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Abstract  
 

Due to an increased food production the demand for nitrogen and 

phosphorus as fertilizers grows. Nitrogen based fertilizers are 

produced with the Haber-Bosch process through industrial 

fixation of N2 into ammonia. Through wastewater treatment the 

nitrogen is finally released back to the atmosphere as N2 gas. 

This nitrogen cycle is characterized by drawbacks. The energy 

requirement is high, and in the wastewater treatment nitrogen is 

mainly converted to N2 gas and lost to the atmosphere. In this 

study technologies for nitrogen recovery from wastewater were 

selected based on four criteria: sustainability (energy use and 

N2O emissions), the potential to recover nitrogen in an 

applicable form, the maturity of the technology and the nitrogen 

concentration that can be handled by the technology.  As in 

wastewater treatment the focus is also on the recovery of other 

resources, the interaction of nitrogen recovery with biogas 

production, phosphorus recovery and cellulose recovery was 

examined. The mutual interference of the several nitrogen 

recovery technologies was studied using adaptive policymaking. 

Most promising mature technologies that can be incorporated in 

existing wastewater treatment plants were struvite precipitation, 

treatment of digester reject water by air stripping, vacuum 

membrane filtration and hydrophobic membrane filtration, and 

treatment of air from thermal sludge drying, resulting 

respectively in 1.1%, 24%, 75%, 75% and 2.1% nitrogen 

recovery for the specific case wastewater treatment plant 

Amsterdam-West. The effects on sustainability were limited. 

Higher nitrogen recovery (60%) could be realized by separate 

urine collection, but this requires a completely new infrastructure 
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for wastewater collection and treatment. It was concluded that 

different technologies in parallel are required to reach 

sustainable solutions. Nitrogen recovery does not interfere with 

recovery of the other resources. An adaptation pathways map is a 

good tool to take into account new developments, uncertainties 

and different ambitions when choosing technologies for nitrogen 

recovery. 

 

Keywords  
 

Nitrogen; Resource Recovery; Wastewater Treatment; Energy; 

Sustainability; Adaptive Policymaking 

 

Introduction  
 

The increase of the world population to 8 – 10 billion by 2050 

[1,2] will result in substantial pressure on food supply [3]. 

Nitrogen and phosphorus play a critical role in plant growth and 

supply [4]. Due to an increased food production the demand for 

nitrogen and phosphorus will grow. Phosphorus is a non-

renewable resource. The most common form of phosphorus on 

earth is locked in igneous and sedimentary deposits, with mining 

of these rocks being the most viable method of extraction. With 

the current rate of extraction and consumption, these “readily 

exploitable” sources of phosphorus will be depleted within the 

next 45-100 years [5]. Reserve of this resource is getting smaller 

and now phosphate is on the EU list of critical raw material [6]. 

Driven by future shortages, a paradigm shift is currently 

underway from an attitude that considers wastewater as a waste 

to be treated, to a proactive interest in recovering materials and 

energy from these streams [7]. Much research is being carried 

out into phosphorus removal from wastewater [8-10], and 

technologies are now applied at full-scale [11]. 

 

Nitrogen is abundantly present in the atmosphere (almost 80%) 

in a highly stable and non-reactive form N2 gas. Nitrogen in its 

reactive forms (ammonium, nitrite, and nitrate) is essential for 

plant growth, and its content is limited in soils. Most naturally 

occurring reactive nitrogen comes from lightning (2%) and 

biological fixation (98%) [4]. Since the Haber-Bosch process 
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was invented in 1909, an industrial fixation of N2 into ammonia, 

the production of N-based fertilizers supported the largest 

historical increase in food production capacity [12]. The Haber-

Bosch process more than quadrupled the productivity of 

agricultural crops [13]. 

 

The introduction of the Haber-Bosch process however affected 

the nitrogen cycle. The increased food production by use of N-

based fertilizers produced by the Haber-Bosch process is 

excreted mainly as urea and NH4
+
 by human metabolism, and 

discharged to the sewer. To avoid eutrophication of water, in the 

current wastewater treatment technology based on the 

conventional activated sludge process, the reduced reactive 

nitrogen is biologically converted to its nonreactive N2 gas form 

through the nitrification/denitrification or deammonification 

(Anammox) process [14], and then released back into the 

atmosphere. 

 

Although the nitrogen cycle is closed through the combination of 

industrial fixation of N2 into ammonia by the Haber-Bosch 

process and the enhanced microbiological conversion of reduced 

reactive nitrogen to N2 gas, it is characterized by serious 

environmental drawbacks. Firstly, nitrogen entering waste 

streams is mainly converted to N2 gas and lost to the atmosphere 

rather than reused. Secondly, the processes of N-fixation for 

fertilizers production and N-dissipation for wastewater treatment 

require much energy. Thirdly, the biological removal of nitrogen 

from the wastewater results in nitrous oxide (N2O) gas emissions 

representing an intermediate of increasing concern in terms of 

greenhouse gas emissions from wastewater treatment plants:  the 

emission is relative small (3% of the estimated total 

anthropogenic N2O emission), but is a significant factor (26%) in 

the greenhouse gas footprint of the total water chain [15].  

