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• Only ca. 21% ofWWTP-inlet P and 3% of
N are currently directed to agriculture

• The transfer of heavy metals from the
WWTP inlet to a final sink lies at about
32 %

• Wastewater and sludge treatment consti-
tute about 0.3 % of Austria’s total CED

• GWP emissions are sensitive to N2O in off-
gas from sludge incineration

• Landscaping is correlated with the highest
transport volume (6 tkm PE−1 yr−1)
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Within the new policy framework shaped by the EU Green Deal and the Circular Economy Action Plans, the field of
wastewater and sludge treatment in Europe is subject to high expectations and new challenges related to mitigation
of greenhouse gas emissions,micropollutant removal and resource recovery.With respect to phosphorus recovery, sev-
eral technologies and processes have been thoroughly investigated. Nevertheless, a systemic and detailed understand-
ing of the existing infrastructure and of the related environmental and economic implications is missing. Such basis is
essential to avoid unwanted consequences in designing new strategies, given the long lifespan of any infrastructural
change. This study couples a newly collected and highly detailed database for all wastewater treatment plants in
Austria bigger than 2000 population equivalent with a combination of analyses, namely Substance Flow Analysis
with focus on nutrient and metal distribution in different environmental and anthropogenic compartments, Energy
Flow Analysis, Life Cycle Assessment and cost estimation. The case study of Austria is of special interest, given its
highly autonomous administration in federal states and its contrasting traits, ranging from flat metropolitan areas
like Vienna to low-populated alpine areas. The significant impact of electricity demand of wastewater treatment on
the overall Cumulative Energy Demand (CED) shows the importance of optimization measures. Further, the current
system of wastewater and sludge disposal have a low efficiency in recovering nutrients and in directing pollutants
as heavy metals into final sinks. Sludge composting with subsequent use in landscaping does not only show an unfa-
vorable environmental balance, but it is the only relevant route leading to additional CED and Global Warming Poten-
tial emissions and to the highest transport volume. Altogether, the outcomes of this study provide a sound basis to
further develop national strategies for resource recovery aimed to optimize trade-offs between different economic
and environmental objectives.
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1. Introduction
Since the discovery of the activated sludge process in 1913 (Ardern
and Lockett, 1914), wastewater treatment plants (WWTPs) have been
improving their performance and adapting regularly to mounting pres-
sures from problematic substances. The establishment of the EU Green
Deal (EU, 2022b) and the Circular Economy Action Plans of 2015 and
2020 (EU, 2022a) brought new challenges and opportunities for
WWTPs. Next to the ongoing removal of contaminants, the implementa-
tion of recovery and/or reuse of wastewater resources (energy, carbon,
nutrients, …) will require firm action from legislators and WWTP-
providers in the coming years. We expect that three major challenges
have to be addressed for a sustainable development of wastewater treat-
ment infrastructure:

First, wastewater and sludge treatment is a highly complex system
interacting with a multitude of environmental compartments. Depending
on the applied treatment processes, it can have impacts on the atmosphere
(Prata et al., 2021; Pahunang et al., 2021; Valkova et al., 2021), on surface
water resources through effluents (Dickenson et al., 2011; Agus et al., 2012;
Suess et al., 2020) or on plants, soil and groundwater via soil-application of
sludge (Singh andAgrawal, 2008). Second, the current status of partially in-
adequate, undetailed and unreliable data on wastewater treatment and
sewage sludge management in EU member states (Bianchini et al., 2016)
proves challenging in terms of conducting in-depth research of this field.
And third, WWTP-infrastructure has a long lifespan, with the potential for
technological lock-in. This has been uncovered in the case of wastewater
treatment decentralization, where an existing centralized collection and
treatment system with long remaining lifespans will drastically hinder the
economic efficiency of a technological change towards better source sepa-
ration (Garrido-Baserba et al., 2018).

We argue that economic efficiency and environmental success of future
regulations towards the EU Green Deal can therefore only be guaranteed if
detailed analyses are performed on the existing infrastructure and treat-
ment concepts beforehand. In this light, the case study of Austria is of spe-
cial interest, as it is a country with a highly autonomous administration in
the nine respective federal states. Further, Austria has an extremely diverse
population dynamic, with large flat metropolitan areas like Vienna in con-
trast to low-populated mountain areas. This resulted in varying require-
ments, sizes and options for wastewater and sludge treatment and created
a non-uniform stock of treatment infrastructure (Überreiter et al., 2018),
linked to different environmental and economic costs.

