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Abstract
The present food system is characterized by a linear flow of resources from rural areas
into cities, where most food is consumed and essential nutrients discharged as wastewa-
ter. Limited water and phosphorus resources and large carbon footprints of chemical
fertilizers drive increased recovery of water and nutrients for reuse in agriculture.
Alongside end-of-pipe technologies at conventional wastewater treatment plants,
nature-based solutions provide a robust and low-energy alternative solution. This paper
assesses the potential of treatment processes using NBS to close water and nutrient cycles
in the urban food system. A Substance Flow Analysis approach is used to quantify the
recoverable urban nutrient (nitrogen, phosphorus, potassium) budget contained in house-
hold wastewater and biodegradable kitchen waste, using the city of Vienna, Austria, as an
example. The developed model reflects the metabolization of water and nutrients by
treatment wetlands and biogas digesters into fertigation water and fertilizer. It differen-
tiates between specific crop nutrient requirements and yields, and by greenhouse and
outdoor farming conditions in a temperate climate. Results indicate that, using NBS, the
wastewater and kitchen waste from 77,250 persons could fully cover the nitrogen and
phosphorus fertilizer demand of the entire vegetable production in Vienna, which cur-
rently supplies one-third of Vienna’s vegetable consumption. Additional people connect-
ed to the system can supply significant excess nutrients to produce other crops within and
beyond the city. The model can inform selection and design of NBS for nutrient recovery
and reuse, and support integrated planning regarding use of secondary nutrient sources
and optimization of secondary nutrient utilization.
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Introduction

The present-day food system is characterized by a one-directional flow of resources from rural
areas into cities. Cities consume 75% of natural resources, produce 50% of global waste, and
60–80% of greenhouse gas emissions [13], a large proportion of which are directly associated
with the urban food system [14]. The major share of essential macronutrients for agriculture is
provided as chemical fertilizer that relies on limited resources (e.g., phosphorus) and with its
production and use contributing the most significant part of overall agricultural greenhouse gas
emissions [9].

The nutrients contained in the consumed food are discharged via urban sanitation systems,
and largely removed by treatment processes and lost to potential reuse, with recovery
technologies being adopted only slowly [26]. Each year, humans excrete around 3 million
tons of phosphorus [8] equal to around 20% of annual global consumption of phosphate
fertilizer [15]. Further, globally more than 70% of water is consumed for agricultural irrigation
[53]. Given the ongoing tendency of growing population in cities, water and nutrient recovery
from urban wastewater bears large and growing potential to sustain food supply in cities and
the overall transition to a circular economy [4]. Conventional sanitation systems are not fit to
adapt to the effects of climate change, such as increased stormwater flows and water scarcity
[17] and food insecurity exacerbated by water scarcity [50]. Instead of collecting and removing
potential water and nutrient resources, sanitation systems could be redesigned to contribute to
resilient food systems and cities.

Therefore, resource recovery from urban wastewater has gained increasing attention.
Alongside end-of-pipe technologies to recover nitrogen and phosphorus at conventional
wastewater treatment plants (WWTPs), such as mono-incineration for phosphorus recovery,
a range of nature-based solutions (NBS) for wastewater treatment can be applied to recover
water, nutrients, materials, and energy, including the production of irrigation water and
nutrients from domestic wastewater for safe reuse in urban and peri-urban agriculture [27].
NBS are robust, resilient technologies and can treat wastewater with minimal chemical and
energy footprints, including the effective removal of a range of organic micropollutants [11,
25, 54]. If integrated into the built environment of a city, they can provide multiple benefits of
vegetation and ecosystems, such as reducing urban heat islands. NBS are defined by the
European Union (EU) as solutions that are “inspired and supported by nature, which are cost-
effective, simultaneously provide environmental, social and economic benefits and help build
resilience. Such solutions bring more, and more diverse, nature and natural features and
processes into cities, landscapes and seascapes, through locally adapted, resource-efficient
and systemic interventions” [16].

This paper focuses on the combination of treatment wetlands (TW) for treatment of solid-
free wastewater and anaerobic digestion for treatment of sludge and municipal source-
separated organic waste (MOW, kitchen waste). TW for wastewater treatment are well-
established NBS [51]. They can treat wastewater from a wide range of sources besides
domestic wastewater, such as industrial (e.g., [11, 21, 31, 32]and agricultural wastewater
(e.g., [2, 3, 49]) or landfill leachate [36], and have been successfully implemented in different
climate zones around the world [19]. The systems are characterized by low external energy
demand, comparatively low cost, and easy operation and maintenance as well as the possibility
to use local materials and labor. Moreover, the treated water can be reused for a wide range of
applications including agricultural irrigation (e.g., [5, 30]). Another advantage of this nature-
based treatment technology is that it adds an aesthetic and regenerative value to a landscape or
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urban environment and provides ecosystem services including wildlife habitats, ambient air
cooling through evapotranspiration, rainwater, and runoff storage as well as treatment [31, 32].