 

For these reasons it is relevant to examine more sustainable 

pathways for nitrogen, which consist of interventions in the 

present (anthropogenic) nitrogen cycle, such as direct recovery 

of nitrogen from wastewater and reuse. Up till now there is only 

limited experience with nitrogen recovery from wastewater 

combined with nitrogen reuse at full scale. Ammonia 
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precipitation as struvite is applied in practice, but the main focus 

of this process is phosphorus recovery [11]. In a household-scale 

wastewater treatment system, operated with domestic sewage, 

gardening/irrigation water was recovered from raw sewage or 

secondary effluent by low pressure ultrafiltration [16].  In the 

European MEMORY project the technical and economic 

feasibility of a submerged anaerobic membrane bioreactor, 

treating urban wastewater, is demonstrated at an industrial scale. 

Instead of consuming electricity to destroy organic matter and 

nitrogen, methane is generated directly from the raw wastewater, 

and the membranes produce disinfected reusable water, rich in 

fertilizers [17]. 

 

At the same time there are many other initiatives than nitrogen 

recovery and nitrogen reuse to make the wastewater treatment 

more sustainable. Many of these focus on resource recovery. A 

transition in wastewater treatment plants towards reuse of 

wastewater derived resources is recognized as a promising 

solution to shift wastewater treatment from standard treatment to 

the current emphasis on sustainability [18]. In addition to water, 

energy and nutrient recovery (phosphorus and nitrogen) 

emerging options are e.g. recovery of cellulose fibers [19], 

biopolymers [20], bioplastics [21] and protein [22]. In the 

Netherlands there is a special program, the Energy & Raw 

Materials Factory, focusing on recovery of materials and energy 

from wastewater to contribute to the circular economy. The 

program involves resources like cellulose, bioplastics, 

phosphate, alginate-like exopolymers from aerobic granular 

sludge and biomass [23]. Because of the many possibilities, the 

challenge is how to develop a coherent policy and strategy, and 

how to make the right choices [24]. 

 

Within the possibilities for nitrogen recovery and nitrogen reuse, 

also competing, synergistic or neutral interventions and 

technologies may exist, resulting in lock-ins (measures that are 

mutually exclusive), no-regret measures (measures that do not 

limit the number of options after a decision) and win-win 

measures (measures that are significant for more than one 

strategy). 
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This study has three specific objectives. Firstly, it explores 

alternatives to recover and reuse nitrogen from wastewater in a 

more sustainable way (section 3.2). Secondly, the selected 

alternatives are placed beside other alternatives for resource 

recovery from wastewater to judge the exclusion or synergy with 

these other resource recovery alternatives (section 3.3). Thirdly, 

the alternatives for nitrogen recovery and reuse are compared 

which each other‟s to identify lock-ins, win-win and no-regret 

measures (section 3.3). 

 

Materials and Methods  
Wastewater Treatment Plant Amsterdam-West  
 

The wastewater treatment plant Amsterdam-West was used as a 

specific case in this study. This plant is operated by water utility 

Waternet, the public water service of the City of Amsterdam and 

the Regional Water Authority Amstel, Gooi and Vecht. Figure 1 

schematically shows the process configuration of this plant. 

After primary treatment the wastewater is transferred to a series 

of biological treatment tanks. Together these form the modified 

University of Cape Town (mUTC) process with biological 

phosphorus and nitrogen removal. Finally the wastewater passes 

the secondary settling tank. Primary sludge and waste sludge are 

digested. Digested sludge is dewatered after which the dewatered 

sludge is transported to a struvite installation to produce struvite. 

 

 
 
Figure 1: Wastewater treatment plant Amsterdam-West. 
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This WWTP was chosen for analysis because it has a large 

capacity of 1,014,000 People Equivalents (PEs). The N-load to 

this plant through Amsterdam‟s wastewater is 3,932 ton N/year 

[25] which is 4.4% of the total N-load in sewer water in the 

Netherlands. In addition, sludge from the other WWTPs operated 

by Waternet is transported to this plant for digestion, by which 

the total N-load to this plant equals 4,705 ton N/year, which is 

5.3% of the total N-load in wastewater treatment in the 

Netherlands. During the digestion nitrogen is released in the 

form of NH3/NH4
+
 which can be recovered by several 

technologies. These characteristics make WWTP Amsterdam-

West potentially attractive for nitrogen recovery. 

 

Nitrogen Balance and Water Balance  
 

A nitrogen mass balance was made for the whole treatment 

process of WWTP Amsterdam-West. Also a water balance was 

made for the whole treatment process. The nitrogen balance 

shows where nitrogen is present in which quantities in the 

treatment process. Combination with the water balance shows 

the nitrogen concentrations in the treatment process. 