While environmental and economic assessments of wastewater and
sludge treatment in different countries have been performed manifold in
the past (see e.g. Lederer and Rechberger (2010); Niero et al. (2014);
Fang et al. (2016); Polruang et al. (2018)), models are often based on one
or few reference WWTPs with set and linear characteristics, sometimes
low level of detail (Lam et al., 2020), little attention to uniformity of local
conditions (Bradford-Hartke et al., 2015; Teoh and Li, 2020), spatial distri-
bution of WWTPs, plant sizes and other infrastructure. This clear differenti-
ation will, however, become evermore important as sludge treatment,
recovery, and subsequent use of wastewater resources can happen off-site
with a potential for long transport (Trimmer and Guest, 2018) and in
even larger and more centralized plants with wide-reaching socio-
technical impacts (Jedelhauser and Binder, 2018).

As a basis for analysing the potential of circular strategies for phospho-
rus (P) recovery from wastewater, and their impacts specifically, we estab-
lished an in-depth model of the current Austrian wastewater treatment
system (excluding wastewater collection). A thorough survey and spatial
evaluation of every WWTP bigger than 2000 population equivalents (PE)
enabled a detailed breakdown of the current system. Related environmen-
tal and economic costs were established via substance flow analysis (SFA)
and energy flow analysis (EFA), life cycle assessment (LCA) and cost estima-
tion. Due to the broad review of a multitude of different wastewater and
sludge treatment systems, we believe that the variability seen in these im-
pacts per PE can inform legislators and researchers alike. This case-study
further displays the importance of holistic evaluations based on detailed
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databases and existing infrastructure. While this evaluation was trimmed
to address P recovery specifically, results presented are seen as an informa-
tive basis for other reforms towards sustainable wastewater treatment as
well.

2. Study area

Around 98 % of Austria's municipal wastewater (based on COD: Chem-
ical Oxygen Demand) is monitored regularly and treated in 635 WWTPs
(Fig. 1) bigger than 2000 PE (Überreiter et al., 2018). Plants mainly use ad-
vanced treatment via the activated sludge process and nutrient (N and
P) removal (Amann et al., 2021). The average removal rate for P is 90 %,
which is primarily achieved via chemical precipitation using iron-based
agents. A small share of plants are also equipped with anaerobic tanks for
enhanced biological P removal, but such process are always complemented
by chemical precipitation. Loads to WWTPs and WWTP-sizes are rather
non-homogeneous across Austrian federal states (Table 1). While some
states (B, ST) treat more than 50 % of their PE with many WWTPs of a de-
sign capacity smaller than 50,000 PE, others treat the majority in a few
plants with a capacity bigger than 50,000 PE. Similarly, the ratio of PEtreated
per inhabitant varies vastly across federal states; a consequence of regional
tourism and industry.

Sludge treatment occurs in and across federal states and national bor-
ders via drying (granulation), composting, industrial co-incineration (e.g.
paper industry), mono-incineration, municipal waste incineration, cement
works and in few cases through pyrolysis (Amann et al., 2021). Locations
of external treatment sites are shown in Fig. 1. At the time of the study,
no technological recovery of P from sewage sludge was taking place.

3. Materials and method

As a basis for this study, we performed an in-depth survey on Austrian
WWTPs and on sludge treatment and infrastructure (statistical results and
response rates in Amann et al., 2021). Based on this survey, a database on
Austrian WWTPs was established. The database includes information on
wastewater treatment processes, P removal as well as sludge treatment, dis-
posal and quality. We then conducted a SFA and EFA as the foundation for
further economic and ecological evaluations, accounting for flows of goods,
substances and energy in our defined system. Finally, analysis of the chosen
assessment criteria (Table 2) was performed and results were edited for bet-
ter insight and comparison to other studies.

3.1. System definition, criteria and functional units

For this analysis we included the treatment of Austrian municipal
wastewater in WWTPs with a minimum design capacity of 2000 PE, and
the drying, treatment and disposal or application of the resulting sewage
sludge in the year 2016 (Fig. S 1). Wastewater collection was excluded, as
98 % of Austrian citizens are connected to combined and separate sewers
(Überreiter et al., 2018), a strategy that will likely not change in the next
decades. The possible intermediary or permanent sinks for goods and sub-
stances in the system are the material stock, agriculture, landscaping,
groundwater, atmosphere, surface waters, landfills or food production
(only considered for nutrients).

The following criteria were chosen as relevant indicators for the eco-
nomic and environmental assessment of the system: The criteria P-
utilization rate was selected to give an overview on current P use. This
criteria takes into account that not all P applied via sludge is plant-
available and might not taken up by plants in the short-term (Kratz et al.,
2019). Deeper analyses of other major macro-nutrients, like N and K,
were neglected due to a limited importance of sludge-N and -K for agricul-
ture (Tanzer et al., 2018).

