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A B S T R A C T   

Strong wastewater containing ammonia and phosphate is anticipated to become potential sources of nutrient 
elements (N and P). However, high N/P molar ratios in most kinds of strong wastewater make it difficult to 
realize simultaneous and full recovery of N and P. Thereout, the present study developed an electrochemical 
nutrients recovery system (ECNRS) with authigenic acid and base to integrate transmembrane chemisorption and 
hydroxyapatite crystallization for concurrent N and P recoveries from wastewater. Compared with separate N or 
P recovery, the concurrent recovery of N and P in the ECNRS could obviously enhance N and P recovery effi-
ciencies. Under 4.0 V applied voltage and 12 h operation, the ECNRS recovered 79.2 % of N and 100 % of P, 
which were higher than those of separated N or P recovery. However, increasing influent N or P concentration 
would prolonged recovery time for the nutrients, which might be attributed to the enhanced pH buffering of 
catholyte with high influent concentration. Energy consumption for N recovery was 14.6 kWh/kg N with a flux of 
47.3 g NH3-N/(m2⋅d). Economic costs for N and P recovery via the ECNRS were 1.84 $/kg N and 0.69 $/kg P, 
respectively. Considering the concurrent N and P recovery via ECNRS, the obtained preliminary profit rate could 
be over 300 %. The developed system with concurrent N and P recoveries showed a cost-effective advantage.   

1. Introduction 

Nitrogen (N) and phosphorus (P) are both essential elements for 
plants growth and hence are widely used in agriculture as fertilizers. 
However, N is utilized by the conversion of atmosphere N2 into 
ammonia (NH3-N) by Haber-Bosch process, which is energy intensive 
with 9.1–14.3 kWh/kg N, average 6.9 kg CO2-equivalent (CO2-eq)/kg N 
synthesis [1]. Moreover, P is majorly extracted from P rock, which is a 
limited and nonrenewable resource. Both the consumption and the de-
mand of P are increasing year-by-year [2]. The crisis that P rock reserves 
will be depleted in the near 50–100 years has become one of the most 
concerned issues among researchers [3–6]. Meanwhile, a substantial 
part of N and P end up in wastewater. The quantity of ammonium (NH4

+- 
N) in domestic wastewater is equivalent to 19 % of the annual NH3-N 

production [7]. Conventionally, NH4
+-N is removed from wastewater by 

nitrification and denitrification (N/DN) with an energy consumption of 
16 kWh/kg N. Another challenge is the generation and emission of N2O, 
which contribute 80 % of the total greenhouse gas emissions of waste-
water treatment plants [7,8]. P contained in domestic wastewater ac-
counts for 22 % of the world’s consumption, and most of them end in the 
form of phosphate (H2PO4

- , HPO4
2-, PO4

3-), which can be regarded as a 
potential P source reservoir [9]. Thus, nutrients recovery from waste-
water has inevitably become the tendency to pursue sustainable N and P 
utilization. 

Many kinds of strong wastewater, such as source-separated urine, 
sludge digestate and animal manure digestate, contain ample N and P, 
which are anticipated to become important potential nutrients sources. 
However, the general objective of most wastewater treatment facilities 
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is to remove N and P regarding them as waste via various methods, 
ignoring their resource attribution. Nutrient bioaccumulation by auto-
trophic microorganisms such as microalgae is one of the technologies for 
N and P recoveries [10]. Nevertheless, the microalgae are hard to be 
harvested due to their poor settling properties, increasing the operation 
cost for their harvesting and dewatering [11]. Although air stripping or 
steam stripping could capture N from the wastewater, they need to 
consume a lot of chemical agents (e.g., acid and base) and energy. 
Struvite (MgNH4PO4⋅6H2O) crystallization is one of the widely studied 
chemical precipitation methods for synchronous recovery of N and P 
from waste streams. The cost of struvite crystallization is mainly 
dependent on the magnesium and base sources, which could contribute 
to 75 % of overall costs [12]. Moreover, struvite crystallization is better 
fit for P recovery than for N recovery, since N molar concentration is 
usually 10 times over than P molar concentration in most of strong 
wastewater [13]. Taking urine as an example, there was over 200 mM N 
and less than 10 mM P in it. Therefore, it is of big significance to develop 
an alternative method for simultaneous and full recovery of N and P. 

