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ABSTRACT

Flows of reactive nitrogen (N;) and greenhouse gas emissions from society are exceeding planetary boundaries, posing a
serious risk to the stability of living conditions on Earth. Wastewater contains the largest flows of N, in urban society, so recy-
cling N, from wastewater treatment plants (WWTPSs) could reduce the climate impact and the need for new N,. The reject water
from dewatering anaerobically digested sludge contains high concentrations of N, and recovery of this N, would decrease the
load on biological nitrogen removal processes, and thus nitrous oxide emissions. Simultaneously, the need for external carbon
sources and energy for aeration will decrease. In a case study at Rya WWTP in Gothenburg, Sweden, three N, recovery tech-
nologies were investigated: (1) conventional ammonia stripping to ammonium sulphate; (2) thermal stripping to ammonium
sulphate and (3) distillation of ammonia from reject water to ammonia water. All three technologies were found to decrease
the climate impact compared with the removal processes currently used at Rya WWTP for the removal of N,. Recovery by dis-
tillation to ammonia water had the lowest climate impact, while conventional stripping minimised the energy requirement.
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HIGHLIGHTS

Recovery of reactive nitrogen (N,) from reject water in WWTP lowered GHG emissions.

Recovery of N, lowers GHG emissions also when fossil fuels have been phased out.

The climate impact of recovery depended on emission factors from electricity and heat use.

Recovery of N; increased truck transport at the WWTP and in society.

For Rya WWTP, recovery of N, as ammonia water gave the lowest climate impact and WWTP transport.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Flows of reactive nitrogen (N,) and greenhouse gas (GHG) emissions from society are exceeding planetary
boundaries, posing a major risk to maintaining stable living conditions on Earth (Richardson et al. 2023). Waste-
water contains the largest flow of N, in urban society. In wastewater treatment plants (WWTPs) with high
requirements for nitrogen removal, this N, is largely removed by converting it into nitrogen gas (N,), usually
by biological nitrification and denitrification or deammonification. Nitrous oxide (N,O) is an intermediate pro-
duct of both nitrification, denitrification and deammonification. The biological conversion of N, into N, leads to
some production of N>O, and the amounts produced can be especially high when the system is not well balanced
(Kanders et al. 2019). Since N,O is a very potent GHG, these emissions often represent the single largest climate
impact of WWTPs that are using low CO,-emission electricity (Delre ef al. 2019).

Nitrogen is the plant nutrient used in the largest amounts in crop production. Industrial production of N, fer-
tilisers by the Haber-Bosch process emits large amounts of GHGs, both N,O and fossil carbon dioxide (CO5)
(Brentrup & Palliere 2008). Recovering and recycling N, from WWTPs has the potential to decrease total climate
impact by lowering the N,O emissions, the demand for external carbon sources and energy for aeration at the
WWTP. Recovery of N, can also decrease the need for the production of new N, and thus the GHG emission
from the production plants. In addition, recovery can increase the robustness of food production systems, as
the recycled N, product will be locally available.

Recovery of N, from wastewater is augmented if the concentration of N, is high and the wastewater is warm, as
many recovery processes involve the conversion of ammonium (NHj ) to dissolved ammonia (NH3) and transfer
to the gas phase, both of which are facilitated by elevated temperature. In WWTPs, the digested sewage sludge
and the reject water from sludge dewatering are warm (25-45 °C) and the concentration of N, is high, often
800-1,300 mg N,/L (Malovanyy et al. 2020). These properties are valuable for all three technologies for recovery
of N, compared in this study: conventional ammonia stripping, thermal stripping and distillation of ammonia
water. These technologies were chosen based on the results of Malovanyy et al. (2020) and the Rya WWTP
being interested in them. Since the N, recovery depends on NHjs gas being stripped from reject water and
then reacting to form an N, product, only contaminants that evaporate can appear in the N, product, resulting
in a low contamination level. However, since the recovery of nitrogen is resource-intensive and the end product
sometimes has a relatively low nitrogen content, it is important to consider the demand for truck transportation
when assessing nitrogen recovery from wastewater, especially as WWTPs are often located close to the city centre
and far from agricultural land.
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Conventional ammonia stripping

