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Abstract

Background: Due to climate change and the rising world population, sustainable energy and fertilizer production
faces many challenges. The utilization of organic waste fractions is one possible solution for promoting sustainability.
Organic waste fractions have a high potential for biomethane production, which could positively contribute to the
current energy mix. Furthermore, organic waste fractions could be used for nutrient recovery (i.e., the recovery of N
and P) concurrently to their use in biomethane production. This study examined the theoretical potential of organic
waste fractions for valorization in Austria. Further, it provides a theoretical overview of biomethane production and

nutrient-recovery potential.

Results: This analysis revealed a total substrate potential of 13 Mt per year in Austria, with the highest contribution
from manure. Over 900 million Nm? of biomethane could potentially be produced from organic waste fractions.
Furthermore, developing organic waste fractions as an energy source could improve the impact of the natural gas
consuming sectors on climate, reducing 2.4 Mt of CO, emissions annually. Regarding nutrient recovery, more than
60 kt of N and 20 kt of P could potentially be recovered per year.

Conclusion: The study shows a high potential for producing biomethane from organic waste fractions in Austria.
The overall production potential could substitute up to 11% of the Austrian natural gas demand, which could highly
decrease the CO, emissions from fossil energy carriers. Furthermore, a high nutrient recovery potential was identified

for an inclusive implementation of an efficient recovery.

Keywords: Biogas, Anaerobic digestion, P recovery, N recovery

Introduction

In 2011, the European Union published “a roadmap for
moving to a competitive low-carbon economy in 20507,
which aims to reduce greenhouse gases by 80 to 95% by
2050 compared to their levels in 1990 [1]. This should
help to limit the global temperature rise to a maximum
of 2°C.
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To reach this goal, the current fossil energy carri-
ers must be replaced by renewable ones. There are sev-
eral possible approaches to move towards a sustainable
economy. One option is the electrification of the indus-
trial and household sector and substitution of fossil
energy carriers like natural gas, coal, and other fossil-
fuel electricity production pathways with renewables
including biomass, photovoltaic, and wind energy [2].
However, some industrial sectors rely on natural gas or
carbon as part of their production pathway, such as the
chemical industry [3]. Furthermore, renewable methane
could serve as a bridge to the full electrification of pri-
vate households. Therefore, renewable methane sources
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should be developed for these sectors. This could be
accomplished through the production of synthetic natu-
ral gas via the thermochemical conversion of biomass to
gas; alternatively, biogas could be produced via anaerobic
digestion [4, 5].

Anaerobic digestion is an especially interesting option,
since it could upgrade waste streams that are currently
unused as energy carriers or burned in waste power
plants [6]. After gas upgrading and cleaning to reach the
required quality, the gathered biogas could be fed to the
natural gas grid. This could increase the share of biogas
within the total natural gas distribution.

Apart from its impact on climate change, valorization
of organic waste fractions via anaerobic digestion has
the potential to play a key role in the future food and
feed supply. Currently, we are moving towards a global
population of approximately 10 billion humans by the
middle of the twenty-first century [7]. This could place
high demands on the global food supply, especially if cli-
mate change is also considered [8]. Thus, increased food
production is necessary, which will require significant
quantities of N- and P-based fertilizers [9]. According to
Mogollén et al. [10], P input in croplands will increase
by 51 to 86% by 2050, i.e., from 14.5 Mt; to 22-27 Mt,
annually. Regarding N, Mogollén et al. [11] stated that
in a relatively optimistic and sustainable scenario, the
annual demand could stabilize at 85 Mty in 2050; how-
ever, it could rise as high as 260 Mty

Sufficient N, gas is accessible in the atmosphere to
produce the needed amount of N-fertilizers. However,
to produce fertilizers that can be used in agriculture,
it is necessary to transform N, gas into NH,*, NO,,
or NO;~ to extract N [12]. The most common way to
manufacturer N-based fertilizers is by producing N via
the Haber—Bosch process [13]. Therefore, a shortage
of N fertilizer in the future appears unlikely. However,
the Haber—Bosch process is highly energy intensive and
therefore, to reduce climate change, NH; must be pro-
duced sustainably [14]. This could be accomplished by
recovering N from waste streams, a process similar to
the already employed removal which is done to prevent
environmental contamination, though with an energy-
intensive process. To reduce the environmental footprint
of N fertilizers, the direct recovery and reuse of N from
wastewater is a promising option.