Heavy metal flows from wastewater are evaluated through the heavy
metal removal rate (sink: landfill) and the rate of heavy metals directed
to agricultural soils, both rates based on WWTP influent loads. Landfills
are permanent sinks, are safe and allow the permanent removal of metals



Fig. 1.Map of Austrian WWTPs locations including sewage sludge treatment sites (Data: EmRegV-OW, 2017).
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from the environment. Agricultural soils are, however, only intermediary
sinks and have the potential to accumulate heavy metals and harm the en-
vironment. Organic pollutants were excluded from the analysis due to (i) a
limited availability of concentration data, (ii) a lack of knowledge on or-
ganic pollutant transport and transformation and (iii) the fact that increas-
ing sludge incineration will automatically reduce organic sludge pollutants
via the pathway of thermal destruction.

Freight transport in tkm is a transport indicator for wastewater treat-
ment and considers all freight transport of goods or wastes in the system.
It was chosen to observe the relevance of changes in sludge management
on transport distances and the overall global warming potential.

LCA is used to evaluate the mid-point indicators global warming poten-
tial (GWP), terrestrial acidification potential (TAP) and cumulative energy
demand (CED). We excluded other commonly used mid-point criteria like
eutrophication and human or aquatic toxicity potential due to, first, the
Table 1
Share of load in % (based on PE120 = 120 g COD d−1) treated by specific WWTP size c

Federal state smaller than 20,000 PE 20,000 to 50,000 PE 50

Burgenland (B) 20 46 8.
Styria (ST) 26 27 12
Tyrol (T) 6.2 33 20
Lower Austria (N) 25 25 5.
Upper Austria (O) 15 17 1
Salzburg (SB) 7.5 25 1
Carinthia (K) 9.7 15 1
Vorarlberg (V) 3.4 8.8 1
Vienna (W) 0 0 0
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fact that they cannot incorporate actual impacts, but effects are compara-
tively dependent on local conditions (Hepp et al., 2022) and are therefore
less informative. Second, freshwater eutrophication or aquatic toxicity
from wastewater treatment are mainly related to the quality of treated ef-
fluents, which are or could be efficiently regulated through discharge
limits. Third, avoided fertilizer effects on eutrophication, as considered in
some LCA studies (Lam et al., 2020), are attributed with high uncertainty
(Schmidt Rivera et al., 2017).

Due to their nature, effects of gaseous emissions are globally relevant,
hence, GWP (expressed as CO2 equivalents (CO2e)) and TAP (expressed
as SO2 equivalents (SO2e)) were chosen to analyse CO2, CO, CH4, N2O,
SO2, NH3 and NOx emissions. GWP Energy demand for different treatment
chains is highly varied, therefore CEDtotal was chosen as an indicator to an-
alyse the energetic efficiency of the systems. CED is further divided into fos-
sil/nuclear (CEDf,n) and renewable energy (CEDr).
lasses as well as ratio of PE to inhabitants in different Austrian federal states.

,000 to 100,000 PE bigger than 100,000 PE Rate of PE per inhabitant

5 26 1.5
35 1.3
40 1.8

2 45 1.4
3 55 1.4
1 56 1.8
0 65 1.5
5 72 2.3

100 1.8



Table 2
Overview on chosen economic and environmental criteria for a systematic assess-
ment.

Criteria Unit Method

P utilization rate: share of plant-available P in agriculture on WWTP
inlet P

% SFA

Heavy metal removal rate: share of heavy metals in landfill
(endpoint) on WWTP inlet concentrations

% SFA

Heavy metals in agricultural soils: share of heavy metals in
agriculture (endpoint) on WWTP inlet concentrations

% SFA

Freight transport (mass-distance) in tonne-kilometre tkm SFA
Global warming potential 100a (GWP) IPCC method 2013 with 1 kg
CO2e = 1 kg CO2 or 2.491/4.0624 (non-fossil/fossil) kg CO or
29.7 kg CH4 or 264.8 kg N2O

kg
CO2e

LCA

Terrestrial acidification potential 100a (TAP) ReCiPe midpoint with
1 kg SO2e = 1 kg SO2 or 0.56 kg NOx or 2.45 kg NH3

kg
SO2e

LCA

Total cumulative energy demand from fossil and nuclear resources
(CEDtotal)

MJe LCA

Non-renewable cumulative energy demand from fossil and nuclear
resources (CEDf, n)

MJe LCA

Net cost of wastewater treatment and sludge disposal EUR CBA
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The last indicator for analysis is the net cost of wastewater treatment
and sludge disposal, to contrast costs and benefits (e.g. goods production)
of different treatment systems.