In conventional ammonia stripping, NHj is driven off from the liquid phase in a scrubber where the liquid meets
a gas (Figure 1). The NHs-rich gas is transferred to a second scrubber, where it meets an acid, often sulphuric
acid, that absorbs the NHj3, forming ammonium sulphate (NH,4)>,SO,. To increase the efficiency of ammonia strip-
ping, the pH of the liquid should be high (10-11) in order to convert most of the ammonium (NH}) into NH3,
which can be driven off in the first scrubber. Therefore, sodium hydroxide (NaOH) is often added to increase the
pH. Prior to this, CO, is normally stripped from the liquid in order to decrease its buffering capacity and thus
reduce the need for NaOH (Malovanyy ef al. 2022). The temperature of the reject water is often high enough
for running the process without any additional heating, especially if the retention time in buffer tanks is mini-
mised. Conventional ammonia stripping without heating is used at some WWTPs, e.g. at Veas WWTP in Oslo
(Eskicioglu ef al. 2018). In most cases, an ammonium solution is produced and used as a fertiliser directly or
for the production of mineral fertiliser (Stenstrom ef al. 2017). Efforts have been made to produce crystalline
ammonium sulphate directly in the scrubbing process (Andersson 2020).
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Figure 1 | General layout of a conventional ammonia stripping process (Changed after Menkveld & Broeders (2018)).

Thermal ammonia stripping

Another way to strip ammonia from digested sewage sludge is by thermal stripping from digestate or reject water
(Malovanyy et al. 2022). The substrate is then heated to about 80 °C in a large tank, during which both NH3 and
CO,, are driven off without the need for pH adjustment. In one commercially available system, ANAStrip from
GNS (Germany), the gases are led to a tank where the NH5 and CO, react with gypsum (CaSO4-2H50), forming
a product consisting of dissolved (NH,4)>,SO, (containing approximately 5% N) in a slurry of calcium carbonate
(CaCO3). This process has been evaluated in a pilot study at a WWTP in Austria and installed at a number of
organic waste digestion plants in Germany (Malovanyy ef al. 2022).

Distillation of ammonia

In the ammonia distillation process, reject water is evaporated using mechanical vapour recompression technology
to about 5-30% of the original volume, but unlike in conventional evaporation, the pH is not decreased but left
uncontrolled or increased slightly by adding a relatively small dose of NaOH (EPCON 2021). An elevated temp-
erature of about 80 °C is used for evaporation, resulting in NH; gas evaporating and being transferred together
with the condensate. After further distillation steps, ammonia water containing around 16% N is produced
(EPCON 2021). A few digestion plants in Finland use the process (Laanti & Karjala 2023). The concentrate
left after evaporation, which is rich in other nutrients, can be used separately as a fertiliser.

OBJECTIVE

The objective of this study was to estimate the consequences for society (climate impact, energy use and truck
transport) of recovery of N, in reject water from dewatering of digested sewage sludge. To fulfil this objective,
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a case study was carried out at Ryva WWTP in Gothenburg, Sweden. The hypothesis was that recovering and recy-
cling N, from reject water and hence lowering the demand for conventional N, production in society, would
lower the total climate impact compared with the current system of removing N, by conversion to N, emitted
to the atmosphere, combined with conventional N, production. The hypothesis was that energy use would
decrease despite increased truck transport.

METHODS

A life cycle assessment (LCA) inspired system analysis approach was used in the study, deviating from a full LCA
in that only climate impact, energy use and truck transport were evaluated, that energy use and not primary
energy were evaluated and that changes in infrastructure were not included. The functional unit was the removal
of 90% of N, in reject water at Rya WWTP during 2022 and the delivery of the same amount of N, in a product to
society. In N, recovery scenarios, both parts of the functional unit were achieved by recovery of N, from reject
water. In N, removal scenarios, the removal part of the functional unit was achieved by converting N, in
reject water into N, (with some loss of N»O) in an N, removal process, while the delivery of N, product to society
was achieved by industrial production of the same type and amount of N, product as was produced in the recov-
ery scenarios.