P production is energy intensive, and P is currently
primarily mined from igneous and sedimentary depos-
its located in Northern Africa, China, Kazakhstan, the
Middle East, and Florida, USA [15]. Consequently, coun-
tries without sufficient P deposits are highly dependent
on those countries with significant P resources. Further-
more, current P fertilizer usage is expected to lead to
resource depletion by the end of the twenty-first century
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or the beginning of the twenty-second, according to
Duley [16]. Another major disadvantage, that comes
with the use of conventional fertilizers, are impurities in
the fertilizers, like uranium, that follow from the min-
ing process [17]. To reduce the demands on the global
P resources, P recovery, like N recovery, is essential.
Furthermore, several studies have shown that nutrient
uptake of N and P, crop yield and soil quality is the same
for conventional synthetic (fossil) and bio-based (recov-
ered) fertilizers [18].

Thus, several current studies have focused on P and N
recovery from different biogenic waste sources, especially
from wastewater, sewage sludge, and manure [19-21].
Egle et al. [19] stated that P recovery from sewage sludge
ash could consistently reach recovery rates of 60 to 90%.
Further, this process entailed relatively low production
costs, depending on the purity requirement of the prod-
ucts. For direct sewage sludge recovery, a P recovery rate
of 40 to 50% was observed, and high rates of heavy metals
were also removed. However, costs for this process were
high compared to those of conventional fertilizer pro-
duction. Vanotti et al. [20] reported even higher nutrient
recovery rates from swine wastewater starting from 70%,
going up to 100%, if P recovery via MgCl, was combined
with NH; recovery through gas-permeable membranes
and low-rate aeration. Van der Hoek et al. [21] states
that a change of the wastewater treatment system would
be necessary to use the full potential of N recovery from
wastewater due to limited possibilities for improvement
of sustainability in current systems. For instance, a sepa-
rate urine collection has shown a significant improve-
ment in the recovery rates of N. However, it was further
observed that the recovery of nutrients should not nega-
tively affect the biogas production process from waste-
water and that the parallel usage of different recovery
methods is highly recommended.

Some studies have examined anaerobic treatments for
other biogenic wastes. Campos et al. [14] published a
review on the treatment of agro-food wastes. The review
listed several studies that focused on different feedstocks,
such as biowaste from households and bush-, grass- and
tree-cuts, and these studies found that the anaerobic pre-
treatment of such waste fostered high rates of nutrient
recovery with values higher than 80%.

However, most recent studies have focused either on
nutrient (P and/or N) recovery or on biomethane pro-
duction potential. Furthermore, several studies focused
only on one feedstock and did not address a broad range
of biogenic waste streams. Therefore, this study examined
both the biomethane production and nutrient recovery
potential of major biogenic waste streams in Austria.
Additionally, we investigated the possibility of replac-
ing nonrenewable or energy-intensive products with the
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recovered pendant. Thus, this study aimed to identify
the theoretical upper limit of the realizable provision of
renewable biomethane and fertilizers using Austria as a
national case study.

Methods

The potential calculations were carried out using ref-
erence values for nutrient recovery and biomethane
production from literature and applying them to the
reported annual waste generated in Austria. The relevant
methodologies applied, definitions and values for the
present study are described below.

Description of the analyzed system

This study focuses on the theoretical valorization poten-
tial of biogenic waste streams in Austria according to
their methane, P and N recovery potential. In order
to perform this analysis, data concerning anaerobic
digestion potential of residual and waste materials was
extracted from existing literature [22-26].

The selected streams were manure, straw, waste
from food production, biowaste from households,
bush-, grass- and tree-cuts, and sewage sludge (see
Table 1). Since municipal garden and park wastes, cem-
etery wastes, roadside vegetation, and kitchen and foods
wastes exist in comparatively smaller quantities in Aus-
tria [26], they were classified as “other” biogenic wastes.

Table 1 Methane and biogas production rates
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Manure included cattle, poultry, pig, and horse manure
without straw in the analysis. Furthermore, only manure
produced at agricultural facilities with more than 50 live-
stock animals was considered in this study. This was due
to the difficulty of collecting manure from sites with 50
animals or less. For straw, only cereal, maize, rape straw,
and sugar beet leaves were considered, since other straws
do not exist in sufficient quantities.

As shown in Fig. 1, statistical data on the selected waste
substrates were collected on a regional basis in Austria,
based on the dry matter (DM). Further, biomethane pro-
duction and nutrient recovery factors were used to evalu-
ate the potentials for the specific fractions. The analyzed
reference year was 2017. However, if no current mate-
rial for this reference year was available, older data were
used. For example, 2017 data were not available for food-
production waste, and hence data from prior to 2017
were used for the analysis.