Biogas plants are a simple and low-cost technology to transform organic waste into energy
and organic fertilizer. In combination, TW and biogas plants can efficiently treat liquid and
solid fractions of wastewater, respectively, and the solid wastewater fraction (sewage sludge)
co-digested with kitchen waste. Appropriate agricultural residues and industrial effluents, such
as food and drink processing wastewater [21, 31, 32], wood, leather, and textiles wastewater
[2, 3, 20, 29, 37], could be added as well. TW fed with solid-free wastewater can function with
reduced space and innovative setups which can be integrated into the built environment, such
as green walls (e.g., [54]). This way, façades and other vertical structures may be utilized for
greening and water treatment, additionally to suitable roof top and ground-level areas. While
higher surface area demand is usually seen as a disadvantage, a larger greened area will also
provide ecosystem services, such as heat island mitigation and aesthetics, to a greater degree.

This paper aims to contribute to a better understanding of the potential of NBS to close
water and nutrient cycles in the urban-agricultural system. Specifically, this study aims to
quantify the water and nutrients (nitrogen, phosphorus, potassium) that could be recovered, the
fertilizer requirements that could be supplied by these recovered resources for the vegetable
production in the city of Vienna, and recoverable excess nutrients and water which could be
used for additional urban farming or transferred to agriculture beyond the city. To this end, a
Substance Flow Analysis (SFA) approach is used to develop a resource conversion model and
thereby assess urban nutrient budgets that could be recovered and reused in cities using NBS in
the treatment train. The reuse potential of water and nutrients in household wastewater and
kitchen waste is assessed on the basis of their metabolization in a recovery and reuse system
combining the TW and anaerobic digester (biogas plant) steps and different crop nutrient
requirements and yields, as well as greenhouse versus outdoor farming conditions in the
temperate central European climate zone. The recovery and reuse system described in further
detail in “Nutrient Recovery and Reuse Potential” below is based on the concept of the EU-
funded HOUSEFUL project to close water and nutrient cycles in buildings.

Materials and Methods

Urban Nutrient Budget

The resource conversion model is developed using Substance Flow Analysis (SFA) [7],
centered around the mass balance principle. The model used herein is developed on a unit
conversion basis, with recoverable water, nutrients, and food calculated based on the number
of people connected to the resource recovery and reuse system. In the present paper, the
potential of recovered water and nutrients is calculated for the example of the City of Vienna,
thus a city with the population size of 1.92 million in the year 2020 [43]. The water and
nutrient (nitrogen (N), phosphorus (P), and potassium (K)) budgets are based on the domestic
wastewater and food waste produced by the specified number of people, and assuming that
100% of their wastewater and food waste are made available within the city. Thus, there is no
differentiation between people working and living in the defined system.

The values for water and nutrients contained in municipal wastewater per person are
quantified based on the literature review and model values derived by Jönsson et al. [23].
Specifically, the values for household blackwater combined with household greywater (here
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including kitchen wastewater) are used, i.e. domestic wastewater, reflecting the common single
piping system in buildings, i.e. without source separation. This does not include wastewater
from industry and peri-urban agriculture, or stormwater, which otherwise may flow into the
municipal sewage system. All values drawn from Jönsson et al. [23] were extrapolated from
the given average daily values to annual values.

Nutrient Recovery and Reuse Potential

The treatment train, upon which the present model is based, is specified as follows. Unseg-
regated building wastewater is captured after it leaves the building and flows into a primary
settling tank, from which the soluble fraction of the wastewater flows to a TW and the solid
fraction in form of sludge is co-digested with kitchen waste in an anaerobic digester (biogas
plant). The effluent of the TW is used as fertigation water containing the recoverable nutrients
(N, P, K). The effluent of the anaerobic digestion (digestate) is used as liquid fertilizer.

Separation of Wastewater into Liquid and Solid Fractions

The liquid and solid fractions of wastewater are separated in a primary settling (or sedimen-
tation) tank after leaving the building and are further treated separately. This first step is further
referred to as liquid-solid separation (LSS). The retention of suspended solids in primary
settling tanks, and therefore the expected separation efficiency in form of sludge, is highly
variable, with rarely distinguishable results ranging from 50–70% [24]. For this study, the
separation efficiencies of 50% was used. The nutrients are accounted as soluble and particulate
fractions following Jönsson et al. [23]. These chosen values describe the composition of the
wastewater as it leaves the building itself, thus already including the products of the fastest
conversions (e.g., urea hydrolysis), which already occur within the sewage pipe system of the
building. Particulate N, P, and K in the urine, feces and toilet paper, and household greywater
streams, respectively, are distributed to the solid and liquid fraction in proportion to the
assumed liquid-solid separation efficiency (50 to 70%). Soluble N, P, and K are fully
accounted to the liquid fraction.