Concentration is an important parameter as many recovery 

techniques work more efficiently at higher concentrations. 

Locations with high nitrogen mass and a high nitrogen 

concentration are attractive for nitrogen recovery. 

 

Selection of Alternatives  
 

Based on a literature review alternatives were identified. By use 

of four specific criteria, alternatives were selected for further 

evaluation. The criteria were: 

 

 The alternative has to be more sustainable with respect to 

energy use and N2O emissions;  

 The alternative has to focus on recovery of nitrogen in an 

applicable form; 

 The alternative must be applicable in practice; 

 The alternative has to be able to cope with nitrogen in the 

concentration range that is present in the wastewater 
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treatment process (60-8,800 mg/l, see section 3 Results and 

discussion). 

 

For criterion 1, the combination Haber-Bosch – 

deammonification was considered as a benchmark. This implies 

that the alternative requires lower energy consumption as 

compared with the combination Haber-Bosch – 

deammonification, and should result in N2O emissions during the 

wastewater treatment far below the conventional nitrification-

denitrification process and below the deammonification process. 

To quantify this, the nitrogen cycle as shown in Figure 2 has to 

be considered. 

 

The primary energy requirement of N-fixation in the Haber-

Bosch process is in the range of 37-45 MJ/kg-N, while the 

nitrification-denitrification wastewater treatment process (step 1-

2 and step 3-6 in Figure 2) requires about 42.2-45 MJ/kg-N 

[26,27]. So, the total primary energy requirement for N-fixation 

and N-removal reaches 90 MJ/kg-N. N-removal by the 

deammonification process (a two-step process where ammonia-

oxidizing bacteria aerobically convert half of the ammonia to 

nitrite and annamox bacteria anaerobically oxidize the residual 

ammonia using nitrite to produce nitrogen gas without the 

organic carbon substrate required for conventional heterotrophic 

denitrification, step 1 and step 8 in Figure 2) requires 3.1 [27] to 

16 MJ/kg-N [26] and reduces the total energy use of N-fixation 

and N-removal to less than 61 MJ/kg-N which is the benchmark 

value. With respect to N2O emissions, in the conventional 

nitrification-denitrification process, N2O is produced in step 1 

(aerobic ammonia oxidation) while in the denitrification (step 3-

6) incomplete denitrification can lead to N2O emission [15]. N-

removal by the deammonification process results in less N2O 

emission as can be seen in Figure 2: the aerobic ammonium 

oxidation results in N2O (step 1), but the anaerobic oxidation of 

ammonia to nitrogen gas (step 8) does not emit N2O. The Global 

Warming Potential of the deammonification process is only 40% 

as compared with the conventional nitrification-denitrification 

process [28], which is considered as the benchmark value .  
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Figure 2: The nitrogen cycle. (1) Aerobic ammonium oxidation, (2) aerobic 

nitrite oxidation, (3) nitrate reduction to nitrite, (4) nitrite reduction to nitric 

oxide, (5) nitric  oxide reduction to nitrous oxide, (6) nitrous oxide reduction to 

dinitrogen gas, (7) nitrogen fixation (not relevant in most wastewater treatment 

plants), (8) ammonium oxidation with nitrite (Anammox). Complete 

nitrification comprises step 1 and 2, complete denitrification step 3-6 (adapted 

from [15]). 

 

By means of these criteria the alternatives were scored 

qualitatively as shown in Table 1. 
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Table 1: Preselection of alternatives on four criteria. 

 

Sustainability Recovery of nitrogen 

in an applicable 

form 

Maturity of the 

alternative 

Concentration 

range 

  ++ Specific product ++ Mature 

technology 

  

+ Lower 

energy use 

and lower 

N2O 

emissions 

+ Concentrated 

stream 

separated from 

the wastewater 

+ Available 

on the 

market 

+ Within the 

range of 

60-8,800 

mg/l and 

capable to 

treat large 

quantities 

+- Lower 

energy use 

or lower 

N2O 

emissions 

+- Concentrated 

wastewater 

stream 

+- Successful 

pilot plant 
  

- No lower 

energy 

use, no 

lower N2O 

emissions 

- Transfer to N2 

gas in 

combination 

with energy 

production 

- Successful 

proof of 

concept 

- Outside 

the range 

of 60-

8,800 

mg/l 

and/or not 

capable to 

treat large 

quantities 

  -- Transfer to N2 

gas 

-- In 

conceptual 

phase 

  

 

Relation with Other Alternatives for Resource Recovery 

from Wastewater  
 

In the Dutch program “The Energy & Raw Materials Factory” 

the focus is on recovery of energy and the materials phosphorus, 

cellulose, bio-ALE (alginate-like exopolymers from aerobic 

granular sludge) and bioplastics from wastewater [23]. In this 

study the relation of nitrogen recovery with biogas production, 

phosphorus recovery and cellulose recovery was analyzed. Bio-

ALE was excluded because the recovery of bio-ALE requires the 

application of the Nereda aerobic granular sludge technology as 

wastewater treatment [29], and this technology is not applied at 

the WWTP Amsterdam-West. Bioplastic was excluded because 
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the production costs of this material are currently still rather 

high; it is twice as much as the regular market prices. In addition, 

there is no available stable industrial production process yet [23]. 