Emissions of GHG, energy use and mass of truck-transported chemicals required for N, recovery or removal as
well as for industrial production of N, and the N, product itself, were calculated for the different scenarios. The
system boundaries for GHG emissions were cradle to N, products and N, leaving the gate of the WWTP or the N,
production site. In the energy analysis, the system boundaries included energy for the production of chemicals
and energy needed at the WWTP, while energy for extraction of the input materials used for the production of
the chemicals was not included. Emissions from, and energy for, the transport of chemicals and products were
not included. The analysis was limited to the operational phase of the scenarios, i.e. construction of infrastructure
was not included.

All scenarios studied were based on the layout and N, removal processes at Rya WWTP, one of the largest
WWTPs in Sweden (813,000 connected persons in 2022), located in Gothenburg. It uses an activated sludge pro-
cess for the reduction of organic matter, nitrate and phosphate, followed by post-nitrification trickling filters and
post-nitrification and post-denitrification moving bed biofilm reactors (MBBRs). The reject water is either treated
in an MBBR-based deammonification process and then conveyed to the mainstream nitrogen removal process for
polishing treatment, or pumped directly to the mainstream nitrogen removal process. Calculations were made
mainly based on resource consumption for the nitrogen recovery technologies as summarised by Malovanyy
et al. (2022), the Ecoinvent database and for removal scenarios measured data from Rya WWTP including its
flow and composition of reject water as a yearly average during 2022 (Table 1).

Table 1 | Measured?® nitrous oxide (N,O) emissions, use of methanol and use of electricity in existing nitrogen removal pro-
cesses at Rya WWTP, where during 2022, the total flow of reject water was 530,000 m® with a mean NH,-N
concentration of 0.864 g/L

No. of measurements; Min Mean Max Methanol Electricity
Nitrogen removal process Date kg N,O/kg N®° kg N,O/kg N® kg N,O/kg N® kg/kg N®  kwh/kg N®
Deammonification MBBR 2; 14 and 16 Jan 2020 0.0032 0.0062 0.0092 0 1.34
Post-nitrification trickling filter ~4; 19 Feb and 28 Aug 2015 0.0077 0.0117 0.0180 0 5.41
Post-nitrification MBBR 3; 15-16 Jan 2020 0.0010 0.0014 0.0022 0 5.01
Post-denitrification MBBR 2; 30 June 2020 0.0001 0.0003 0.0004 3.16 0.59

2The N,O emissions from deammonification and the MBBRs were measured using a floating chamber and from the trickling filter by upwind and downwind
measurements using the tracer gas dispersion method.
bPer kg N transformed, i.e. for nitrification to NO3 and N0, for denitrification to N, and N,0 and for deammonification to N, N,O and NO;3.

SYSTEM AND SCENARIOS STUDIED

The system studied was the treatment of reject water from dewatering of mesophilic digested sewage sludge and a
supply of N, to society either by recovery of N, from reject water or by industrial production of new N,. The three
recovery scenarios were:
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(1) Conventional NHj stripping, recycling the reject N, as solid (NH4)>SO4 (21% N).
(2) Thermal stripping of NH3, recycling the reject N, as dissolved (NH,4)>SO4 (5% N).
(3) Distillation of NH3, recycling the reject N, as ammonia water (16% N).

The three scenarios with the removal of N, combined with the production of N, were:

(4) Removal of N, in reject water by deammonification, combined with production of (a) (NH4)>SO4 or (b) NH3.

(5) Removal of N, in reject water by post-nitrification in trickling filter and post-MBBR denitrification, combined
with the production of (a) (NH4),SO,4 or (b) NHj.

(6) Removal of N, in reject water by post nitrification and post-MBBR denitrification, combined with the pro-
duction of (a) (NH,4)>SO, or (b) NH.