Results were related to both the treatment of 1 population equivalent
per year (1 PE−1 yr−1), as well as to the treatment of wastewater of one in-
habitant per year (1 inh−1 yr−1). Since the ratio of PEtreated per inhabitant
can vary due to local conditions (Table 1), for better comparability, results
are presented only per PE and year. Mean results are given as the sum of
total impacts divided by the total amount of PEtreated, hence an Austrian av-
erage. Variation of results is represented by the p0.05 to p0.09 quantiles of im-
pacts per PEtreated of individual WWTPs. Values are normalized to total
impacts of one Austrian inhabitant, to give an indication for societal rele-
vance of these impacts. At last, a sensitivity analysis is performed for a selec-
tion of parameters.

3.2. Database of WWTPs and sludge disposal

To set up the database on WWTPs for further analysis, the following in-
formation was collected: WWTP size, location and pollutant loads in influ-
ent and effluent; primary clarification (yes/no); chemical or enhanced
biological P removal and flocculating agent type and demand; type of
sludge stabilization; sludge production; sludge dewatering; sludge quality
(total solids, ignition loss, nutrient and heavy metal content); sludge treat-
ment, transport, distances and disposal (sites). Due to to high response
rates of over 70 % for most parameters, the supplied data could then be
analysed, and missing data for WWTPs with no information was imputed
from the survey. A summary on how proxy values for missing data were de-
termined is given in Table S 1 (associated with Table S 2) and an overview
on final sludge disposal types is presented in Fig. S 2.

3.3. Substance and energy flow analysis

The final WWTP database was then used as a foundation for building
the SFA model according to ÖNORM S 2096 (Austrian Standards, 2005).
SFA is a well-established method that enables the determination of all
goods and substance flows into, within, or out of, a temporally and spatially
defined system (Brunner and Rechberger, 2016). All flows of required re-
sources, sludge, water and produced goods were included to establish the
mass balances. The considered substances in those goods are the nutrients
nitrogen (N) and P, as well as heavy metals arsenic (As), cadmium (Cd),
chromium (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 (DMVO, 2004; KOMP-VO, 2001;
Fertilizer Product Regulation, 2019). The partitioning of substance flows
from one process input to one or multiple outputs is evaluated using trans-
fer coefficients (Table S 3) taken from Boesch et al. (2009); Egle et al.
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(2016); Diepold (2020); Suess et al. (2020). For all thermal sludge disposal
processes (incineration), we further conducted an EFA (Suh, 2005) to con-
trast energy demand for auto-thermal incineration and heat and electricity
production during the process.

3.4. Life cycle assessment

Direct/indirect emissions from and energy demand (e.g. from resource
production) for the treatment of Austrian wastewater are evaluated
through the method of LCA (ISO standard 14040, 2006). Whilst consider-
ing the system boundaries, this method supports the analysis of environ-
mental impacts during, preceding or succeeding a treatment step. Though
the input data is different for everyWWTP, it was necessary to define refer-
ence treatment processes and sub-processes to determine the types of re-
sources and emissions (not necessarily amounts) considered. Two
processes of wastewater treatment and five processes, as well as seven
sub-processes of sludge treatmentwere distinguished (Table S 4). Reference
processes were based on prior analysis of treatment configurations in
Austria, of which the most common were chosen as a reference.

Based on theWWTP-database, SFA and the reference processes, we then
established a life cycle inventory of all related material and energy flows
(calculation and sources see Tables S 5, S 7, S 8) and direct emissions (cal-
culation and sources see Tables S 6, S 9, S 10 and Fig. S 6).

Indirect gaseous emissions and energy demand are estimated by corre-
lating material flows from the inventory to emissions and energy demand
per unit of product as defined in the ecoinvent database (ecoinvent,
2020). The chosen reference datasets per material are presented in
Table S 11. Direct and indirect emissions are then summed up by compound
for final results and are related to its respective LCA criteria via characteri-
sation factors. These are CO2 = 1, CH4 = 29.7, N2O = 264.8 for GWP
(IPCC, 2013) and SO2 = 1, NH3 = 2.45 and NOx = 0.56 for TAP
(Goedkoop et al., 2009). Results are then normalized to the functional unit.

3.5. Cost estimation

Costs for the treatment of wastewater and sludge were derived based on
two aspects: WWTP size and sludge disposal scheme. First, operation costs
(excluding sludge disposal) were determined using WWTP sizes and ac-
cording to Austrian benchmark data (Lindtner, 2018, Table S 12). Next,
sludge disposal costs for each WWTP were calculated via original or mean
survey data (Amann et al., 2021, Fig. 8). Capital and administrative costs
were estimated from analyses based on national funding data (Assmann
et al., 2019), resulting in 22 % and 12 % of total costs, respectively.