 

Interdependencies between Nitrogen Recovery 

Alternatives  
 

There is a wide variety of alternatives for nitrogen recovery and 

reuse available. External factors, which may change over time 

due to technological, environmental, economic and market 

developments, influence the choice for an optimal alternative. 

Adaptive policy making is an approach to make decisions at this 

moment, taking into account future developments. It considers 

uncertainties and complex dynamics, and adaptation pathways 

show which interventions can be done in which sequence and at 

which time [30]. This approach was applied to see 

interdependencies between the nitrogen recovery alternatives, 

represented in adaptation pathway maps. 

 

Results and Discussion  
Nitrogen Flow through the Wastewater Treatment 

Process  
 

The water balance of the WWTP Amsterdam-West is shown in 

Figure 3. The first step was a black box approach to close the 

water balance over the system. There was a slight unbalance of 

1.8% over the whole system, probably due to evaporation. 

Therefore 1.8% was added to the effluent flow. The incoming 

flow (1,044,548 inhabitants) consists of flushing water of toilets 

(31.7 l/person/day), grey water (99.6 l/person/day), urine (0.94 

l/person/day), feces (1.4 l/person/day) and rainwater. For 

rainwater it was assumed that it contributed for 20% to the total 

incoming flow [31-33]. 
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Figure 3: The water balance of the WWTP Amsterdam-West (volume flows in 

106 m3/year). 

 

The nitrogen balance of the WWTP Amsterdam-West is shown 

in Figure 4. Also for this balance the first step was a black box 

approach, based on the measured nitrogen concentration in the 

influent and effluent. Nitrogen in surplus sludge was determined 

at the plant (75 g N/kg ds). For primary sludge, digested sludge 

and external sludge the same value was assumed. Because of the 

low volume flows the impact of this assumption is very limited. 

The nitrogen content in the digester reject water was determined 

at 1,030 mg/l but showed large variations (750-1,700 mg N/l). 

The balance was closed by the assumption that all other outflow 

concerned nitrogen gas. The total incoming nitrogen mass 

(exclusive of the incoming external sludge) was divided over 

urine, faeces, flushing water of toilets, greywater and rainwater 

with the following assumptions: urine contributes for 80% to the 

total incoming mass [34,35], the contribution of faeces is based 

on 1.4 g N/person/day [32] while rainwater and flushing water of 

the toilets do not contribute. 
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Figure 4: The nitrogen balance of the WWTP Amsterdam-West (mass flow in 

tons/year). 

 

Based on these balances the concentrations in specific flows can 

be calculated and related to the total nitrogen inflow through the 

system (3,932 ton N in the influent, 773 ton N from external 

sludge, in total 4,705 ton N). Table 2 shows the results. Urine 

has the highest contribution and has the highest concentration. 

Based on the urine volume and the assumed mass contribution to 

the influent (80%) the concentration is 8,800 mg N/l which is 

close to the concentration of 8,830 mg N/l mentioned in [32]. 

The second flow with a high concentration is the digester reject 

water. At a concentration of 1,030 mg N/l this flow contributes 

for 27% to the total nitrogen inflow. 

 

Both the high concentrations and the relatively high 

contributions may be attractive to take these flows into account 

when considering nitrogen recovery and reuse. In addition, 

nitrogen recovery from these flows will lower the nitrogen load 

of the WWTP and thus result in a lower energy use and a lower 

N2O emission. Table 2 also shows the nitrogen concentrations in 

the influent and effluent of the treatment plant, and the relative 
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contribution to the total nitrogen flow. The influent has a large 

contribution at a relatively low concentration. 

 
Table 2: Nitrogen concentration and relative nitrogen mass in four specific 

flows. 

 

Flow Concentration 

(mg N/l) 

Relative contribution to 

total N inflow (%) 

Urine 8,800 67 

Digester reject water 1,030 27 

WWTP influent 61 84 

WWTP effluent 8.1 11 

 

Nitrogen Recovery and Reuse: Technologies and 

Strategies  
 

At present many technologies are available to recover nitrogen 

from wastewater [4, 36-38]. In principle these technologies can 

be divided in four strategies to recover and reuse nitrogen: 

 

technologies with the aim to recover nitrogen directly from 

wastewater or digester reject water; 

 

technologies with the aim to concentrate nitrogen in wastewater 

or digester reject water to enhance recovery technologies; 

technologies to treat urine or sludge; 

 

technologies with the aim to incorporate nitrogen in biomass. 