Treatment Wetlands

The values for long-term removal rates of horizontal flow (HF) and vertical flow (VF) TW
provided by Dotro et al. [12] were used as a basis to estimate the nutrient metabolization within
the TW and the conversion factor from nutrient input to the content in the TW effluent. The
parameters total nitrogen (TN), total phosphorus (TP) and K were used. While total nitrogen
(TN) consists of Norg, NH4-N, NO3-N, and NO2-N, the two plant-available N forms, NH4

+ and
NO3

−, usually make up the vast majority of TN in the in- and effluent of TW fed with pre-
treated domestic wastewater. Therefore, other forms of N are neglected for the purpose of this
publication. In order to provide a conservative estimation of recoverable nutrient content in the
TW effluent, the average of the maximum removal rates of TN by HF and VF TW (35%) and
the maximum removal rates of TP (20%) were used. K is rarely investigated, but four studies
of TW for domestic WW treatment that monitored K removal were identified [10, 18, 34, 47]
and the average of the provided K removal rates (44.95%) was used.

As SSF systems can be designed and constructed so that they operate all year long even in
temperate and cold climates [22, 45], the produced effluent volume was assumed to be
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relatively stable over the year. However, since there is a seasonal variation of fertigation water
demand, the effluent will only be reused for the period of time during which fertigation is
possible, i.e. 8 months a year, because in Austria, fertilizer application to regular crop fields is
not permitted for 4 months per year [52].

Anaerobic Digestion of Solid Wastewater Fraction and Kitchen Waste

The present flow model considers the anaerobic co-digestion of separated sewage sludge (solid
fraction) with source-separated municipal organic waste (MOW, kitchen waste). For MOW,
the average kitchen waste in Austria of 68.79 kg per person and year is used, which consists of
kitchen waste from food and drink provision outside homes as well as household source-
separated kitchen waste and the compostable fraction of household mixed waste [40]. MOW
nutrient content is calculated based on Knoop et al. [28]. Values for NPK and water in sewage
sludge before co-digestion are based on Jönsson et al. [23]. In line with Möller and Müller
[33], the N, P, and K content in absolute values is calculated as unchanged between the
undigested influent and the digested effluent. It is assumed that digestate can easily be stored,
thus the calculation uses 100% of nutrients recovered via digestate.

Crop Nutrient Requirements and Yield by Area

The nutrient requirements of food crops are calculated for the product groups defined in
statistics on agricultural production in Vienna for the year 2018 [44]. Agriculture in Vienna
includes the city and the green belt surrounding the city within Vienna’s provincial boundaries.
The average nutrient requirements per m2 and average harvest yields per m2 of specific crop
types, differentiated by outdoor field and greenhouse cultivation, were taken from the Swiss
guidelines for fertilizer application [35]. Specifically, net N, P, and K (N, P2O5, K2O)
requirements are used, which express the difference between total crop N, P, and K require-
ments and the nutrients available in undepleted soil, including those made available by leaving
harvest residues on the fields and taken up by succeeding crops. It is assumed that by
supplying the net nutrient requirements, the crops take up this amount from the soil and the
nutrient balance in the soil is maintained. Thus, in this case, the equivalent amount introduced
as fertilizer is absorbed by plants.

P and K contained in harvest residues are calculated as being fully transferred to the
succeeding crop. Therefore, the P and K that must be added (i.e., net nutrient requirements)
amount to approximately the P and K that is contained in the marketable product ([35]). As
only 20% of the N left on fields as harvest residues can be taken up by succeeding crops ([35]),
the N that directly travels back to consumers as food is calculated as the values for gross N-
fertilizer requirements minus the values for plant-available N in residues in Neuweiler [35]
extrapolated to 100% (i.e., total N left on field). The present calculations are aggregated to
annual values; hence, variations of nutrient uptake during the crop growth cycles are not
differentiated. Production in greenhouses and open fields was apportioned to the specific crops
produced in Vienna based on Schwarzl and Weiß [41].

Water Flow

The crop water requirements (irrigation water demand) that could be supplied with reclaimed
fertigation water as well as the nutrient concentrations contained in it are calculated as follows.
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The available treated effluent is the difference between the influent volume and transpiration
from the TW, plus average annual precipitation. The influent volume consists of the waste-
water produced by people connected to the system excluding the total solids contained in it.
Total solids are excluded because the aim is to understand the extent to which the recovered
effluent could supply the irrigation water demand of the vegetable field area, and including
solids could otherwise lead to overestimating the irrigation potential. The value for the
transpiration rate is calculated as an average of the two common wetland plant species used
in the European temperate climate zone, Phragmites australis (1,128 L/m2) and Carex
acutiformis (1,029 L/m2), cited as a reference for Vienna in a report by the City of Vienna
[46]. The average annual precipitation of 550 mm [39] is used. The size of the wetland area
required was dimensioned according to the Austrian Standard [38] with 4m2 per person
equivalent (PE) for vertical flow (VF) TW.

To quantify the influent, the average wastewater production per person of 128 L per day is
used, subtracting total solids (TS) values as provided in Jönsson et al. [23].