Due to the big demands for acid and base in the N and P recoveries 
process, electrochemical systems (ES) and bioelectrochemical systems 
(BES) have been proposed as energy efficient alternatives to recover N 
and P from wastewater [14–17]. In most studies, researchers just uti-
lized the hydroxide ions which were generated at the cathode as the base 
source of ammonia stripping or phosphate crystallization. In our pre-
vious studies, we reported two (bio)electrochemical systems aimed for 
nutrients recovery from wastewater which were called bio-
electrochemical membrane-absorbed ammonia (BEMAA) system and 
microbial electrolysis phosphorus-recovery cell (MEPRC), respectively 
[18,19]. The BEMAA could capture N via transmembrane chemisorption 
(TMCS) with authigenic acid and base, while the MEPRC could recover P 
via hydroxyapatite (HAP) crystallization. The demands for chemical 
agents and energy were greatly reduced due to the authigenic acid and 
base in the (bio)electrochemical systems. Since high N/P molar ratios in 
most kinds of strong wastewater make it difficult to realize simultaneous 
and efficient N and P recover, it would be of great significance to explore 
integrating TMCS and HAP crystallization into one system to achieve 
concurrent N and P recoveries. 

In this study, we developed an electrochemical nutrients recovery 
system (ECNRS), which integrated the two processes of TMCS and HAP 
crystallization. Its characteristics of recovering N and P were investi-
gated in detail. The specific investigations involved the following as-
pects: (i) separate N recovery and separate P recovery in the ECNRS; (ii) 
concurrent N and P recoveries in the ECNRS; (iii) key factors for the 
concurrent N and P recoveries; (iv) energy consumption and preliminary 
economic analyses of the concurrent N and P recoveries in the ECNRS. 

2. Materials and methods 

2.1. Solution synthesis 

The electrolyte was prepared with (NH4)2SO4 and Na2SO4. N & P- 
rich solution was prepared with (NH4)2SO4, NaH2PO4⋅2H2O and Ca 
(NO3)2⋅4H2O. All the chemical reagents used in this study are of 
analytical grade and purchased from Sinopharm Chemical Reagent Co., 
ltd. 

2.2. ECNRS construction 

The ECNRS consisted of five chambers. The scheme of the ECNRS 
was shown in Fig. S1. The anode chamber (AnC), acid-production 
chamber (AcC), desalination chamber (DeC) and absorption chamber 
(AbC) were all in the dimensions of 8 cm × 8 cm × 1.5 cm while the 
cathode chamber (CaC) was in the dimension of 8 cm × 8 cm × 3 cm. All 
the five chambers were made of polycarbonate. Silicone sheets were set 
between every-two chambers to ensure the sealing, which resulted in 
200 cm3 net volume of cathode chamber and 100 cm3 net volume of 

other chambers. Two pieces of cation exchange membranes (CEM, CMI- 
7000, Membranes International Inc., New Jersey, USA) were placed 
between AnC and AcC, DeC and CaC, respectively. An anion exchange 
membrane (AEM, AMI-7001, Membranes International Inc., New Jersey, 
USA) was placed between AcC and DeC. A hydrophobic gas permeable 
membrane (GPM; 0.22 µm pore size, 150–190 µm thickness, PP- 
supporting PTFE; Membrane Solutions Inc, China) was set between 
CaC and AbC. The ECNRS contained an anode and a cathode. The anode 
was a titanium plate coated with iridium oxide and ruthenium oxide 
(3 cm × 5 cm). The cathode was made of stainless-steel mesh (Type 304, 
8 cm × 8 cm). 