 

Figure 5 shows an overview of strategies with related 

technologies. 
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Figure 5: Overview of strategies with related technologies for nitrogen 

recovery and reuse  

 

The technologies for further evaluation were selected based on 

the four criteria. The fourth strategy, incorporation of nitrogen in 

biomass, was not considered as this strategy focuses on recovery 

and/or production of biomass from wastewater in general, and 

not on recovery of nitrogen in specific. The results of the 

selection are shown in Table 3. A description of the technologies 

and the detailed scores on the criteria are presented in 

Supplemental Material 1 and Supplemental Material 2. 

 
Table 3: Selection of technologies for nitrogen recovery and reuse. 

 

Technology 

S
u

sta
in

a
b

ility
 

R
eco

v
ery

 o
f 

n
itro

g
en

 in
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n
 

a
p

p
lica

b
le fo

rm
 

M
a
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rity

 

C
o

n
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tra
tio

n
 

ra
n

g
e 

S
elected

 fo
r fu

rth
er 

ev
a

lu
a

tio
n

 

Membrane filtration +- +- ++ + No 

Capacitive deionization - +- - + No 

Struvite precipitation - ++ ++ + Yes 

Steam stripping - ++ +- - No 

Air stripping - ++ + + Yes 
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Vacuum distillation - ++ - + No 

Thermal sludge drying with 

subsequent air treatment 

- ++ ++ + Yes 

Digester stripping - ++ - + No 

Microwave stripping - ++ + + No 

Electrodialysis - + +- + No 

Microbial electrolysis - ++ - + No 

Microbial fuel cell - ++ - + No 

Hydrophobic membranes - ++ + + Yes 

Vacuum membranes - ++ + + Yes 

Ion exchange - ++ + - No 

Urine treatment +- ++ + + Yes 

Sludge reuse - ++ +- + Yes 

 

The selection shows that it is not possible for the technologies to 

reach a high score on the criterion “sustainability”, because of 

the fact that in all cases N2O emissions still take place on a level 

above the N2O emissions of the benchmark process (Haber-

Bosch and deammonification). Most of the technologies recover 

nitrogen from the digester reject. This reduces the N-load of the 

wastewater treatment system (max. 27% based on Table 2), but 

without a radical change of the wastewater treatment system 

emissions will remain too high: a 27% reduction in N-load while 

maintaining the conventional nitrification-denitrification process 

will not result in a 60% decrease of Global Warming Potential as 

can be achieved by introduction of the deammonification 

process. Only urine treatment (max. 67% reduction in N-load) is 

close to the benchmark with respect to N2O emission. For that 

reason it was decided to select the technologies for further 

evaluation based on a positive score on the other three criteria: 

recovery of nitrogen in an applicable form, maturity, and 

concentration range. Based on that the technologies for further 

evaluation are struvite precipitation, air stripping, thermal drying 

of sludge with subsequent air treatment, hydrophobic 

membranes, vacuum membranes, urine treatment and sludge 

reuse. Table 4 shows a first estimate of the nitrogen that can be 

recovered at the WWTP Amsterdam-West. The struvite recovery 

is based on the full-scale design of the WWTP Amsterdam-West 

and the operational experiences with this plant [11]. For air 

stripping, an efficiency of 90% was assumed [38]. The nitrogen 
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recovery by thermal drying of sludge is based on the nitrogen 

content in the sludge of WWTP Amsterdam-West and the 

maximum efficiency as described in [39]. As hydrophobic 

membranes for the treatment of digester reject water, 

polytetrafluoroethylene (PTFE) membranes (flat-sheet, hollow 

fiber and spiral wound) and its expanded form (ePTFE) are 

preferred for NH3 extraction due to their hydrophobic characters, 

excellent organic resistance, and chemical stability with acidic 

and alkaline solutions [40]. Efficiency depends strongly on the 

process conditions, an efficiency of 75% was assumed. 

Conventional flat-sheet porous PTFE membranes have been 

applied for vacuum membrane distillation for ammonia removal 

with efficiencies varying between 70% and 90% [41]. Treatment 

of human urine for nitrogen recovery can be achieved with 

evaporation, electrodialysis and reverse osmosis with at least 

90% recovery [42]. With respect to sludge reuse it was assumed 

that 100% of the digested sewage sludge is applied. 