Methane production

Biogas is produced during the anaerobic digestion pro-
cess of the considered substrates. Depending on the
feedstock, the methane content in the biogas from the
analyzed waste fractions varies between 50% [27] and
63% [28]. Depending on the category, either data on the
biomethane content or on the biogas-production poten-
tial (including the potential biogas composition) were

Substrate Methane production Biogas production rate Methane share Sources
rate
Manure
Cattle dung 60 Nm*/toy 60 vol% [27]
Pig dung 60 Nm*/toy 60 vol% [27]
Pig manure 20 Nm*/tpy, 60 vol% 1271
Poultry manure 80 Nm%DM 60 vol% [27]
Horse manure w/o straw 60 Nm*/to 60 vol% [27]
Straw
Cereal straw 331 Nm*/ty 51 vol% 27
Maize straw 331 Nm*/toy 51 vol% 27
Rape straw 187 Nm3/tD,\,l 52 vol% [27]
Beet leaves 105 Nm*/toy [291
Waste from food production 145 Nm3/tDM [22, 23]
Other biogenic wastes
Municipal garden and park waste 105 Nm*/toy [29]
Cemetery wastes 105 Nm3/tDM [29]
Roadside vegetation 105 Nm*/toy [29]
Kitchen and food wastes 164 Nm3/tDM [30]
Biowaste from households 185 Nm*/toy [31]
Bush-, grass- and tree-cuts 105 Nm3/tDM [29]
Sewage sludge 312 Nm*/tpy [28]
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available to calculate the methane production potential.
If only a range was given, the median was used for cal-
culations. The production rates used for the analysis are
shown in Table 1.

P and N content

To calculate the theoretical recovery potential from the
different substrate streams, it was first necessary to cal-
culate the P and N content of the substrates. This was
obtained by applying mass proportions obtained from
the literature to the different waste streams. The values
obtained for the analysis are shown in Table 2.

As shown in Table 2, sewage sludge has by far the high-
est share of P and N based on its dry matter. Apart from
sewage sludge, green waste (bush-, grass-, tree-cuts, etc.)
provides the second highest N and P proportions. All
other categories have proportions < 1%y

P and N recovery technologies

According to a review by [14], P-precipitation from
liquid is a promising method for P recovery from agro-
food-waste. P can be recovered in the form of struvite
(MgNH,PO,), calcium phosphate (Caz(PO,),*nH,0),
K-struvite (KMgPO,*6H,0) or newberite
(MgHPO,*3H,0). All four products can be recovered
with efficiencies ranging from 80 to 100% according to
literature. The recovery method of P-precipitation from
liquid could be applied to manure and sewage sludge
and yield all four mentioned product types. However,
[36] stated that P-precipitation from liquid to pro-
duce K-struvite is also a viable method for P recovery
(with an efficiency rate of 80 to 90%) from organic bio-
logical wastes and could therefore be applied to other

Table 2 N and P proportion for different substrates

Substrate N proportion P proportion Sources
Manure
Cattle dung 0.4%py 0.1%py [32,33]
Pig dung 0.5%py 0.3%py [32,33]
Pig manure 0.4%ppm 0.2%ppm [32,33]
Poultry manure 0.5%py 0.2%py, [32,33]
Horse manure w/o straw 0.5%p 0.1%pp [32,33]
Straw
Cereal straw 0.5%py 0.3%py [34]
Maize straw 0.9%p\ 0.2%p [34]
Rape straw 1.1%pm 0.6%ppm [34]
Beet foliage 0.3%py 0.1%py, [34]
Waste from food production  0.7%py, 0.1%p [30]
Other biogenic wastes
Municipal garden and park ~ 2.5%py, 1.7%pm [29]
waste
Cemetery wastes 2.5%p\ 1.7%ppm [29]
Roadside vegetation 2.5%pm 1.7%pm [29]
Kitchen and food wastes 0.9%p 0.1%py, [30]
Biowaste from households 0.9%gy 0.1%py, [30]
Bush-, grass- and tree-cuts 2.5%p 1.7%¢ [29]
Sewage sludge 7.5%p0m 5.8%py [21]
[35]

substrate flows as well. Similar high efficiencies (72 to
97%) for P-precipitation were also indicated in a review
by Cieslik and Konieczka [37].