It was assumed that 90% of total ammonium/ammonia nitrogen (TAN, NH; —N + NH3—N ) in the reject
water was recovered in the recovery scenarios (1-3) and that the same amount of TAN was released to the atmos-
phere, as nitrogen gas or nitrous oxide, in the removal scenarios (4-6). Thus, after recovery or removal, the reject
water was assumed to be sufficiently similar between the scenarios to have a similar impact on the WWTP.

The calculated amounts of chemicals and energy used in the recovery processes are shown in Table 2. The cal-
culations on the mass of chemicals and the mass of products needing truck transport were based on the amount
of N, recycled and the corresponding mass of N, product, the amounts of methanol and other chemicals required
(according to Tables 1 and 2) and the main chemicals needed for industrial production of N, product. The fossil
natural gas used for industrial production of N, products was assumed not to require truck transport as the pro-
duction units are connected to gas networks.

Table 2 | Amounts of sodium hydroxide (NaOH), sulphuric acid (H,SO,), hydrochloric acid (HCI), gypsum (CaSO,4-2 H,0), elec-
tricity and heat used in the three recovery scenarios (Malovanyy et al. 2022)

NaOH H,SO0, HCI Gypsum Electricity Heat
Nitrogen recovery kg/kg N kg/kg N kg/kg N kg/kg N kwh/kg N kwh/kg N
1. Conventional stripping 5.7 35 0.07 0 5.0 0
2. Thermal stripping 0 0 0 6.1 6.5 35
3. Ammonia distillation 1.5 0 0 0 30.0 0

During 2022, Rya WWTP used electricity from wind power emitting 0.011 kg CO,e/kWh (Energimyndigheten
2022) and heat from the Gothenburg district heating system emitting 0.065 kg CO,e/kWh (Go&teborg Energi
2023). The energy required for the production of relevant chemicals (Tables 1 and 2) and the industrially pro-
duced N, products NHz and (NHy4)»,SO, in scenarios (4-6), and the GHG emissions from production, are
listed in Supplementary Table S1.

RESULTS AND DISCUSSION
GHG emissions

The difference in GHG emissions within each N, removal scenarios (4-6) between producing (NH,4)>,SO, and
NH; was small (Figure 2). For those scenarios, min, max and mean climate impact were calculated based on
measured N,O emissions and carbon source for denitrification, where the min and mean impacts were calculated
assuming the use of non-fossil methanol as the carbon source, while for the max impact use of methanol from
fossil resources was assumed. The resulting min—-max values were therefore asymmetrical in relation to the
mean, especially for scenarios 5 and 6, which used more methanol. This should be borne in mind when compar-
ing the recovery of N; to the use of only non-fossil methanol as different options for decreasing climate impact.

Moreover, measured N,O emissions from the N, removal processes at Rya were based on just a few (2-4) point
measurements spread out over a very limited period (1 day to 6 months) (see Table 1). This means that the min-
max bars in Figure 2 probably only represent part of the true range of climate impact from the processes during a
year.

All N, recovery scenarios (1-3) emitted less GHGs than the mean of each removal scenario (4-6) (Figure 2),
confirming the hypothesis. Among the N, removal scenarios, deammonification (scenario 4) had the lowest GHG
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Figure 2 | Greenhouse gas emissions (kg CO,e/kg N, treated) in scenarios 1-6. Mean value is represented by the coloured bar,
while the min and max values are represented by the lines around the mean. Min and mean values in scenarios 4-6 were
calculated assuming non-fossil methanol, while fossil methanol was assumed for the max values.

emissions, due to low N,O emissions from the deammonification process itself combined with low N,O emis-
sions from the polishing treatment for removal of nitrate (NO3) from reject water in the post-denitrification
MBBR (Table 1).