4. Results

4.1. Phosphorus and nitrogen utilization rate

Around 21 % of WWTP-inlet P and 3 % of N are directed to agriculture.
Nitrogenmostly leaves the system to the atmosphere (71%; Fig. 2) through
denitrification to N2 at the WWTP or over the effluent, whereas the major-
ity of P is either landfilled (44 %) or used in landscaping (22 %) with little
need for its fertilizing effect. Accounting for the fertilizing efficiency of
these nutrients in sewage sludge (Table S 5), only around 12 % of P and 2
% of N are applied in a form that is plant-available short-term. P however
especially, might be transformed to plant-available forms in subsequent ag-
ricultural years and taken up later (Ibrikci et al., 2005).

WWTPs with only agricultural sewage application achieve P utilization
rates between 70 and 79%, themaximumachieved for N utilization is 10%
of the WWTP inlet N.

4.2. Heavy metal removal and transfer to agriculture

Heavy metals are distributed unequally between the analysed compart-
ments, due to their varying environmental behavior (Bradl, 2005 Fig. 2).
The average transfer of heavy metals from the WWTP inlet to an inert
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form (i.e. landfilled) – and thereby removal from environmental compart-
ments – lies around 32 %, with lowest values for Ni (24 %) and highest
for Hg (41 %).

While heavy metal concentrations in wastewater and sludge have been
decreasing for decades (KEK-1.2 Statistik, 2015), heavymetals frommunic-
ipal wastewater are still relevant contributors to total heavy metal loads to
agriculture, with shares between 1 and 6% of the total load (Table 3; based
on evaluations in Amann et al., 2016). Share and loads are naturally bigger
for soils that are only fertilized with sewage sludge. Currently, on average
around 20 % of the total heavy metal load from wastewater is transferred
to agricultural soils, with shares from 13 % (Ni) to 29 % (As). If all sludge
heavy metals were applied to soil, the subsequent total load would be lim-
ited to a further increase of maximum 9 % (Cu, Hg, Pb).

4.3. Global warming potential

The GWP for the current Austrian status quo of wastewater and sludge
treatment is 38 kg CO2e PE−1 yr−1, with individual WWTPs ranging
from 26 up to 96 kg CO2e PE−1 yr−1. This constitutes about 0.7 % of
Austria's total GWP (= 9100 kg CO2e inh−1 yr−1; Anderl et al., 2021a).
Though comparison to other studies proves difficult due to varying system
boundaries, functional units and local conditions (Corominas et al., 2013a),
results fall in the large range of literature values from 15 to 138 kg CO2e
PE−1 yr−1 (Corominas et al., 2013b; Risch et al., 2015; Lorenzo-Toja
et al., 2016). Overall, electricity demand, indirect emissions from resource
production, and direct atmospheric emissions are the biggest sources for
GWP (Fig. 3).

Wastewater treatment is the dominant contributor to GWP with mean
39 kg CO2e PE−1 yr−1 with aerobic (WWTP aerob. stabil.) and 32 kg
with anaerobic (WWTP anaerob. stabil.) sludge treatment. Increased direct
N2O and CH4 emissions with anaerobic sludge treatment (Valkova et al.,
2021; Tauber et al., 2019) can in some cases offset the general advantage
from energy production over aerobic treatment. Although direct CO2 emis-
sions from sludge are reduced via carbon sequestration (8 % of TOC;
Lampert et al., 2011), use of composted sludge in landscaping (LSCP) is
Table 3
Share of and maximum further increase of heavy metal inputs from agricultural ap-
plication of sludge on total loads of heavy metals to Austrian agricultural soils.

As Cd Cr Cu Hg Ni Pb Zn

Average input in g ha−1 yr−1 0.2 0.04 2.0 10 0.03 1.3 1.7 34
Share on total input
(from Table S 14)

6 % 1 % 5 % 5 % 3 % 4 % 5 % 4 %

maximum further increase of total
loads to agriculture

+5
%

+2
%

+8
%

+9
%

+9
%

+6
%

+9
%

+7
%
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generally attributed with the highest GWP, as neither fertilizer nor energy
is substituted by this treatment. Through application directly or as compost
in agriculture (AGR), net-GWP can be reduced, as the fertilizing function of
sludge is better utilized.