In case of P recovery by the production of struvite,
NH, is recovered at the same time. Since the chemi-
cal composition of struvite is MgNH,PO,, the produc-
tion consumes N as well as P with a N:P ratio of 2.2:1
according to their molar masses.
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Another method for P recovery could be membrane fil-
tration. According to Bolzonella et al. [38], the observed
P-recovery efficiency rate from anaerobic digested agro-
food wastes was between 43 and 75%. However, unlike
P-precipitation from liquid, membrane filtration can be
used for N recovery as well. The study found a 47 to 65%
recovery rate for N. A similar result was observed by De
Vrieze et al. [39], with an average P recovery efficiency of
55% and an average N recovery efficiency of 70%. Unlike
previously mentioned membrane filtration studies,
Gerardo et al. [40] found P recovery efficiencies ranging
from 80 to 100%.

Other methods mentioned by Campos et al. [14] are
P recovery from sludge ash, with an average efficiency
of 97%, and ion-exchange precipitation, with an average
efficiency of 90%.

In a review by Gherghel et al. [41], four industrial pro-
cesses were evaluated (AirPrex, PHOSPAQ, Seaborne,
and AshDec). All these processes have shown recovery
potentials for P of about 90%, applicable especially to
sewage sludge. However, according to Kataki et al. [42]
PHOSPAQ could also be applied to municipal, farm, and
industrial wastes with P recovery efficiencies of up to
95%.

A median was calculated for each substrate stream
according to the information obtained from the literature
reviewed (see Table 3).

A detailed overview about the different recovery rate
ranges and the calculations of the medians, as well as the
allocation of the different processes to the waste streams
is documented in Table 1 of the supplementary material.
The selection of considered recovery processes and the
allocation to the related waste category, is based on up to
date literature, especially reviews, to the topic of fertilizer
recovery.

From a cost perspective a study by Egle et al. [19] has
shown a potential cost decrease of —4% in comparison
to conventional P removal technologies (reference value
of 11 € per population equivalent per year) for most

Table 3 Approximated P and N recovery rates for different
substrates

Substrate P recovery rate N recovery rate
Manure 90% 70%
Sewage sludge 90% 70%
Straw 83% 77%
Bush-, grass- and tree-cuts 83% 71%
Biowaste from households 71% 70%
Waste from food production 71% 70%
Other biogenic wastes 71% 70%
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applied technologies, if P is recovered from the liquid
phase of a waste water treatment plant. If recovery is
done in the sewage sludge phase the cost change varies
between — 9% (MEPHIREC®) and 40% (Stuttgart (MAP))
and if P recovery is applied to the sewage sludge phase
cost increase varies between 10% (fertilizer industry) and
40% (RecoPhos® (mineral fert.)). However, the values for
especially the values for recovery from sewage sludge or
sewage sludge ash have shown high deviations in terms
of cost change in comparison to the reference value of P
removal. To sum up, especially a liquid phase recovery
can have a cost decreasing effect if applied to waste water
treatment.

Reduction in global warming potential
According to Fehrenbach et al. [43], conventional N-fer-
tilizer production leads to emissions of 6.5 kgcoyeq/k8n
and conventional P-fertilizer production to 0.52 kgco e/
kgp. This results in high global-warming potential (GWP)
of about 750 ktcy q/a for Austrian fertilizer production,
which corresponds to about 10% of Austrians agricultural
GHG emissions [44]. Therefore, it is necessary to inves-
tigate the impact of recovery processes on GWP. How-
ever, recovery processes can significantly vary in terms of
chemical demands, primary energy demands, and global
warming potential. Furthermore, the recovery processes
employed also impact on these categories for the treat-
ment plants overall, and changes in fertilizer transport
volumes should be considered as well. For example, a
reduction of N leads to lower oxygen demand and pos-
sibly to a lower GWDP, as it produces less N,O emis-
sions. According to several studies [45-48], the GWP of
P recovery from waste varies little between the different
recovery processes. This could have a positive influence
on the recovery system, and in fact, negative emissions
were reported for some recovery-process integrations.
Furthermore, these emissions are considered “negative”
due to the reduction in N,O emissions obtained through
anaerobic digestion and the avoidance of fossil fuel usage.
According to Amann et al. [48], P recovery could
vary between 12 and 30 kgcqyeq/kgp from the liquid
phase, 2 and 22 kgcgyq/kgp from sewage sludge, —9
and 11 kgcoyeq/kgp from sewage sludge ash. Bradford-
Harke et al. [47] analyzed two processes producing stru-
vite resulting in specific GWPs of —5 kgcyeq/kgp and
20 kgcoeq/kgp- Since this study does not focus on one
specific recovery process, a GWP range was chosen. This
was done according to the values considered in the study
by Amann et al. [48]. Values between —9 and 2 kgcqy o/
kg, were stated for processes with recovery values similar
to the ones used in this study. Both studies include fac-
tors like substituted fertilizer and energy as well as reduc-
tion of substrate incineration and transport demand as
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negative GHG emissions. Resource demand and direct
emissions are counted as positive GHG emissions. All
factors are compared to conventional P removal in waste
water treatment systems, since removal is mandatory.