For crop water demand, the annual irrigation water demand for outdoor-cultivated field
vegetables of 330 mm is used (ÖWAV Regelblatt 407, [39]). This value is based on the
average annual precipitation and the average soil conditions in Austria. As all values are
aggregated to yearly values, the crop water demand refers to the average across all growth
stages. For the area of greenhouse cultivation, precipitation must be fully supplemented by

Table 1 Values used to investigate nutrients, vegetable yield, and water volumes that could be recovered and
reused for irrigation

Parameter Value Source

Nutrient content in wastewater fractions
(here only totals of all raw WW fractions
are listed)

N: 13.68 g/person per day
P: 1.92 g/person per day
K: 4.00 g/person per day

[23]

Liquid-solid separation 50% [24]
TN and TP removal by TW TN: 35%, TP: 20% [12]
K removal by TW 44.95% Average of [10]; [18]; [34]; [47]
Average MOW in Austria 68.79 kg/person per year [40]
Nutrient content of MOW N: 20.1 g/kg DM

P: 3.5 g/kg DM
K: 10.6 g/kg DM

[28]

NPK removal in anaerobic digestion No removal [33]
NPK demand by crop types [g/m2 per year] Calculated based on [35]
Fruity vegetables 18.08 N, 2.55 P, 19.29 K
Cabbage, leafy, pole vegetables 17.23 N, 1.77 P, 13.24 K
Pulses, root, bulb vegetables 10.67 N, 1.65 P, 12.69 K
Edible vegetable yield [35]
Fruity vegetables 8.64 kg/m2 per year
Cabbage, leafy, pole vegetables 3.06 kg/m2 per year
Pulses, root, bulb vegetables 4.25 kg/m2 per year
Current production in Vienna For the year 2018 [44]
Fruity vegetables 52,218 t
Cabbage, leafy, pole vegetables 16,527 t
Pulses, root, bulb vegetables 3,851 t
Wastewater produced 128 L/person per day [23]
Solids subtracted 144.3 g/person per day [23]
Losses via transpiration of TW 1078.5 L/m2 per year [46]
Precipitation 550 L/m2 per year [39]
Wetland area 4 m2/person [38]
Crop water demand 330 L/m2 per year [39]
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irrigation. Open field and greenhouse production areas in Vienna were approximated and
apportioned to crop types based on [41]. The values for mentioned calculations are presented
in Table 1 below.

Results and Discussion

Potential of Nature-Based Nutrient Cycles

Nutrient Recovery Efficiencies

Table 2 below presents the nutrients discharged per person as well as by the 1.92 million
population of Vienna [43] to the urban sewers via raw wastewater, as well as additionally via
compostable household waste (municipal organic waste—MOW), every year. Table 2 also
presents the nutrients that are contained in the recovered TW effluent and therefore could be
applied to agricultural fields as fertigation water, as well as the nutrients contained in the
biogas digestate. These values are based on 50% liquid-solid separation (LSS) efficiency.
Finally, Table 2 presents the conversion efficiencies from N, P, and K input to nutrients
recovered in nutrient solutions, i.e. contained in fertigation water and digestate fertilizer
applicable to fields.

With the majority of nutrients contained in raw wastewater and TW effluent (in contrast to
MOW, solids in wastewater, and recovered digestate), the removal rates of TW strongly
determine the amount of nutrients that could be recovered. The removal rates for N (35%)
and P (20%) used in the present study are based on Dotro et al. [12]. However, nutrient
removal rates reported in recent literature vary a lot. For example, Tanner et al. [48] report 8.9
to 49.0% TN removal and 39.0 to >55.0% TP removal. Morari and Giardini [34] report even
91.0% TN removal and 72.5% TP removal in a pilot-scale vertical subsurface flow TW.
Tables S1A and S1B (see supplementary material) provide an overview of nutrient removal
efficiencies of TW treating municipal wastewater found in literature. The overview includes
TW at scales from 1 to 6,080m2 in different countries worldwide.

The studies presented in Tables S1A and S1B (see supplementary material) focus on
subsurface flow (SSF) TW. The authors consider SSF TW to be well suited for densely settled
areas due to their lower area requirement, minimum odor development, and provision of a
barrier between the wastewater and the surroundings through the subsurface flow, i.e. miti-
gating contact of humans or animals with wastewater, in contrast to free water surface (FWS)
wetland systems.

Table 2 Nutrients contained in raw WW, MOW, and TW effluent and digestate, as well as the resulting
conversion efficiencies

Per person Total Vienna

Raw WW MOW Raw WW MOW TW effluent* Digestate Conversion efficiencies

N 5.0 kg/yr 0.4 kg/yr 9,587 t/yr 828 t/yr 3,846 t/yr 1,336 t/yr 51%
P 0.7 kg/yr 0.08 kg/yr 1,346 t/yr 144 t/yr 511 t/yr 421 t/yr 67%
K 1.5 kg/yr 0.2 kg/yr 2,803 t/yr 437 t/yr 1,029 t/yr 437 t/yr 45%

*if TW effluent is reused for 8 months per year
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The mentioned calculated values for nutrient conversion fromMOW to recovered digestate
correspond well to the nutrient content of digestate from co-digestion of MOW and municipal
sewage sludge analyzed by Sogn et al. [42]. This suggests that the method applied in the
present study is suitable to quantify recoverable nutrients from MOW and solids separated
from municipal sewage processed by anaerobic digestion.