 

Based on these estimates, it can be seen that especially air 

stripping, hydrophobic membranes, vacuum membranes and 

urine treatment result in an increase of sustainability, when the 

present wastewater treatment process of WWTP Amsterdam-

West is considered as a benchmark: the N-load of the wastewater 

treatment system reduces (20-60%), resulting in a lower N2O 

emission. Whether also the energy use will be reduced strongly 

depends on the energy use of the nitrogen recovery technology 

and the system boundaries. For example, air stripping requires 

90 MJ/kg-N [26], much more than the nitrification-

denitrification process (42.2-45 MJ/kg-N), but comparable to the 

total primary energy requirement of N-fixation and N-removal 

by nitrification-denitrification process (90 MJ/kg-N). Table 4 

also shows that only technologies in parallel will result in a 

substantial nitrogen recovery. Use of technologies in parallel will 

be addressed in section 3.4. Adaptation pathway maps for 

nitrogen recovery alternatives. 
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Table 4: Recovery of nitrogen at WWTP Amsterdam-West with the selected 

technologies. 

 

Technology Application at 

stream 

Process 

conditions 

N recovery 

Mass 

(tons) 

% of 

total N 

flow 

Struvite 

recovery 

Digested sludge Production of 

900 ton struvite 

with 5.7% N 

51.3 1.1 

Air stripping Digester reject 

water 

90% efficiency 1,128 24 

Thermal drying 

of sludge 

Digested sludge 531 ton N in 

sludge, 19% as 

ammonia, 

efficiency 99% 

99.9 2.1 

Hydrophobic 

membranes 

Digester reject 

water 

75% efficiency 940 20 

Vacuum 

membranes 

Digester reject 

water 

75% efficiency 940 20 

Urine treatment Incoming urine 90% recovery 2831 60 

Sludge reuse Digested sewage 

sludge 

100% 

application 

531 11 

 

Competition with Biogas Production and Recovery of 

Phosphorus and Cellulose  
 

Biogas production, recovery of phosphorus and recovery of 

cellulose are part of the Dutch program “The Energy & Raw 

Materials Factory” [23]. Nitrogen recovery is not a part of this 

program, so it is important to determine how the selected options 

for nitrogen recovery interact with biogas production, 

phosphorus recovery and cellulose recovery. For biogas 

production it is assumed that anaerobic sludge digestion is 

applied [43], for phosphorus recovery it is assumed that struvite 

precipitation in the digested sludge is applied [8-10] and for 

cellulose recovery it is assumed that fine-mesh sieves are applied 

as pretreatment for biological municipal wastewater treatment 

[19]. Table 5 shows the interactions. In fact all nitrogen recovery 

technologies are no-regret measures, except reuse of sludge. 

Reuse of sludge has an effect on biogas production. In case it is 

acceptable to reuse sludge with a lower organic carbon content, 

there is no interaction between nitrogen recovery through sludge 

reuse and the Dutch program “The Energy & Raw Materials 
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Factory” at all. As nitrogen recovery on the one hand, and biogas 

production, phosphorus recovery and cellulose recovery on the 

other do not exclude each other, biogas production, phosphorus 

recovery and cellulose recovery were not taken into account for 

the adaptation pathways of nitrogen recovery alternatives. 

 

In addition to the effects of nitrogen recovery on biogas 

production, phosphorus recovery and cellulose recovery, it is 

also important to determine the effects vice-versa. Table 6 shows 

the results. It can be concluded that biogas production has an 

effect. With respect to the nitrogen recovery technologies 

struvite precipitation, air stripping and thermal drying of sludge 

it is a win-win measure as it enhances nitrogen recovery. With 

respect to sludge reuse it is a lock-in measure: it reduces the total 

amount of sludge and the nitrogen content of the sludge. Also 

phosphorus recovery has an effect: it reduces the N- and P-

content of the sludge. However, as in the Netherlands there is a 

surplus of manure with especially a surplus of phosphorus, 

removal of phosphorus from the wastewater treatment sludge 

may be beneficial to market this material in agriculture [44]. 
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Table 5: Effect of selected nitrogen recovery technologies on biogas production, phosphorus recovery and cellulose recovery from the Dutch program “The Energy & Raw Materials Factory”. 

 

 

