consequent P recovery,
volume of freight transport for wastewater treatment, sludge manage-
ment and P recovery would increase by 40-60 % as compared to the
current situation (Status Quo). Combining MI-status-quo with increased P
recovery at the WWTP (PR-WWTP scenarios), this increase is reduced to
8-20 %. If MI capacities were to be expanded the associated volume of
freight transport would remain at the current level.

By implementing sludge drying on-site of WWTPs, the volume of
freight transport of the scenario >20k MI-status-quo + PR-SSA could be
reduced by about 4 %, and those with MI-expansion + PR-SSA by as
much as 12 % (Table S 22). Provided that no surplus heat is available,
however, no advantage of increased decentralized drying over central-
ized drying can be identified in the (environmental) costs.

Replacing 30 % with surplus heat may result in slight advantages in
the reduction of GWP and CED. From an economic point of view, no
advantage can be seen in this case either. Decentralized drying appears
to be advantageous only if the entire energy is obtained from surplus
heat. This could reduce the GWP of the system by up to 6 % and the CED
by up to 15 % compared to the Status Quo.

Another factor influencing the life cycle impact of P recovery from
wastewater are byproduct production and use. In addition to fertilizers,
some processes (e.g., EcoPhos, Phos4Life) also produce products such as
precipitants. Since future legal obligations will most likely only demand
recovery of P, it remains a question of economic viability whether these
by-products will be produced and offered on the market. If they are not,
this would result in an additional increase of GWP up to 5.5 %, TAP up to
13 %, and CED up to 12% compared to the Status Quo and depending on
the technology (Table S 23). Thus, the impact of by-product-use is not
negligible, as these products generate further credits by reducing energy
consumption and emissions from the primary production of these
products.

Table 4
Volume of freight transport in Mio. tkm yr~! per scenario and for wastewater &
sludge treatment as well as P recovery.

volume of freight transport in Mio. tkm yr 1 Atkm to
Scenario Wastewater & sludge P Status Quo
treatment recovery

Status Quo 60 0 -

>2k MI-expansion + PR- 48 16 8%
SSA

>20k MI-status-quo + 81 14 60%
PR-SSA

>20k AGR/MlI-status- 81 11 53%
quo + PR-SSA

>20k MI-expansion + 46 14 0%
PR-SSA

>20k PR-WWTP TG1 + 66 7 23%
PR-SSA

>20k PR-WWTP TG2 + 64 7 19%
PR-SSA

>50k MI-status-quo + 85 11 62%
PR-SSA

>50k MI-expansion + 46 11 —4%
PR-SSA

>50k PR-WWTP + PR- 63 5 14%
SSA TG1

>50k PR-WWTP + PR- 61 5 11%
SSA TG2

>100k MI-status-quo + 75 10 42%
PR-SSA
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3.3. Cost estimation

The additional cost for P recovery (net value of expenses and savings
or revenues) for the scenarios with MI and recovery from ash (PR-SSA) is
in the range of —0.8 to +2.6 EUR inh ! yr! (Fig. S 10) and —1.8 to +4.3
EUR kg ! P recovered (Fig. 5) with the cost basis of 2020, respectively.
For the scenarios with combination of recovery from ash and recovery at
the WWTP (PR-WWTP), determined costs are higher, in the range of
+1.8 to +3.6 EUR inh ! yr ! and +3.2 to +8.8 EUR kg ! P recovered,
respectively. Highest cost contributors are generally capital and utility
costs, with transport costs being an additional factor in MI-status-quo
scenarios.

Differences between the applied recovery processes are striking.
However, it is important to point out that available investment cost
estimations by technology providers might be based on (i) specific plant
sizes and/or locations, (ii) a low level of technological readiness (no
state-of-the-art), (iii) different assumptions on building material pricing
and (iv) different system boundaries. Interestingly, processes with
higher returns also need to compensate a higher demand for heat and/or
utilities, following the assumption that production for market-ready
specifications takes more technological effort, but will achieve higher
returns.

MI-status-quo scenarios are shown as slightly more favorable than the
expansion of MI capacities, with a reduction in mean cost of about 0.5
EUR inh™! yr! or 1 EUR kg~! P recovered — mainly due to a better
utilization of existing plants. In the "worst case", i.e. if no revenues are
generated from the sale of products, additional costs of +0.4 to +5.5
EUR inh~! yr™! are expected due to the recovery. With processes where
a high effort is made to recover other by-products, the impact of reve-
nues is particularly striking. In this case, products account for savings of
around 3 EUR inh~! yr~ L.