While nutrients are preserved to a greater degree in biogas digesters, the recovery of
nutrients by a TW brings the added benefits of (urban) greening as well as the supply of
fertigation water, which can easily be applied to fields especially for vegetable production,
which is commonly irrigated even in temperate climates such as in Austria. Digestate may
need to be hygienized before application to food crops. There are several options to hygienize
the digestate, such as sludge composting, a sludge treatment wetland or other TW designs
depending on the solids content, or dry fermentation. Another option is to simply extend the
retention time in the digester so that no additional hygienization step should be necessary if the
digestion process works properly.

In the present study, it was assumed that the population of Vienna spends 100% of the day
(24 h) within the system, in this case the city, and therefore, the total amount of wastewater
produced by them enters the calculation. When quantifying the urban nutrient budget for a city
or another urban scale (e.g., district, quarter, building), the number of people and the share of
the day spent within the boundaries of the city could be further differentiated. For example,
Jönsson et al. [23] suggest dividing the 24-h day into 60% active (awake) time out of a day
spent at work and 40% spent at home. This could be multiplied by the people residing in the
area of scope, and those commuting in and out of the city (or district, quarter, or building).

The conversion efficiencies above refer to the process from raw wastewater and MOW to
recovered nutrient solutions. But looking at the full cycle, the efficiency of the recovery and
reuse system is impacted by the actual utilization by crops and the valorization as food. As
mentioned in “Materials and Methods,” if the N:P:K ratio of the nutrient solution added to soil
as fertigation water or fertilizer corresponds to that of the specific crop nutrient demand and
crops take up their net nutrient requirements from the soil, the nutrient balance in the soil is
assumed to remain the same, and 100% of added nutrients are used. However, if the N:P:K
ratio of the recovered nutrient solution does not correspond to the N:P:K ratio of specific crop
net nutrient demand and NPK are added to fully cover the requirements of each N, P, and K,
there will be excess application of the nutrients that are available to a larger proportion. This
results in losses (unutilized nutrients) and lower conversion efficiencies from raw “waste”
input to the food products.

Linking Recoverable NPK to Crop Nutrient Demand

To supply the entire vegetable production within Vienna, per year, total 212.04 t N, 26.4 t P,
and 199.6 t K must be added as fertilizer (net nutrient demand). The wastewater and MOW
produced by 77,250 people, metabolized by the described system, could supply total 212.05 t
N, 39.9 t P, and 59.0 t K as recovered fertigation water (TW effluent) and liquid fertilizer
(biogas digestate) per year. This would cover the N demand and exceed the amount of P
needed for the whole actual vegetable production in Vienna.

Around one-third of vegetables consumed in Vienna is produced within the city boundaries
(Stadtentwicklung Wien, n.d.). Therefore, if the vegetable consumption patterns by product
groups are similar to production, 231,750 people could supply all the N and P needed to
produce all vegetables consumed in Vienna. Nutrients that could be recovered if the entire
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population of Vienna would be connected to described nature-based treatment trains amount to
25 times the N, 37 times the P, and 7 times the K needed to sufficiently supply the net nutrient
requirements of the approximated production of all vegetables consumed by Vienna’s popu-
lation. The significant excess nutrients recovered from wastewater and MOW could supply the
production of other food groups (fruit, grain) and feed and industrial crops to fully close the
resource loop within the city and between the city and its agricultural hinterland.

Figure 1 illustrates the nutrient flows from consumers through the treatment steps to
agricultural production and via food back to the consumers. The flows represent N (beige
arrows), P (blue arrows), and K (orange arrows) that is emitted via wastewater and MOW by
the 1.9 million population of Vienna. Non-edible food parts are not included in the diagram,
because they are considered to be left on the field and become a source of nutrients to the
crops, or they travel back to the consumer as part of marketable vegetables and then become
kitchen waste, re-entering the recovery and reuse system.

Figure 1 highlights that, while municipal organic waste is widely processed to compost and
even biogas, municipal wastewater (the flow from consumers to liquid solid separation) is a
much more significant untapped resource. Further, only a small fraction of the recovered
nutrients are needed to cover the peri-urban Viennese vegetable production, which, as
mentioned, covers one-third of the entire vegetable consumption in the city. The excess
nutrients could be recovered and returned to other agricultural production within and beyond
the city’s borders. Even if nutrients from the entire (non-industrial) urban wastewater and
MOW are recovered and returned to food production, there is a smaller flow returning to
consumers than is emitted by consumers. This gap could be filled by recovering nutrients from
landscaping waste and livestock manure, which are already widely processed by composting
and anaerobic digestion. Figure 1 also showcases that K is contained in the liquid wastewater
fraction and recovered fully via the TW.

Figure 2 below showcases that the N that could be recovered from municipal wastewater
and MOW produced by 77,250 people could cover the net N-fertilizer demand of the entire
vegetable production of Vienna; recoverable P even exceeds the demand, while K must be
added from another source. Consistent with previous research, availability of K is relatively
low in human excreta (e.g., [1]), and consistently in overall treated municipal wastewater (e.g.,
[6]). K could be supplemented with sustainable and cheap K sources such as biomass ash or

Fig. 1 Potential nutrient (NPK) loop in the city of Vienna
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livestock manure. K in ash is soluble and can be extracted by washing ash. Even though
livestock manure adds not only K, but also N and P, the share of K content is so high that the
addition of livestock manure easily fills (and can exceed) the K gap [1, 6]. Livestock manure
could be co-digested with solids and landscaping waste.