In terms of N recovery, emission values vary between
4.1 and 6.2 kg() .4/ kgy according to Deviatkin et al. [49].
Therefore, GWP savings due to N recovery could range
between 0.3 and 2.4 kgcoyeq/kgy, if compared to con-
ventional N fertilizer production, since N removal is not
mandatory for waste water treatment.

Biomethane is considered to be CO, neutral, since it
is common that biotic carbon emissions are not counted
as GHG emissions [50], and therefore, its emissions are
calculated as 0 kgcgp e/ MWhcyy,, compared to the fossil
pendant emissions during the use phase of 239 kgcqy e/
MWheyy, [51] This corresponds to a simplified estimate,
as biomethane production also causes emissions.

Results and discussion

The results show the theoretical methane production
and P and N recovery rates for different waste streams
existing in Austria. Furthermore, the possible savings in
CO,,eq achievable through the use of biomethane and
biomethane’s application potential are discussed. Also a
short discussion on challenges regarding potential reali-
zation approaches were incorporated in this section.

Substrate potential

As shown in Table 4, the Austrian Federal Institute for
Agriculture [25] documents the manure amount with
more than 7.5 Mtpy/a. Therefore, this sector alone pro-
vides a higher quantity compared to the other sectors
combined. In total, the relevant waste streams sum up
to an annual quantity of 13 Mtp,,;. However, this value
displays the theoretical potential, without any techni-
cal, political or societal restrictions. Currently, a techni-
cal potential that includes these constraints would be on
average about 23% lower according to Striimer et al. [52].
However, it can be expected that in the near future this

Table 4 Substrate potential in Austria

Substrate Quantities in tpy/a Sources
Manure 7,501,996 [25]
Straw 2,431,191 [25]
Waste from food production 1,235,441 [22-24]
Other biogenic wastes 614,600 [26]
Biowaste from households 525,751 [26]
Bush-, grass- and tree-cuts 476,552 [26]
Sewage sludge 236,200 [26]
Total 13,021,731
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value will be reduced by the increase of collection sys-
tem efficiency and a more favorable political and legisla-
tive framework due to the need of a sustainable circular
economy.

A detailed overview of the substrate quantities present
in different Austrian states can be found in Additional
file 1: Table S2.

There is still potential to increase the numbers shown
in Table 4. As mentioned in “Methods”, the manure waste
only includes agriculture with livestock units higher
than 50. By including also smaller farms via small-scale
manure collection technologies, the full potential could
be up to 2.5 times higher [25]. A similar increasing effect
could occur by gathering and including waste fractions
from other straw fractions that are currently not included
due to missing harvest possibilities. The same effect
must also be considered for sewage sludge from plants
smaller than 2000 person equivalents that are currently
not included in the study. Furthermore, the category of
biowaste in residual waste that is not gathered separately
due to a lack of recycling behavior is currently completely
excluded. This could result in a significantly higher bio-
waste from households’ yield. However, currently only
rural areas in Austria have high biowaste recycling rates,
while urban areas have lower recycling rates [53].

However, the extra collection that could increase sub-
strate potential is always linked to new investment costs
for existing plants and increased investment costs for
new ones which have long depreciation periods. This
could be overcome by changes in legislation or subven-
tions on a national or EU basis. Since such actions could
increase substrate potentials significantly, this would
have a direct impact on increasing biomethane and
nutrient production through anaerobic digestion plants,
which could positively impact the economy as well. Fur-
thermore, the maximum potential obtained according to
current framework of 13 Mtp,, faces further problems
beyond investments for existing plants or for new ones.
These problems are linked to several limitations in the
collection processes.