Looking at the progression of costs in the three scenarios MI-expan-
sion + PR-SSA > 2k, >20,000 and > 50,000 PE apqcity, both mean costs
per inhabitant and per kg of P recovered decrease with the consideration
of more WWTPs in the recovery strategy (Fig. S 11). Mean costs for each
size class also tend to decrease with MI-expansion scenarios the more
WWTPs are included. The economics of MI plants but also of SSA re-
covery plants play a role here, improving with increasing plant size
(Kraus et al., 2019a,b). The largest mean cost increase, at 4.2 EUR inh™!
yr’1 would result with the scenario >50k MI-expansion + PR-SSA. This is
largely because there is no additional MI capacity required to incinerate
the sewage sludge of WWTPs >50,000 PEcapacity (see Table S 1). Addi-
tional plants would reduce transport distances but still lead to an
excessive increase in cost.

Marginal costs (costs incurred for an additional kg of P produced)
were evaluated for the MI status quo and MI expansion scenario groups.
Fig. S 12 shows the marginal costs in EUR kg ! P and for each of the four
ash processes considered. For the marginal costs of the MI status quo
scenarios the following can be said: The additional costs to be paid by
including WWTPs >50,000 to 100,000 PEcapqcity are on average 1.5 to 2
EUR kg~ ! P cheaper. To additionally include the wastewater treatment
plants between 20,000 and 50,000 PEcapcity, a higher price per kg of P
must be paid. If these WWTPs are included, a further mono-incineration
plant would have to be built and higher capital costs are to be expected
as a result. The marginal cost analysis of the MI expansion scenarios
shows a different picture. While the initial costs for the >50k scenario
are still comparatively high, they decrease significantly by 1-3 EUR kg~
P for the additional expansion of the WWTPs between 20,000 and
50,000 PEapacity- The additional costs to move from the >20k scenario
to the >2k scenario differ only slightly from the step from >50k to >20k.
Depending on the process, the marginal costs for the plants between
2000 and 20,000 PE expansion can increase or decrease again.

Finally, the increase in the cost of the system is also primarily
dependent on the current costs, and the current disposal method of the
sewage sludge (Fig. S 12). Plants that already predominantly use mono-
incineration come off most favorably and can even achieve a reduction
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Fig. 5. Comparison of the P utilization degree in percent and the additional cost in EUR per kg of P recovered in relation to the Status Quo. The four dots per scenario
mark the results for different ash recovery technologies (AshDec, EcoPhos, Direct integration, Phos4Life).

in costs if MI capacities are increased. The situation is similar for co-
incineration and composting by a contractor. For most plants, the in-
crease would be limited to less than 2.5 EUR inh~! yr!. The plants that
currently go the route of agricultural recycling or on-site composting
will experience the highest cost increase because of the system change.
A sensitivity analysis, with unit prices adapted to Q2/2023, revealed
a cost progression from 2020 to 2023 by 0.1-2.1 EUR inh ™! yr~! or 0.3
to 3.2 EUR kg ™! P recovered (Table 5). Interestingly, scenarios with
higher costs were subject to a lower cost increase in this period.

4. Discussion & conclusion

This study shows that agricultural application of sludge can
outperform processes with P recovery from SSA at the individual WWTP
level in the rate of P recycled to agriculture. Regarding the degree of
actual P utilization however, this strongly depends on the availability of
P in sludge or recovered products (Kratz et al., 2019). Overall, the po-
tential of agricultural sewage sludge utilization in Austria is severely
limited by application bans or restrictions and low acceptance (e.g.
Oliva et al., 2009; Agrarmarkt Austria, 2023). This is in line with stra-
tegies of other European countries like Switzerland, Germany, and the
Netherlands (Santos et al., 2021). An increase beyond the current level is
therefore not realistic and factually controversial due to persistent
organic pollutant levels and microplastics (Egle et al., 2023).

A strategy with a strongly expanded P utilization must therefore rely
on recovery. Considering current P recovery rates of different processes,
achieving up to 80 % recovery of Pinfluent from WWTPs >2000 PEcapacity
via MI and SSA treatment appears to be realistic. This matches the
current knowledge on achievable recovery rates by SSA recycling (e.g.
Jama-Rodzenska et al., 2021; Santos et al., 2021). If only WWTPs >100,
000 PEgpacity are included, this potential is reduced to 50 %. Processes
that aim for recovery at the WWTP fall significantly behind SSA pro-
cesses in terms of P recovered (compare e.g. to Yu et al., 2021).

Table 5
Comparison of scenarios costs of the price analysis in Q1/2020 and Q2/2023.

Scenarios ... mono-incineration + ... mono-incineration + ash
with ... recovery from ash only (MI + recovery or recovery at the
PR-SSA) WWTP (PR-WWTP -+ PR-SSA)
Year EURinh™'  EURkg 'P EURinh™!  EURkg 'P
yr ! recovered yr ! recovered
Q1/2020 —0.8 to —1.8 to +4.3 +1.8 to +3.2to +8.8
+2.6 +3.6
Q2/2023 —0.1to —0.2to +7.5 +1.9to +3.5to +10.9
+4.7 +4.7

10

Organic trace substances are largely destroyed during MI, and
products from SSA are thus only slightly contaminated (Kraus et al.,
2019a,b). The same applies to products recovered at the WWTP. The
rate of heavy metal removal strongly depends on the selected P recovery
process. In the worst case of direct use of SSA in the fertilizer industry
without decontamination, heavy metal load to soils might strongly in-
crease compared to the Status Quo.