Removal of N, by post-nitrification and post-denitrification in MBBRs (scenario 6) gave lower GHG emissions
than nitrification in trickling filters combined with MBBR post-denitrification (scenario 5) (Figure 2). This differ-
ence was due completely to greater N,O emissions for nitrification in the trickling filter, as the MBBR post-
denitrification was the same in both scenarios. The main reason for this may be that the airflow and the area
of the air-liquid interface are greater in the trickling filter than in the aerobic MBBR, allowing for greater
mass transfer of N,O from the water phase in the trickling filter (Metcalf et al. 1991). Another possible reason
is that process conditions are probably more uniform and better controlled in MBBR post-nitrification than in
the trickling filter.

There were large differences between the three recovery technologies. Recovering N, as distilled NH; water
(16% N) (scenario 3) gave by far the lowest GHG emissions (1.2 kg CO,e/kg N), less than one-third of the
mean emissions from deammonification combined with production of ammonia (scenario 4b; 4.1 kg CO,e/kg N)
(Figure 2). Thermal stripping (scenario 2) also gave low GHG emissions, around 55% of the mean climate
impact from deammonification combined with the production of ammonium sulphate (scenario 4a). The climate
impact of conventional stripping (scenario 1) was calculated to be 87% of that of deammonification with pro-
duction of ammonium sulphate (scenario 4a).

Had N, been recovered from reject water at Rya via scenario 3, distillation to ammonia water, during 2022 the
GHG emissions would have been 1,135 tons CO,e lower than N, removal via scenario 4 deammonification,
2,923 tons CO,e lower than N, removal via scenario 5 trickling filter and 1,656 tons CO,e lower than N, removal
via scenario 6 post-nitrification and post-denitrification. These decreases represent 7, 19 and 11% decrease in the
net GHG emissions from Rya during 2022 as reported in the environmental report (Videbris 2023). The distri-
bution of N, removal in Rya during 2022 between the different removal scenarios (4, 5 and 6) is not known,
thus the GHG decrease that would have resulted if the N, from reject water had been recovered can not be
calculated.

In further analysis, it was assessed whether the GHG emissions would still be lower for the recovery scenarios
(1-3) than for the removal scenarios if a carbon source without any GHG emissions was used, such as waste
glycol from de-icing the wings of airplanes. When comparing the contribution of methanol use (Table 3) with
the average values in Figure 2, which were calculated using non-fossil methanol, all recovery scenarios emitted
less GHG than removal scenarios 4 and 5. However, only recovery scenarios 2 (thermal stripping) and 3 (ammo-
nia distillation) emitted less GHG than scenario 6, while scenario 1 (conventional stripping) emitted slightly
more GHG than scenario 6 (MBBR post-nitrification).
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Table 3 | Greenhouse gas (GHG) emissions from the use of hon-fossil methanol used for calculation of min and average values
in Figure 2 and fossil methanol used for calculation of max values for the different removal scenarios (4-6)

Emission/Scenario Units Methanol - non-fossil Methanol - fossil
GHG emissions from: kg COze/kg 0.76 1.98
4. Deammonification kg CO.e/kg N, 0.03 0.08
5. Trickling filter kg COze/kg N, 2.40 6.26
6. MBBR post-nitrification kg CO,e/kg N, 240 6.26

In a conventional activated sludge system with pre-denitrification and no need for any external carbon source;
recovery of N, from reject water will decrease the load on the N, removal processes, and thus might affect par-
ameters such as recirculation flow, sludge retention time and biogas yield. Hence, it is difficult to fully identify
implications for such WWTPs based on the results of this study.

The GHG emissions from electricity use at Rya WWTP in 2022 were low (0.011 kg COe/kWh) compared with
those from the European Attribute Mix (0.531 kg CO,e/kWh) (AIB 2023). Had this mix been assumed, ammonia
distillation (scenario 3) would have emitted most GHGs and deammonification (scenario 4) least, while GHG
emissions from recovery scenarios 1 and 2 would still have been lower than those from removal scenarios 5
and 6. Further analysis of the sensitivity to GHG emissions from electricity showed that at 0.061 kg CO,e/
kWh the lowest-emitting scenario changed from scenario 3, ammonia distillation, to scenario 2, thermal strip-
ping. At 0.312 kg CO,e/kWh, the removal scenario 4 + NHs became the lowest-emitting one. The EU goal of
climate neutrality (EU 2021) means that European electricity production needs to phase out fossil fuels and
reach low levels of emissions, such as that of e.g. wind power which is what Rya WWTP used in 2022.