N-recovery technology Effect on 

 Biogas production Phosphorus recovery Cellulose recovery 

Struvite precipitation Nitrogen is recovered as struvite from the sludge 

after digestion and does not affect the digestion 

of sludge and biogas production 

Nitrogen and phosphorus are 

simultaneously removed as struvite,  no 

interference 

Nitrogen is recovered as struvite from the 

digested sludge and does not affect cellulose 

recovery as pretreatment 

Air stripping Air stripping is applied on the digester reject 

water and does not affect the digestion of sludge 

and biogas production 

Air stripping is applied on the digester 

reject water and does not affect the recovery 

of phosphorus as struvite from the digested 

sludge 

Air stripping is applied on the digester reject 

water and does not affect cellulose recovery as 

pretreatment 

Thermal drying of sludge Thermal drying of sludge is applied after sludge 

digestion and does not affect biogas production 

Thermal drying of sludge is applied after 

struvite recovery and does not affect 

phosphorus recovery 

Thermal drying of sludge takes place at the 

end of the treatment process and does not 

affect cellulose recovery as pretreatment 

Hydrophobic membranes 

and vacuum membranes 

Hydrophobic and vacuum membranes are 

applied on the digester reject water and do not 

affect the digestion of sludge and biogas 

production 

Hydrophobic and vacuum membranes are 

applied on the digester reject water and do 

not affect the recovery of phosphorus as 

struvite from the digested sludge 

Hydrophobic membranes and vacuum 

membranes are applied on the digester reject 

water and do not affect cellulose recovery as 

pretreatment 

Urine treatment Urine does hardly contain any organic material, 

separate urine collection and treatment does not 

affect biogas production 

The total nitrogen load to the wastewater 

treatment system is that high (urine 

contributes for 80% to nitrogen mass in the 

influent, still 20% in other incoming flows) 

that separate collection and treatment of 

urine does not affect phosphorus recovery 

through struvite precipitation 

Urine contains no cellulose so separate 

collection and treatment of urine does not 

affect cellulose recovery 

Sludge reuse In case the aim is to use sludge with a high 

organic carbon content sludge digestion is not 

preferred so it does affect biogas production 

Sludge is used as a residual product so it 

does not affect preceding phosphorus 

recovery 

Sludge is used as residual product so it does 

not affect cellulose recovery as pretreatment 
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Table 6: Effects of biogas production, phosphorus recovery and cellulose recovery from the Dutch program “The Energy & Raw Materials Factory” (TERMF) on selected nitrogen recovery 

technologies. 

 
TERMF 

recovery 

Effect on N-recovery technology 

Struvite precipitation Air stripping Thermal drying of sludge Hydrophobic and 

vacuum membranes 

Urine treatment Sludge reuse 

Biogas 

production 

Through the digestion of 

sludge, P and N are 

released in high 

concentrations, 

advantageous for 

struvite precipitation 

Through the digestion of 

sludge, N  is released in 

high concentrations as 

ammonium/ ammonia, 

advantageous for air 

stripping 

Through the digestion of 

sludge, N  is released in high 

concentrations as 

ammonium/ ammonia, 

advantageous for recovery 

during drying of sludge 

 

Through the digestion of 

sludge, N  is released in 

high concentrations as 

ammonium/ ammonia, 

advantageous for 

recovery during 

membrane filtration 

Biogas is produced during 

sludge digestion and does 

not affect separate 

collection and treatment of 

urine as first step in the 

wastewater treatment 

system 

Sludge digestion for 

biogas production 

reduces the amount of 

sludge and transfers 

nitrogen to the digester 

reject water, resulting in 

a lower N-content of the 

sludge 

Phosphorus 

recovery 

Nitrogen recovery and 

phosphorus are 

simultaneously removed 

as struvite,  no 

interference 

Phosphorus recovery as 

struvite precipitation is 

applied after sludge 

digestion and thus does 

not affect N-recovery 

through air stripping of 

digester reject water 

Phosphorus recovery through 

struvite precipitation lowers 

both N- and P-concentrations 

in the sludge, so the N-

recovery through sludge 

drying after struvite 

precipitation is lower 

Phosphorus recovery as 

struvite precipitation is 

applied after sludge 

digestion and thus does 

not affect N-recovery 

from digester reject 

water through membrane 

filtration 

Phosphorus is recovered 

from the digested sludge 

and does not affect 

separate collection and 

treatment of urine as first 

step in the wastewater 

treatment system 

Phosphorus recovery 

through struvite 

precipitation lowers the 

N- and P-content of the 

sludge, but a low P-

content may be 

attractive to market the 

product in agriculture 

Cellulose 

recovery 

N and P are not 

recovered through 

cellulose recovery, so no 

effect on N recovery 

through struvite 

precipitation 

N is not recovered 

through cellulose 

recovery, so no effect on 

N-recovery through air 

stripping of digester 

reject water 

The total amount of organic 

material that is introduced in 

the wastewater treatment 

system is reduced, so the 

amount of sludge is reduced. 

However, the N-mass in the 

sludge is not reduced 

N is not recovered 

through cellulose 

recovery, so no effect on 

N-recovery through 

membrane filtration of 

digester reject water 

Urine is collected and 

treated prior to cellulose 

recovery, so no effect 

The total amount of 

organic material that is 

introduced in the 

subsequent wastewater 

treatment system after 

cellulose recovery is 

reduced so the amount 

of sludge is reduced. 

However, the N-mass in 

the sludge is not 

reduced 
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Adaptation Pathway Maps for Nitrogen Recovery 

Alternatives  
 

To construct the adaptation pathways, the alternatives were 

grouped into three specific actions: (1) recovery of nitrogen; (2) 

treatment of specific waste streams; (3) other alternatives that 

may affect nitrogen recovery. 