Figure 2 also displays the shares of nutrients supplied by TW effluent and digestate,
considering a 50% LSS (i.e., 50% of solids are retained, the rest join the liquid fraction). As
shown, the TW effluent supplies most of the N (75%), P (58%), and K (70%). Compared to
70% LSS, these ratios hardly change, with the TW effluent supplying 71% N, 70% K, and
49% P, i.e., biogas digestate supplies just over half of recovered P (51%) with 70% LSS.

Adaptation of Nutrient Sources to Product Groups to Optimize the Recovery and Reuse
Efficiency

As mentioned above, the plant macronutrients N, P, and K are allocated to the three vegetable
product groups in proportion to their actual share of total vegetable production in Vienna,
namely 49% fruity vegetables (product group 1), 44% cabbage, leafy, and pole vegetables
(product group 2), and 7% pulses, root, and bulb vegetables (product group 3) (Stadt Wien,
n.d.). This distribution could be adapted to specific crop production of any defined community,
city, region, or country.

N:P ratio of nutrient demand for Viennese vegetable production is 8:1, which is the same as
the N:P ratio of the TW effluent, if LSS is 70%. Therefore, for the described combination of
crops, the TW effluent is a suitable nutrient source. The N:P ratio of recovered nutrient
solutions (TW effluent and digestate combined) is 5:1 and the digestate has an N:P ratio of

Fig. 2 NPK supply in TW effluent and biogas digestate from 77,250 people vs. demand for vegetable production
in Vienna
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3:1, due to higher relative P-levels. The N:P ratios change with a lower LSS. In the case of
50% LSS, the N:P ratio in the TW effluent sinks to 1:7, which still corresponds more closely to
the N:P ratio of crop nutrient demand of the vegetables produced in Vienna than the
combination of TW effluent and digestate or digestate alone. This suggests that the net N
and P fertilizer requirements of the vegetable crop mix produced in Vienna are best met by
using the TW effluent, or by combining TW effluent and digestate as nutrient sources.

The N:P:K ratio required to meet Viennese vegetable production is 8:1:8, while the N:P:K
ratio of TW effluent is 8:1:2, for 70% LSS. This reflects the shortage of K noted above. A look
at the specific nutrient distributions to the solid and liquid fraction of municipal wastewater
reveals that there is no K in the solid fraction. The K in recovered digestate comes from the
MOW co-digested with the solid wastewater fraction. If digestate is to be used as fertilizer, the
solid wastewater fraction should be co-digested with MOW to gain K, or liquids and solids co-
digested, which however eliminates the benefits of functional greening and ecosystem services
that TW can provide.

This knowledge and present model can inform the selection of sources to match the crop
nutrient demand (considering N:P or N:P:K ratios), and thereby also to maximize the use
efficiency of recoverable nutrients.

Figure 3 below shows the area that could be sufficiently supplied with nutrients from
fertigation water and digestate, if either only product group 1 (fruity vegetables), group 2
(cabbage, leafy, and pole vegetables), or group 3 (pulses, root, and bulb vegetables) are
produced. The variety of areas across the product groups and nutrients reflects the different
crop nutrient requirements of NPK per m2 as well as NPK availability in recovered fertigation
water and digestate fertilizer. For example, average product group 1 vegetables demand higher
K input per field area than product groups 2 and 3. Therefore, K limits the field area that could
be fertigated so that crops obtain sufficient NPK. Conversely, the area of fields cultivating
group 3 products that could be fertigated with available K is much higher than for groups 1 and
2. Groups 2 and 3 vegetables require similar P per area. For the scenario that only fruity

Fig. 3 Field area sufficiently supplied with NPK from 100,000 PE for production of either product group 1,
group 2, or group 3
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vegetables are produced and K is supplemented, N represents the limiting value and an area of
1,140 ha could be sufficiently supplied with recovered nutrients. If only pulses, root, or bulb
vegetables are produced, with a selection of group 3 vegetables representing the average
nutrient demand, and K is supplemented, then again N represents the limiting value and
1,933 ha could be supplied.

Meanwhile, K could relatively easily be added by adding organic waste-based pot-ash,
which is generally considered sustainable and cost-efficient. If N:P:K ratios in recovered
nutrient supply sources and specific crop field demand are considered, crop selection and/or
dimensioning of the system could be adapted to N:P:K ratios in the fertigation water (TW
effluent), or fertilizer (digestate) in order to maximize the production achieved from applying
only recovered nutrients, and/or to maximize the replacement of synthetic fertilizer. The
calculations for this study were conducted with average net nutrient requirements of different
crop species within each product group (1–3). When applying this to a specific field case, the
specific crop nutrient requirements could be considered and secondary nutrient input sources
tapped adequately.