Considering average costs of implementing a strategy for P recovery
from municipal wastewater within the economic boundaries of
2020-2023, at best, savings up to 2 EUR kg’1 Precovered Can be achieved.
In unfavorable cases, additional economic costs of up to 12 EUR kg™*
Precovered are incurred. This at a fertilizer P price of about 2 EUR kg’1
Precovered (agrarheute.com, 2021). As stated by e.g. Jupp et al. (2021)
these unfavorable economics require legislation and political support
(Nedelciu et al., 2019) and the establishment of new value chains that
valorize the added value of recycled fertilizers. Compared to the average
cost of wastewater treatment (32 EUR PE~! yr ! or 51 EUR inh ! yr %;
Amann et al., 2022) the cost of P recycling with —0.8 to a maximum
value of +4.7 EUR inh~! yr~! is rather low.

Some key cost factors determined in this study are (i) the choice of
recovery process (difference of 3-4 EUR kg’1 of P recovered), (ii) the
possibility of generating revenue from products (phosphoric acid, P
fertilizer) (difference of 2-4 EUR kg*1 of P recovered), (iii) the pre-
vailing interest rate (difference of 0.5-1.0 EUR kg ! of P recovered), and
(iv) the extent to which existing incineration capacity is utilized (dif-
ference of approximately 1 EUR kg~ ! of P recovered). Recovery on-site
of WWTPs is expected to be more expensive, especially if high recovery
rates should be achieved.

By including smaller WWTPs in Austria, costs per kg of Precovered Can
be decreased. Inclusion of these WWTP sizes would result in lower costs
for the larger WWTPs due to a higher exploitation of existing MI infra-
structure and following traditional economy of scale arguments (e.g.,
Jama-Rodzenska et al., 2021).

Implementing a P recovery strategy in Austria has the potential to
slightly reduce the GWP of wastewater treatment and sludge disposal.
Savings in emissions tend to rise with higher P recovery and use of P in
agriculture. The CED of wastewater and sludge treatment can increase or
decrease if a recovery strategy is implemented. Main influencing factor
here is the choice of recovery process. Suitable processes at the WWTP
can also lead to a reduction in required energy.

The total transport volume when implementing P recovery in Austria
is strongly influenced by the overall strategy regarding incineration. The
expansion of capacities at regionally strategic sites would keep the
transport volume roughly the same as in the Status Quo. A strategy that
relies predominantly on existing incineration -capacities could
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significantly increase the transport volume. Corresponding, the same
can be said for the environmental criteria GWP and CED.

To reduce potential negative effects of an enhanced P recovery
strategy on the environment, it is important to limit nitrous oxide
emissions (German Environment Agency, 2018; Egle et al., 2023) and to
implement efficient heat utilization concepts during sludge incineration,
as well as the use of recovery by-products in other processes (Amann
et al., 2018). Concepts for decentralized drying will only be an envi-
ronmentally friendly alternative where transport distances are high, and
large parts of the drying energy required can be provided from surplus
heat.

In conclusion, the following recommendations are made for the case
of P recovery in Austria.

1. Of the concepts considered, P recovery from ash shows the highest
potential regarding the utilization of P from wastewater and should
thus be the basis of the chosen P recovery strategy. Requirements for
potential recovery on-site of WWTPs should be kept high to avoid an
outcome with low recovery.

2. A higher P utilization from wastewater should rely on processes that
decontaminate products, otherwise heavy metal loads to agricultural
soils might increase.

3. Recovery to the extent of 60-85 % of Piyguent of WWTPs >2000
PEcapacity has expected average additional costs of —0.8 to +4.7 EUR
inh™! yr~!. Key factors to be considered for costs are the choice of
recovery process, revenues from products, and the use of existing
incineration infrastructure, as well as external economic boundaries.

4. P recovery can lead to a reduction of greenhouse gas emissions in
Austria if nitrous oxide emissions are limited in sludge incineration
and efficient heat utilization strategies are implemented. There is a
trade-off in terms of environmental and economic costs in choosing
an incineration strategy. While a strategy that uses the existing
infrastructure as much as possible leads to a reduction in costs, this
strategy is worse in terms of environmental costs, primarily due to an
increase in transport volumes. Combining existing incineration
infrastructure in the east of Austria, using railway transport of sludge
as far as possible, and building additional regional incineration
infrastructure e.g., in Upper Austria and the West of Austria, presents
an ideal balance of both criteria.
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