 

The first group contains struvite precipitation, air stripping, 

thermal drying of sludge and hydrophilic and vacuum 

membranes to recover nitrogen. These technologies can be 

applied in the wastewater treatment system, but can also applied 

on pure urine that is separately collected. Treatment of specific 

streams (group 2) concerns urine treatment to reuse this stream 

directly (e.g. hydrolysis of urea or stabilization of urine) and 

sludge reuse. Other alternatives that may affect nitrogen 

recovery (group 3) are increase of the nitrogen content in the 

digester reject water e.g. through thermal hydrolysis 

pretreatment of sludge [45,46], addition of urine to the existing 

wastewater treatment plant, and separated collection of urine. 

 

The adaptation pathways map, shown in Figure 6, presents an 

overview of relevant pathways to reach the desired shared goal: 

nitrogen reuse from wastewater. All alternatives are represented 

by a colored horizontal line and can be considered as „different 

ways leading to Rome‟. A vertical line with the same color 

indicates that after the choice of a specific alternative (with that 

color) switches are possible to other alternatives via transfer 

stations. A terminal station represents the moment of an 

adaptation tipping point: the alternative is effective till this 

moment. Transfer stations show the available alternatives after 

this point. Transparent pathways and transfer stations represent 

unnecessary complicated ways to achieve a measure. 
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Figure 6: Adaptation pathways map of alternatives for nitrogen recovery from 

wastewater. 

 

As an example: if the choice is made for struvite precipitation, 

the purple line is followed. From this line a vertical purple line 

originates. This means that after the choice for struvite 

precipitation, a switch can be made to thermal drying of sludge 

through the transfer station. On the other hand, no switch can be 

made from thermal sludge drying to struvite precipitation at the 

same moment in time in case the initial choice was thermal 

drying of sludge: the vertical line has another color. Later in time 

the switch is possible (crossing blue lines). 

 

The map shows an indication of time on the X-axis, which is not 

absolute. It indicates that some alternatives are not directly 

applicable and some other measures are needed first. For 

example, treatment of urine and/or addition of urine to the 

existing treatment require new sanitation concepts. Introduction 

of new sanitation is only possible in new housing estates and 

requires time. However, urine can already been collected 

separately on an ad-hoc base, e.g. at festivals, and this urine can 

be used in many alternatives. Application of hydrophobic and 

vacuum membranes require high N concentrations in the digester 

reject water, so first step is to develop methods to increase this 

concentration, and after this development membranes are 

applicable. 
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Although the adaptation pathways map is complex, it is a very 

helpful tool to determine which pathways have to be followed to 

realize a specific scenario with a specific goal. Figures 7-10 

show four specific scenarios that decision makers could follow. 

 

 
 

 
Figure 7: Adaptation pathways for nitrogen recovery from wastewater for 

scenario A:  limited N-recovery with limited impact. 

 

Figure 7 shows the pathways that can be followed when the goal 

is to recover a limited amount of nitrogen with alternatives that 

have little impact on the existing wastewater treatment systems, 

and with a high level of feasibility. Recovery through thermal 

drying of sludge and through struvite precipitation seems 

attractive. 

 

Figure 8 shows the pathways that can be followed when the 

ambition is to recover more nitrogen, and more risks can be 

accepted. In that case technologies to increase the concentration 

of nitrogen in the digester reject water with subsequent air 

stripping of the digester reject water can be chosen. 

In case a high impact is allowed, new sanitation can be chosen. 

The corresponding pathways are shown in Figure 9. 
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Figure 8: Adaptation pathways for nitrogen recovery from wastewater for 

scenario B: moderate N-recovery with acceptable risks. 

 

 

 
 
Figure 9: Adaptation pathways for nitrogen recovery from wastewater for 

scenario C: new sanitation with high impact. 
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Figure 10: Adaptation pathways for nitrogen recovery from wastewater for 

scenario D: maximum N-recovery with high impact. 

 

Finally, the goal can be to recover maximum nitrogen from 

wastewater. This scenario with corresponding pathways is 

presented in Figure 10. Many alternatives have to be introduced 

in parallel: nitrogen is recovered from pure urine, and from the 

sludge and digester reject water at the wastewater treatment 

plant. 

 

Conclusions  
 

Nitrogen recovery from wastewater with the existing wastewater 

treatment system as starting point results in only limited 

improvement in sustainability. 

 

Radical changes in wastewater treatment, and application of 

several nitrogen recovery technologies in parallel, are required to 

improve sustainability substantially. Separate collection and 

treatment of urine is an attractive option but requires a complete 

new infrastructure for wastewater collection and wastewater 

treatment. 
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Nitrogen recovery from wastewater does not negatively affect 

biogas production from wastewater, phosphorus recovery from 

wastewater and cellulose recovery from wastewater 

 

The use of adaptation pathways maps is an attractive method to 

compare and judge several combinations of nitrogen recovery 

technologies, especially when different strategies have to be 

analyzed and technological and market developments are 

uncertain. 
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