The limitations will reduce the amount of available
biowaste resources considerably compared to the theo-
retically quantified ones in this analysis. For agricultural
residues, farmers may believe that straw and manure and
its nutrients are needed in the fertilization cycle to sus-
tain long-term productivity. Potential substrates (e.g.,
biowaste from households, bush-, grass- and tree-cuts)
are distributed over large areas, often far away from
the locations of their potential utilization, and some
are already integrated in established disposal pathways,
such as thermal recycling. The economic viability of the
valorization sector, with or without subsidies or envi-
ronmental taxes on alternative nonrenewable sources,
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will determine the final limit on reasonably available
waste streams for biomethane production and nutrient
recovery.

To enforce both the use of biowaste fractions for energy
and resource recovery, local cooperation between waste
collectors, sewage (biogas) plant and gas grid opera-
tors, and others is necessary to use existing infrastruc-
ture, logistics, and expertise to promote the recovery
and upgrade of material and energetic resources from
biowaste at attractive locations in Austria and through-
out Europe. Furthermore, in comparison to conventional
synthetic (fossil) fertilizers, bio-based/recovered fer-
tilizers often faces legislative challenges that have to be
overcome on a political level to implement a sustainable
circular economy [54].

Biomethane production potential

Currently in Austria there are about 15 biomethane pro-
duction plants with a production capacity of about 3000
Nm?/h [55]. At present, biogas is still mainly a fuel for
power generators, which use it to generate green electric-
ity and heat. In the future, the aim is to process biome-
thane and feed it into the natural gas grid as well as to
sell biogas at the filling station. The advantages of biom-
ethane or virtual biogas are not only the location-inde-
pendent use, but also the ability to store it. Renewable
methane as produced via the biogas route is an efficiently
storable renewable energy source besides storage options
like hydropower. This means that its use is time-inde-
pendent and biomethane can provide valuable balancing
energy and close gaps in other renewable energies such
as wind and photovoltaics. To increase the above-stated
value, the full amount of organic wastes in Austria should
be used for biomethane production.

Using the substrate yield shown in Table 4 and the
methane production rates shown in Table 1, the biom-
ethane production potential was calculated. As shown
in Fig. 2, the overall methane production potential is 981
million Nm?® CH, per year. This corresponds to a heating
value of approximately 10,088 GWh per year. According
to the BP Statistical Review of World Energy [56], the
Austrian natural gas consumption was 8.7 billion Nm? in
2018. Therefore, the biomethane generated from waste
could substitute approximately 11% of the total Austrian
natural gas demand. According to the emission factor
mentioned in Sect. 2.5, 239 t-q,,eq per GWheyy, could be
saved. This results in savings of up to 2.4 Mtq,, eq per
year by substituting 981 million Nm?® of fossil methane
with a renewable sources.

The highest share on the total biomethane produc-
tion originates from the anaerobic digestion of straw.
To be more specific, straw has a production potential of
374 million Nm?® per year. This results mainly from its
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Fig. 2 Biomethane production potential

comparatively high yield of 2.4 Mt per year and its high
methane production rates with ratios between 100 and
165 Nm?® per t depending on the feedstock (see Table 1).
Even though manure has the highest substrate share
with 7.5 Mt per year or 58%, it has only the second high-
est methane potential of 196 million Nm? CH, per year.
This results from the comparatively low biomethane pro-
duction rates of 12 to 36 Nm?® per t manure (see Table 1)
depending on the origin of the feedstock. With 178 mil-
lion Nm?® per year, waste from food production has the
third highest share. The other sectors have a combined
production potential of only up to 234 million Nm?® per
year due to their small quantities.

N and P recovery and GWP reduction potential

As described in the method section, the N and P con-
tent of the different substrate classes was first calculated.
This was calculated based on the factor proportions from
Table 2. As expected from the values of Table 2, the N
content is much higher compared to the P content, in the
substrate (see Fig. 3).

As shown in Fig. 3, the total N content is 88 kt per
year and the total P content is 28 kt per year. The major
portion of the N and P contents come from the classes
manure (42% of total N content and 44% of total P con-
tent). Even though the specific N and P contents are
comparatively low with values below 1%, the high
quantities of the substrate lead to a N content of 37 kt
and P content of 12 kt in the annual nutrient from
manure potential. The second highest N and P contents
come from sewage sludge. This is due to its high N and P
contents, consequently sewage sludge provides approxi-
mately 20% of the total N and P even though it only con-
tributes 2% of the total substrate mass. The high N and P
contents and the high environmental value of recovering
it from waste water was already documented in several
studies, as for example, the study about the wastewater
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treatment plant in Amsterdam West by van der Hoek
[21]. This paper stated that a separate urine collection
could significantly increase the recovery efficiency of N
in wastewater treatment plants.