Due to a high thermal efficiency, treatment in waste and co-incinerators
(THERM) is associated with the lowest GWP (mean 2.5 kg CO2e PE−1

yr−1). Mono-incineration (MONO) drops behind typical waste incinerators
since sludge drying is needed for auto-thermal combustion, and the in-
creased recycling value of mono-incinerated ash (i.e. no dilution; Schnell
et al., 2020) is neither considered nor can it be accounted for, as long as re-
covery of resources is not implemented. Nevertheless, GWP emissions per
PE and year express a large range even with similar sludge treatment.
This coincides well with the review of Lam et al. (2020), showing that, de-
pendent on the study design and assumptions, agricultural application of
sludge can have a higher or lower impact on GWP than thermal treatment
of sludge.

4.4. Terrestrial acidification potential

The TAP for the current Austrian status quo of wastewater and sludge
treatment is 0.14 kg SO2e PE−1 yr−1, with individual WWTPs ranging
from 0.04 to 1.1 kg SO2e PE−1 yr−1. This constitutes about 0.8 % of
Austria's total TAP (= 28 kg SO2e inh−1 yr−1; Anderl et al., 2021b) and
is in the range of literature (e.g. 0.27 kg SO2e PE−1 yr−1; Risch et al., 2015).

In contrast to GWP, TAP is much more influenced by the type of sludge
treatment, and less fromwastewater treatment itself (Fig. S 3). Largest con-
tributors to total TAP are direct NH3 emissions from application of
dewatered sludge or compost, with higher emissions attributed to
dewatered sludge (EEA, 2016). Thermal treatment in co- or mono-
incineration plants is associated with only 1/10 of TAP compared to dis-
posal of sludge in agriculture and landscaping, with direct SO2e emissions
playing only a small role.

4.5. Cumulative energy demand

The average total CED for the current Austrian status quo of wastewater
and sludge treatment is 260 MJe PE−1 yr−1, with individual WWTPs rang-
ing from 68 to 1100 MJe PE−1 yr−1. This constitutes about 0.3 % of
Austria's total CED (=160 GJ inh−1 yr−1; eurostat, 2022). Results are sup-
ported by values extracted from relevant literature of around 60 to 340MJe
PE−1 yr−1 (Remy et al., 2014; Gandiglio et al., 2017).

CED is largely dominated by electricity demand for wastewater treat-
ment (Fig. 4). Composting and use of sludge compost in landscaping is
the only treatment associated with a net demand in energy. Thermal treat-
ment generally produces a net-reduction in energy demand, however, this
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depends largely on the sludge heating value and transport distance to the
next incineration plant. Since mineral N-fertilizer production is highly en-
ergy intensive (Kliopova et al., 2016), agricultural application of sludge
can also have a net benefit through the substitution of primary N-fertilizer.

On average, 76 % of CED are in fossil and nuclear energy (Fig. S 4) with
values between 43 and 840MJe PE−1 yr−1. Only 24% of the system is cur-
rently run on renewable energy. Future changes in this share towards re-
newable CED are expected through the ongoing change of electricity
production to renewable sources.

4.6. Transport

Around 60 million tkm yr−1 are covered by Austrian wastewater and
sludge treatment, but with 0.1 % it makes up only a small share of
Austria's total freight transport (= 55 billion tkm yr−1; Statistik Austria,
2021). With 72 %, sludge transport is the biggest contributor to the total
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transport capacity, followed by chemical transport (20 %) and waste dis-
posal (8 %).

As a result of someAustrian states transporting sludge comparatively far
to external composting plants (Amann et al., 2021), composting of sludge
and spreading in landscaping is correlatedwith the highest transport capac-
ity per PE (6 tkm PE−1 yr−1) as well as in total share (34 %; Table S 13).
Only incineration in waste treatment plants is associated with similar
values of average 5 tkm PE−1 yr−1. Influenced by the fact that the biggest
Austrian mono-incineration plant is situated right next to its primary sew-
age sludge source, mean transport capacity is only 1.5 tkm PE−1 yr−1 in
comparison.

4.7. Costs

Estimated costs of Austrian wastewater treatment amounts to an aver-
age of 32 EUR PE−1 yr−1. Costs are ranging from 21 to a maximum of 58
HERM MONO

ent
Sources/credited materials

Direct emissions
Building material
Operating resources
Treatment and landfill
Transport
Heat demand
Electricity demand
Substitution min−fertilizer
Resource production
Heat production
Electricity production

Weighted mean/variability of
WWTP net values (p0.1 / p0.9 )

eatment technologies, as well as mean and variability (p0.05 to p0.95) of total net-CED
M: Thermal treatment, MONO: Mono-incineration (Fig. S 1).
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EUR PE−1 yr−1, derived from a strong economy-of-scale effect in wastewa-
ter treatment (Friedler and Pisanty, 2006; Haslinger et al., 2016).