Emissions from heat energy were 0.065 CO,e/kWh (Goteborg Energi 2023). Of this, 0.044 CO,e/kWh were
due to plastic and other fossil material in the waste used as fuel and 0.011 CO,e/kWh were due to fossil fuels
used for district heating. The goal of climate neutrality (EU 2021) means that all fossils, i.e. both plastics and
fossil fuels, should be eliminated. This would reduce emissions from district heating to 0.010 CO,e/kWh. In
that case, thermal stripping (scenario 2) would have the lowest emissions, only 36% of those from ammonia dis-
tillation (scenario 3).

Also, fertiliser production needs to turn to renewable energy. According to Ahlgren et al. (2015), producing
NH; with wind energy emits 0.12 kg COse/kg N,. In this future, the GHG emissions would still be lowest
from scenario 3, ammonia distillation. However, the second lowest emission will be from 4b, deammonification.
Scenarios 5a and 5b trickling filter nitrification and post-denitrification will have the highest emission. Thus, the
emission from the N, production influences the results greatly. Conversely, in such a future society, not only fer-
tiliser production but also the energy system and the production of NaOH and HCI will use renewable resources,
which was assumed could lower the GHG emissions from these chemicals by 90%. In such a future, the three
recovery scenarios will have the lowest emissions, with scenario 3, ammonia distillation, still having the
lowest GHG emission. The three removing scenarios will all have larger emissions, with scenario 4 having the
lowest in this group and scenario 5 trickling filter + post-denitrification having the highest GHG emission. There-
fore, also in the future based on renewable energy, N, recovery in WWTP decreases the GHG emission.

Energy use

Conventional stripping (scenario 1) used the smallest amount of energy for recycling N, (Figure 3). The reason is
that the production of H,SO, from sulphur (S) is an exothermal process and the energy released when producing
the H,SO,4 was credited to scenario 1, as this energy is usually recovered as industrial steam and used in other
processes (Ecoinvent 3.9.1). The second-lowest energy use was seen for deammonification (scenario 4), due to
this process being very energy-efficient in removing N,.

For the removal scenarios (4-6), the energy requirement for producing NH3 was almost the same as that for
producing (NH,4),SO, (Figure 3). All recovery scenarios (1-3) used less energy than removal scenarios 5 and 6,
in which all nitrogen was removed by post-nitrification and denitrification.

Recycling N, by ammonia distillation (scenario 3) required approximately twice as much energy as removing it
by deammonification and producing new N, as (NH,4),SO,4 or NHj; (scenario 4a, 4b). However, the energy used
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Figure 3 | Use of energy for recycling reactive nitrogen (N,) (scenarios 1-3) or for removing and producing N, (scenarios 4-6),
including producing the chemicals used by these processes.

in ammonia distillation was mainly electricity and can thus be renewable, while the energy used for the pro-
duction of NHs was fossil natural gas.

Transport of chemicals and products

Deammonification combined with the production of NHj; (scenario 4b) gave by far the lowest requirement for
truck transport, both at Ryva WWTP and in society. At the WWTP, the N,-relevant mass flow consisted only of
143 tons of methanol in that scenario. The flow in society was the methanol plus 500 tons/year of NH3, as the
N, content in ammonia is very high (82%). Compared with the removal scenarios involving the production of
NH; (4b, 5b, 6b), the flow in recovered ammonia water in scenario 3, ammonia distillation, was larger due to
the lower N, content (16%, not 82% as in ammonia) and also because of use of 1.5 kg NaOH per kg N, recovered
in the distillation process at the WWTP.