As mentioned, matching the N:P:K ratio of recovered macronutrient solutions with the
N:P:K ratios of crop net nutrient requirements would minimize the losses and increase the
conversion and utilization efficiencies. The optimization is beyond the scope of this paper, but
in practice, this could be done by comparing the net nutrient requirements of specific cultivated
crops with the recoverable nutrient sources and adapt the mix of nutrient sources (household
wastewater, MOW, green clippings, livestock wastewater, other wastewaters), sustainable and
waste-based specific nutrient supplements, treatment technologies and specific designs, or
even selected crop mix. How much discrepancy between NPK ratios results in lower quantity
or quality of production should be looked at in further detail.

Water Flow

From the yearly 89,702,400 m3 of municipal wastewater produced by the total
population of Vienna, a volume of 57,028,263 m3 of fertigation water could be
recovered as TW effluent, if accessing it during 8 months per year. This includes
water recovered from the municipal wastewater and precipitation captured by the TW.
For greenhouse cultivation, the average annual precipitation must be supplemented,
which results in an average annual irrigation water demand of 880 L/m2. Considering
the recommended irrigation of outdoor-cultivated field vegetables and mentioned
compensation of precipitation in greenhouse-cultivated vegetables (see “Materials
and Methods” above), the total vegetable production in Vienna requires 8,787,527
m3 irrigation water per year, cultivated on an area of 1,235 ha. This is equivalent to
recovering the wastewater produced by 151,600 people. The secondary fertigation
water that could be produced by treating and reusing the wastewater generated by
the total population of Vienna could cover the irrigation demand of 15,643 ha of
vegetable field area, if the shares of production in greenhouses and open fields are
maintained. This is equivalent to the 13-fold actual field area of vegetable production
within the boundaries of Vienna.

The potential irrigable area reduces with greater greenhouse production and increases if the
share of open field production is larger, due to compensating precipitation in greenhouse
irrigation.
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Area Requirements and Integration into the Urban Infrastructure

Table 1 below shows the nutrients that could be recovered from the wastewater and MOW
produced by a five-person household, the potential vegetable yield resulting from these
secondary nutrients, and the area needed for the TW and the field area that could be supplied
with nutrients considering the vegetable product group proportions produced in Vienna. A
single household could supply a field area of 938 m2 and would require a TW of approxi-
mately 20m2, considering the 4m2 TW area per PE set out in the Austrian standard for TW [38]
(Table 3).

Connecting the 77,250 people, thus treating the amount of wastewater to fully supply
Viennese vegetable production with recovered nutrients, an area of 31 ha is needed. To treat
the wastewater produced by the whole Viennese population, 768 ha would be needed.

As mentioned above, the specific TW area of 4m2 per PE is set out in the Austrian standard
for TW [38]. However, it does not reflect more recent technical advances that enable smaller
TW size per PE while fulfilling legal effluent water quality requirements. Thus, the 4m2 are a
conservative estimation, and this area could be reduced by implementing available enhanced
NBS with design improvements which enable sizing of less than 4m2 per PE. Such design
improvements can include, for example, multi-stage systems, using different substrates or
intensification through aeration and/or recirculation. TW size could also be reduced if waste-
water reuse is the goal instead of treatment for disposal, and therefore nutrients could be
preserved instead of removed. Though in this case, firstly, the removal of pollutants that may
threaten human health must still be ensured, and secondly, the effluent water quality must
always comply with national standards or laws for water reuse (e.g., the Regulation (EU) 2020/
741 on minimum requirements for water reuse for agricultural irrigation) or for wastewater
treatment for disposal.

TW can also be designed and installed as green façade panels or stacked units, with basins
stacked above each other, thus reducing the actual ground-space needed.

Moreover, the vast available unused or underutilized open spaces in cities as well as
rooftops could be used for functional urban greening providing not only the increasingly
necessary climate services in cities (evaporative cooling, biodiverse habitats), but also treat
building wastewater for on-site recovery and reuse for urban farming. Designing green urban
infrastructures with wastewater treatment abilities would also reduce the need for synthetic
fertilizer and drinking water which existing urban greening, in particular intensive systems,
currently relies on.

Table 3 Recovered nutrients for a five-person household, corresponding vegetable yield, and area needed for the
TW and vegetable cultivation

Recovered nutrients Vegetable yield (product groups) Area needed

N P K 1 2 3 TW
area

Cultivation
area

Five-person
household

14 kg/yr 3 kg/yr 4 kg/yr 3,462 kg/yr 1,580
kg/yr

393 kg/yr 20 m2 938 m2

Total in
Vienna

5,270
t/yr

991
t/yr

1,466
t/yr

1,329,463
t/yr

606,736
t/yr

150,906
t/yr

768 ha 36,025 ha
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Finally, the size of the TW could be reduced if the goal is not to remove, but to metabolize
and even preserve nutrient content from wastewater in the nutrient solutions recovered as
effluents. However, it must be noted that reclaimed water may not contain nutrients only, but
could contain a wide range of contaminants as a result of our lifestyle (e.g., pharmaceutical
residues, biocides, disinfectants). Therefore, when designing a recovery and reuse system, not
only the nutrient mass balance but also health and safety issues must be considered before any
such system could be put in place. Several studies have found that TWs can partly remove
organic micropollutants, in some cases more effectively than conventional WWTPs [25, 54].
Therefore, TWs have been installed to treat wastewater from pharmaceuticals and cosmetics
industry [11] besides other municipal and industrial effluents. To ensure food safety when
irrigating crops with reclaimed water treated by NBS, further research could investigate the
design requirements of technologies and the combination within the treatment system to
effectively remove organic micropollutants and other potentially harmful substances such as
microplastics and heavy metals. Additional treatment steps that do not remove nutrients could
be included, such as ozonation.