The biggest operational costs are related to personnel (= 26 of total
cost, Haslinger et al., 2016). Other than that, capital cost make up the big-
gest share of total costs (Fig. 5). Costs for sludge management and disposal
contribute from only 0.3 up to 21 % of total cost, with shares generally ris-
ing by increasing WWTP COD-load (Fig. S 5).

Differences in estimated mean costs per federal state are mostly influ-
enced by their related WWTP size structure (see also Table 1) and in part
by differences in sludge treatment (Fig. S 2).

4.8. Sensitivity

Due to the model-complexity, estimating the related uncertainty of the
provided results would have proven too taxing for this analysis. Instead, a
sensitivity analysis was performed for a number of selected parameters
and assumptions.

Estimations of direct emissions from wastewater treatment have been
systematically improved over recent years. For this analysis constant factors
for N2O andCH4 emissions per PE and yearwere used. Valkova et al. (2021)
found a variation in N2O emissions of 0.1 to 80 g PE−1 yr−1. If minimum
and maximum values are applied in the sensitivity analysis, direct CO2e
emissions from wastewater treatment are either reduced by 50 % or in-
creased by a factor of two, respectively. As suggested by Valkova et al.
(2021) this high uncertainty can be reduced by relating N2O emissions to
the total nitrogen removal rate of WWTPs. Considering the variation
between CH4 emissions from 11 to 390 g PE−1 yr−1 (Schaum et al.,
2015, 2016), total direct CO2e emissions from wastewater treatment
would be reduced by 27 % and increased by 23 %, respectively. The total
system therefore shows a higher sensitivity to the variation of N2O than
CH4 emissions.

According to our analysis, nitrous oxide emissions account for approxi-
mately 70 % of the GWP of mono-incineration. The basic assumption for
emissions was set at 150 mgm−3 of flue gas. Nevertheless, direct measure-
ments of German mono-incineration plants (German Environment Agency,
2018) have shown that values up to 800 mg m−3 are possible under unfa-
vorable conditions. On the other hand, abatement measures could reduce
emissions to 60 mg m−3 (Kraus et al., 2019). Assuming an average value
of 300 mg m−3, total GWP of the system would only increase by 2 %.
Net-GWP for mono-incineration only would however increase by 0.9 up
to 4.1 kg CO2e PE−1 yr−1 % (mean = 73 %). An improved reduction of
N2O emissions down to 60 mg m−3 would in turn decrease net-GWP for
mono-incineration by−0.5 to−2.5 kg CO2e PE−1 yr−1 (mean=−44%).
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Another debate concentrates around the share of fossil carbon in con-
ventional WWTPs (Ding et al., 2021). In EU climate reporting (e.g. Anderl
et al., 2019), sludge‑carbon is usually attributedwith zero‑carbon footprint,
as it is argued that sources are 100 % of biogenic origin. In this study, we
assumed in accordance with Parravicini et al. (2020) based on Law et al.
(2013) that 10 % of carbon emissions are based on fossil resources. In com-
parison, total GWP of wastewater and sludge treatment would be reduced
by 19 % if no fossil background was attributed.

Finally, the impact of the chosen energetic overall efficiency of mono-
incineration plants was studied. The base assumption in the study was
that 64% of overall efficiency could be achieved. However, from a theoret-
ical point of view efficiencies of up to 80 % are possible in fluidized bed in-
cinerators (Böhmer et al., 2007). With a higher efficiency of 80 %, overall
GWP, TAP and CED are reduced by 0.8, 0.1 and 2 %, respectively. As for
the process of mono-incineration particularly values could decrease by
0.3–1.9 kg CO2e and 6–35 MJe PE−1 yr−1 for GWP and CED, respectively.

5. Discussion and system recommendations

Most important contributors to total GWP are direct emissions and elec-
tricity demand on-site of WWTPs. Since associated GWP and CEDfossil from
electricity use is varied in the EU due to inherent differences in energy
sources (see evaluations in ecoinvent, 2020), values for wastewater and
sludge treatment will vary slightly across the EU. As a further consequence,
the renewable transformation of the EU electricity grid will automatically
improve GWP and CEDfossil from wastewater treatment. In addition,
benchmarking data can helpWWTP operators to identify excess use of elec-
tricity (Haslinger et al., 2016; Gandiglio et al., 2017). Automatization (Gray
et al., 2015), demand-side management (Zohrabian et al., 2021), designs
improvements for agitators (Füreder et al., 2017) and improvement of
digestor efficiency (Jenicek et al., 2013) can then reduce demand and in-
crease electricity production where possible.