For all N, removal scenarios (4-6), there was a greater need for truck transport in society than at the WWTP, as
the N, product was produced at a fertiliser factory and transported to a farm and the sulphuric acid needed for
production of (NH,4),SO,4 was truck-transported to the fertiliser factory. In these scenarios, only the carbon
source was transported to the WWTP (Figure 4). The difference was far larger for the scenarios with (NH4),SO4
(4a, 5a, 6a) than for those with NHj; (4b, 5b, 6b), as the N concentration in ammonia (82%) is far larger than that
in ammonium sulphate (21%) and since a large flow of H,SO, is needed as input material to produce ammonium
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Figure 4 | Flows of nitrogen-relevant chemicals and products for scenarios 1-6 in society (i.e. total flows including those to and
from the WWTP) and the flows starting or ending at Rya wastewater treatment plant (WWTP).
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sulphate. In the N, recovery scenarios (1-3), the N, product was produced at the WWTP and thus the need for
truck transport was the same at the WWTP as in society (Figure 4). The need for truck transport was by far the
largest in thermal stripping (scenario 2) since it used a lot of gypsum and produced a wet slurry containing low-
strength ammonium sulphate and calcium carbonate.

Truck transport at the WWTP when recycling N, (scenarios 1-3) was 3,100-13,000 tons, which was large
especially when compared with the transport requirement for deammonification (scenario 4; 143 tons in
2022). Scenarios 1-3 recycled 412 tons N,/year with low concentrations of pollutants. The added need for
truck transport in the recovery scenarios can be compared with the need for transport of phosphorus-relevant
chemicals and products (precipitants and sewage sludge) at Rya WWTP, which amounted to 55,100 tons in
2022. These transports led to the recycling of 424 tons of phosphorus, i.e. almost the same amount in tons as
the amount of N, that could be recycled as ammonia water with a much smaller need for transport of chemicals
and products, 3,100 tons. Sludge also contains a lot of valuable organic substances and nitrogen, but the nitrogen
present is mainly in organic form, which means that its availability to plants is limited (Delin ef al. 2012), as is the
immediate availability of phosphorus in sludge (Krogstad ef al. 2005; Delin 2016), even though the long-term
availability is sufficiently good to provide the requirements of cereals, but not potatoes (Jonsson 2019). Further-
more, sludge contains both organic and inorganic contaminants of concern. The N in recycled N, is fully mineral
and thus plant-available if correctly applied and the recycling process is substance-specific, meaning that the con-
centrations of contaminants are very low (Ghosh et al. 2019; Yee ef al. 2019).

CONCLUSIONS

* For Rya WWTP, where reject water is currently treated by deammonification and polishing post-denitrification,

all three N, recovery scenarios (conventional stripping, thermal stripping and distillation to ammonia water)

decreased GHG emissions compared with the current system of removal of N, and industrial production of

N; product.

The three recovery scenarios will have lower GHG emissions than the removal scenarios also in a future society

when fertiliser and chemical production and the energy system are based on renewable energy.

Among the three removal scenarios studied, the removal of N, via deammonification combined with the pro-

duction of ammonia gave the lowest GHG emissions.

With electricity emitting 0.312 kg CO,e/kWh recovery of N, via distillation to ammonia water and removal via

deammonification were calculated to have similar total GHG emissions.

Recovery of N, with distilled ammonia water emitted less than one-third of the emissions from deammonifica-

tion combined with the production of ammonia, corresponding to 1,135 tons COge, or 7% less than the

declared net GHG emission during 2022 from Rya WWTP.

Recovery of N, with distilled ammonia water emitted 1,656 tons COye less than post-nitrification and denitri-

fication combined with the production of ammonia, corresponding to 11% less than the declared net GHG

emission during 2022 from Rya WWTP.

Recovery of N, by conventional stripping had the lowest energy demand, followed by N, removal via deammo-

nification combined with the production of ammonia.

* All N, recovery scenarios increased the need for truck transport of N,-relevant chemicals, in society and especially
at the WWTP, but the increase was small compared with other truck transport to and from the WWTP.
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