In total, a recovery rate of 71% for N and 86% for P was
observed as shown in Fig. 3.

For N, a recovery potential of 62.8 kt per year was
obtained. On an annual basis, 26.1 kt of this potential
results from the N recovery of manure, 12.4 kt from the
N recovery of sewage sludge, 11.5 kt from the N recov-
ery of straw and 12.8 kt from the N recovery of the other
wastes. For comparison, 62.8 kt recovery potential cor-
responds to 56% of the agricultural N input for the year
2018 with an N input value of 113 kt [57]. Since N is
recovered as NH; or NH,* compound, a recovery of N
from wastes could significantly reduce the necessary
amount of NH; production via the energy-intensive
Haber—Bosch process. Therefore, it has the potential to
significantly reduce the CO, footprint of the fertilizer
production industries.

In case of the P recovery, the total recovery potential
is 23.9 kt per year. The three major sectors for P recov-
ery are again manure, sewage sludge and straw with an
annual recovery potential of 10.9 kt, 5.4 kt and 4.7 kt. The
other sectors contribute 2.9 kt per year to the P recov-
ery potential. In total, Austrian agriculture had a demand
of 28 kt of P as fertilizer in 2018 [57]. Further, a recov-
ery rate of 23.9 kt per year could supply 85% of the 2018
demand. This could significantly reduce the environmen-
tal impact of P fertilizer production (e.g., due to min-
ing) and could get Austria closer to a circular economy.
Further, the Corporation for Agricultural Market Aus-
tria (AMA) states a declining demand for fertilizers. This
could result in an overproduction of renewable P and N

fertilizers and therefore reduce the possibility of selling
them. A theoretical overproduction is also possible due
to imports of organic products from other countries.

These findings are in good accordance to the N- and
P-recovery potential from biogenic residues in Austria
estimated by Pesendorfer et al. [58]. In their study, they
considered a smaller range of potentially suited materials
for N- and P-recovery, which resulted in a lower nitro-
gen potential (40.4 kty per year compared to 62.8 kty per
year in this study). Nevertheless, the amounts of recover-
able P are similar (22.7 kt;, per year vs. 23.9 kt, per year),
because the major P-sources (i.e.,, manure and sewage
sludge) are considered in both estimations.

The global warming potential for recovery was calcu-
lated according to the emission values of Sect. 2.5 com-
bined with the P and N recovery potentials shown in
Fig. 3. Since there is no single value for emission factors
for nutrient recovery, a range of potential GHG emis-
sion has to be displayed. Figure 4 shows the maximum
and minimum GWP due to nutrient recovery for N and
P recovery, as well as a benchmark according to Fehren-
bach et al. [43] for comparison.

As shown in Fig. 4, the emissions due to N-recovery
varies between 258 and 390 ktc, . per year. The specific
value of 6.5 kg eq Per kgy for conventional N-fertilizer
production stated by Fehrenbach et al. [43] would mean a
reduction by 17 to 149 ktcg, .4 per year since the bench-
mark value is 407 Kty eq per year. This mainly results
from a less energy-intensive process for N-recovery com-
pared to conventional N-fertilizer production.

In terms of GWP of P recovery, a different behav-
ior was observed. As mentioned previously, the GHG
emissions of the recovery process depends on the pro-
cess of P recovery. As shown in Fig. 4, the GWP varies
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between 48 and — 215 ktcp, . per year. In contrast to
that of the N recovery, the maximum emission factor
for P recovery had shown a higher GWP compared to
the benchmark. For the analyzed system, this would
lead to an extra 36 ktcy e, per year due to the recov-
ery process. However, P recovery also has the potential
to positively influence the GWP of waste treatment. By
using the minimum value shown in Sect. 2.5, a reduc-
tion of up to 227 ktcpy ., per year by using recovered
P-fertilizer instead of a new one would be possible as
well.

In total, it has to be stated that the reality will be
somewhere in between. However, even though P recov-
ery could lead to an increase of GWDP, recovery has to
be recommended in view of dwindling P resources.
GWP could then be reduced even for processes with
positive emission factors by using renewable energy
carriers instead of the current conventional ones. This
could be applied to N recovery as well. According to
Deviatkin et al. [49], the stated emission factors for
N recovery have a large share of GWP due to chemi-
cal production and electricity generation. Both can be
significantly reduced by using renewable electricity
instead of the current mixes and chemicals from bio-
refineries or from recovered chemicals. Therefore, and
because of potential improvements in recovery pro-
cesses, a reduction of GWP for nutrient recovery can
be expected in the future. Furthermore, in case of N, a
GWP reduction for conventional N-fertilizers cannot
be expected due to well-developed technologies.