As argued previously in the literature (Law et al., 2013), accounting for
100 % biogenic carbon in sewage sludge might be misleading towards a
more favourable net GWP for WWTPs. With 18 % of total GWP coming
from sewage fossil carbon in this study, the importance of this parameter
should not be understated. However, studies on variability and impact fac-
tors for fossil TOC content of sewage sludge are rare, likely a representation
of the official disregard of CO2 emissions in public accounting. For N2O and
CH4 emissions, this analysis showed that direct emissions can vary highly
and have a high impact on the total GWP of plants. Precise monitoring of
these compounds is therefore recommended as complementary informa-
tion in LCA studies of individual WWTPs and new treatment processes.
W Total

Cost type

Services by third parties
Material and substance costs
Personnel costs
Energy costs
Other operating costs
Administrative costs
Capital cost
Sludge disposal costs

Variability of WWTP
net cost (p0.05 / p0.95 )

s well as mean and variability (p0.05 to p0.95) of total net-cost of individual WWTPs.
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Considering Austrian recommendations for increased mono-
incineration of sludge with subsequent P recycling from sewage sludge
ash (BMNT, 2018), the variability in N2O emissions from combustion of
sludge is a cause for closer governance, especially as factors for variability
in emissions are plentiful. Due to high N-content, sewage sludge has a
large potential for N2O formation during combustion (Murakami et al.,
2009). While rotary incinerators generally show lower formation in N2O
than fluidized bed technology (Gutierrez et al., 2005; Svoboda et al.,
2006), sewage sludge is predestined for the latter due to optimized temper-
atures and lower NOx and CO emissions by design. Looking closer at fluid-
ized beds, stationary are the preferred choice over circulating beds
(Werther et al., 1995; Werther and Ogada, 1999; Bonn et al., 1995). Higher
O2 excess (Grosso and Rigamonti, 2009), temperatures below 900 °C
(Svoboda et al., 2006), and a low bed temperature (Mineur and Roschek,
2002) are other important factors related to high N2O emission levels. If se-
lective non-catalytic reduction (SNCR) is used, ammonia is the preferred
chemical over urea, as N2O formation is lowered by taking out possible in-
termediate reactions from urea to HCNO to N2O (Grosso and Rigamonti,
2009). Further, the temperature ratio between bed, free-board and post-
incineration should be coordinated properly for optimal N2O andNOx emis-
sion reduction.

A push formono-incineration and P recyclingwill also increase prices of
sludge disposal (Amann et al., 2021) and accordingly the total cost of
wastewater treatment, but centralized concepts could maximize returns
from marketed recycling products (Egle et al., 2016). As results show, size
of WWTPs has, however, a much bigger impact on cost differences than
sludge disposal costs. Highly centralized treatment of wastewater as in
the state of Vienna (W; Fig. 5) can more than half total costs due to better
efficiency in treatment and economy-of-scale effects.

6. Conclusion

Wastewater and sludge treatment are complex systemswith large differ-
ences in resource and energy demand per PE. To capture these internal dif-
ferences, we developed an extensive database for all WWTPs in Austria
bigger than 2000 PE and applied a variety of state-of-the-art analyses like
LCA and cost estimation. The combination of highly detailed data with
these proven methods enabled a unique level of system understanding
that to the best of our knowledge has never been achieved in wastewater
treatment analyses before.

Hereby, we could identify the causes and main contributors to environ-
mental impacts, metals diffusion in the environment and costs within the
system. Furthermore, we could prove that environmental impacts and
costs are subject to large variations, depending e.g. on WWTP infrastruc-
ture, WWTP size, sludge stabilization and sludge treatment.

Building on these analyses, it is nowpossible to carry out awell-founded
scenario analysis to adequately assess which environmental and economic
implications different strategies and future developments for P recycling
would have on the whole system and on a regional level as well. Results
from this study provide hints at which factors will or will not be important
contributors for change. One example is sludge transport, which we deter-
minedwas already quite substantial in Austria and is therefore not expected
to play a large deciding role in ecological and economical decisions.

Future research in wastewater and sludge treatment should focus on in-
cluding this variability of wastewater treatment systems into their analysis,
to enable a better understanding of improvement potentials depending on
the size and type of treatment plant.

Data availability and supplementary data

Restrictions apply to the availability of these data. Raw data and indi-
vidual life cycle inventories perWWTP are not publicly available due to pri-
vacy issues and large data amounts. However, background data and all
underlying assumptions and parameters presented in this study are avail-
able in the supplementary material or partly in Amann et al. (2021) as
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summarized statistical data. For more detailed, individual information
please contact the corresponding author.
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