At the building or household scale in cities, there is limited space to utilize the nutrients,
public infrastructure is largely not designed for this, nor can economies of scale be used.
However, the ecosystem services of distributed NBS, the efficiency gains of direct cycles, and
the supported maintenance through localized ownership could be exploited. At the neighbor-
hood, district, or communal scale, limited economies of scale can be use, and local space for
farming and composting may be available. At the urban centralized scale, space for large-scale
treatment may be available at the outskirts and distributed treatment units across the city could
be implemented. Collection systems are already widely in place, as the management and
regulatory frameworks to implement resource recovery and redistribution for reuse with
centralized organization. Economies of scale allow high-tech control systems. However, if
resources are recovered centrally, potential inefficiencies may be incurred by longer distances
across which resources must be transported for treatment and redistribution to the point of
reuse.

Instead of fully replacing the centralized, conventional wastewater treatment systems in
large cities with NBS, various different types of TW could be integrated into the existing urban
built infrastructure, in particular in new buildings or new urban development areas. In
particular in peri-urban areas, which are located close to agricultural production, the proposed
nature-based resource recovery and reuse system could be implemented to close water and
nutrient cycles locally and contribute to a circular economy, a more climate-friendly food
system and resilient city.

Conclusions

This study quantified the recoverable nutrient budget contained in household wastewater and
MOW, with the example of the city of Vienna, Austria. The results of the SFA highlight the
enormous untapped potential of available secondary resources. TW together with anaerobic
digestion of the solid wastewater fraction can treat the wastewater and MOW, and make
nutrients accessible and plant-available in the effluent streams. The present results indicate that
NBS could be used to recover sufficient nutrients to produce the vegetables consumed by the
entire population connected to the resource recovery and reuse system, which consists of the
described treatment train and the application of nutrient solutions to vegetable fields. Based on
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the conversion factors used, the N and P recovered from wastewater and MOW of 77,250
persons could fully cover the fertilizer demand of the whole vegetable production in Vienna,
while 231,750 persons could supply Vienna’s entire vegetable consumption. Most of the
nutrients are recovered via the TW effluent. Around half of P is contained in recovered TW
effluent and digestate. Consistent with previous literature, there is a shortage of K when
considering only household water and MOW. But K could be supplemented in a sustainable
way. Knowledge of N:P:K ratios of secondary resources, conversion efficiencies of the
treatment train, and crop nutrient requirements could inform the selection of inputs as well
as the design and combination of the treatment units in order to optimize the use of available
nutrients, while also benefitting from the ecosystem services provided by NBS, and energy
generated by biogas units.

By connecting the wastewater and MOW of additional people to the nature-based recovery
and reuse system, excess nutrients could be used to produce other food groups and feed and
industrial crops within and beyond the city. The nutrients that could be recovered by
connecting the entire 1.92 million population of Vienna to the recovery and reuse system
amount to 25 times the N, 37 times the P, and 7 times the K needed to produce all vegetables
consumed in Vienna. The annual 57,028,263 m3 of reclaimed water is sufficient to irrigate
15,643 ha of vegetable production area, which is the 13-fold actual field area of vegetable
production in Vienna. In this sense, cities could become significant water and nutrient
turntables for the whole bioeconomy even well beyond food production.

Nature-based wastewater treatment and complementary components of the resource recov-
ery and reuse systems require more space than conventional technologies. They also require a
change in the way wastewater, and urban built infrastructure is used, managed, and developed.
However, NBS as productive greening could be integrated into the urban and peri-urban
system to start gaining from the benefits of circular intensive urban greening as well as from
decentralized water and nutrient treatment and reuse.

Further research could refine the described resource conversionmodel according to available
(underutilized) infrastructures in the urban and peri-urban space, changes at different scales, and
design requirements to remove potentially remaining pathogens as well as agricultural produc-
tion in and around the city, to fully close the loops. While the technologies to realize such a
system are available, a host of non-technical barriers remain to be further investigated, as well as
case specific strategies considering type and location of waste sources across the city, physical
infrastructures available for the installation of TW (including vertical and rooftop units) and
anaerobic digesters, and finally the development of suitable business models.

List of Abbreviations TW, treatment wetland; EU, European Union; FWS, free water surface; LSS,
liquid-solid separation; MOW, Municipal source-separated organic waste; NBS, nature-based solutions;
PE, person equivalent; SFA, Substance Flow Analysis; SSF, subsurface flow; K, potassium; TN, total
nitrogen; TP, total phosphorus; TSS, total suspended solids; VW, vertical flow; WWTPs, wastewater
treatment plants
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