Conclusions

This work analyzed the theoretical nutrient recovery and
biomethane production potential from waste fractions
for Austria as reference system. Furthermore, the effect
on the GWP was analyzed as part of the study. The analy-
sis showed a total potential for biogenic waste of approxi-
mately 13 Mt per year. Out of this, manure contributed
the highest quantity with 7.5 Mt per year. Further, straw
and waste from food production also contributes with
over 1 Mt per year.

The methane potential analysis has shown a produc-
tion potential of up to 981 million Nm?, with straw waste,
waste from food production and manure contributing the
highest share in all categories. This corresponds to more
than 10 TWh and therefore to about 11% of Austria’s
natural gas demand. By using waste as source for biom-
ethane production, a national greenhouse gas emission
reduction of ~ 2.4 Mtq,, eq per year could be achieved.

Despite this significant potential, it is necessary to
point out its theoretical character. Realization approaches
need to meet significant challenges regarding decentral-
ized feedstock accessibility and non-uniform and low
density character as well as volatile quality of carbon
sources impacting the efficiency and cost for conversion
to biomethane.

N and P recovery has been proved to have a positive
effect. It was concluded that up to 63 kt N and 24 kt P
could be recovered from biogenic waste on an annual
basis. Owing to these high values, it was possible to
obtain a substitution potential for Austria. This would
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correspond to 56% N-fertilizer and 85% P-fertilizer
substitution by recovered nutrients. Especially in terms
of P-fertilizer, such recovery systems could relieve the
demand on P resources, if installed comprehensively.

Furthermore, nutrient recovery could also help to
reduce the climate change, if the recovery route is pro-
cessed in a sustainable way and therefore reduces the
carbon footprint of recovered fertilizers in comparison
to conventionally produced ones. N recovery has the
potential to reduce greenhouse gas emissions due to
N-fertilizer production by up to 149 ktcg,.q per year.
In terms of P recovery, the GWP reduction potential is
even higher with up to 227 ktcg, 4 per year. However,
since recovery methods vary a lot, P recovery has the
potential to increase GWP compared to conventional
P-fertilizer production of up to 36 ktcg,. Combining
biomethane production and nutrient recovery, a maxi-
mum GWP reduction of ~ 2.8 Mtq, was calculated.

Currently, the basic data concerning the environ-
mental impact of nutrient recovery and biomethane
production is quite weak on a national or European
basis. Therefore, future work has to be conducted for a
detailed LCA for the different recovery methods either
on the European level or on a national level. This would
allow more detailed knowledge on the global warming
potential. Furthermore, such a study should include
other relevant environmental factors such as primary
energy demand, human toxicity, etc., to define optimal
recovery strategies. Besides the impact on environ-
ment, influence on economy is an important factor as
well. Therefore, a techno-economy assessment has to
be carried out for an efficient design of the recovery
systems.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513705-020-00272-3.

Additional file 1: Table S1. Recovery methods, products and efficiencies
according to literature - (1) manure, (2) straw, (3) waste from food produc-
tion, (4) other biogenic wastes, (5) biowaste from households, (6) bush-,
grass- and tree cuts, (7) sewage sludge. Table S2. Substrate potential for
the different Austrian states (Bundesanstalt flr Agrarwirtschaft, 2016; Bun-
desministerium Nachhaltigkeit und Tourismus, 2019; FNR, 2013; Reisinger,
2012; Universitat Rostock, 2007).

Abbrevations
DM: Dry matter; GHG: Green house gases; GWP: Global warming potential.

Units
GWh: Gigawatthours; kgco; eq: Kilograms CO, equivalent; kt: Kilotonnes; Nm?:
Normal cubic meters; Mt: Megatonnes; MWh: Megawatthours.

Chemicals

Ca3(PO,),*nH,0: Calcium phosphate; KMgPO,*6H,0: Potassium struvite;
MgCl,: Magnesium chloride; MgHPO,*3H,0: Newberite; MgNH,PO,: Struvite;
N: Nitrogen; NH4+: Ammonium; NO3: Nitrite; NO3: Nitrate; P: Phosphorus.
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