2.3. ECNRS operation 

The synthetic N & P-rich solution was added into the CaC and was 
circulated by a peristaltic pump with a rate of 70 mL/min (BT100-2 J, 
Longer Precision Pump Co., ltd., China). 300 mM Na2SO4 solution was 
added into the DeC. The remaining chambers were filled with 6.0 mM 
(NH4)2SO4 solution as electrolyte. The voltage of 3.0 V was applied to 
the ECNRS by using a power supply (Array Electronics Co., ltd., Nanjing, 
China). A 10-Ω resistance was connected in the external circuit to record 
the voltage used for current calculation. The voltage across the resis-
tance was recorded every 5 min by using a multimeter (Keithley Model 
2700, Tektronix, USA). All the experiments were operated in a 24-h 
duration at 25.0 ± 1.0 ℃ temperature. The detailed information of all 
experiments was summarized in Table S1. 

2.4. Analyses of liquid and solid phases 

Liquid samples collected from the cathode chamber were filtered 
through a 0.22-μm microfiltration membrane and then determined N 
and P concentration by using a spectrophotometry (UV-2700, Shimadzu, 
Kyoto, Japan). The catholyte pH was monitored by using a pH probe (E- 
201-C, Leici, Shanghai, China). The precipitates collected from the 
cathode chamber was characterized by using scanning electron micro-
scope (SEM; Phenom Prox, Phenom, Eindhoven, Netherlands), Energy 
dispersive spectroscopy (EDS; Phenom Prox, Phenom, Eindhoven, 
Netherlands) and X-ray diffraction (XRD; D8 Advance, Bruker Corpo-
ration, Karlsruhe, Germany). 

2.5. Calculations 

Nitrogen recovery efficiency (EN, %) is calculated as Eq. (1): 

EN =
c0

N − ce
N

c0
N

× 100% (1)  

where c0
N (mg/L) and ce

N (mg/L) are the initial and the end nitrogen 
concentration in the cathode chamber, respectively. 

Phosphorus recovery efficiency (EP, %) is calculated as Eq. (2): 

EP =
c0

P − ce
P

c0
P

× 100% (2)  

where c0
P (mg/L) and ce

P (mg/L) are the initial and the end phosphate 
concentration in the cathode chamber, respectively. 

The energy consumption (EC, kWh/kg N or kWh/kg P) of N and P 
recoveries are calculated as our previous report [18]. Carbon emission 
(CE, kg CO2-eq/kg N) for N recovery was expressed by GHG emission 
and calculated by the following: 

CE = k × EC (3)  

where k (kg CO2-eq/kWh) is the GHG emission factor for electricity and 
it is set as 0.65 in this study [20]. 

And the total economic cost of the concurrent N and P recoveries was 
calculated as the following: 
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Ct = Cc +Ce (4)  

where Ct ($/kg N or $/kg P) is the total cost of the concurrent N and P 
recoveries, Cc ($/kg N or $/kg P) is the cost of the chemical reagents, Ce 
($/kg N or $/kg P) are the electric cost of the reactor and the pumps 
respectively. 

The economic benefit (Eprofit, %) of concurrent N and P recovery via 
was preliminarily calculated by Eq. (5): 

Eprofit =

∑
jRjpj −

(
celectricity × pelectricity +

∑
kckpk

)

celectricity × pelectricity +
∑

kckpk
× 100% (5)  

where Rj (kg) is the recovery amount of N or P and pj ($/kg) are the 
prices of recovery product in the forms of (NH4)2SO4 and HAP; celectricity 
(kWh) and pelectricity are the consumption amount and price of the elec-
tricity power; ck (kg) and pk ($/kg) are the consumption amount and 
prices of the chemical agent in the forms of (NH4)2SO4 and Ca(OH)2. 

3. Results and discussion 

3.1. Separate N or P recovery in the ECNRS 

We first investigated the separate N or P recovery performance of the 
ECNRS at 4.0 V applied voltage. In the separate N recovery experiments, 
Fig. 1a shows that the catholyte pH in the CaC rose to 12 within 4 h, 
which was higher than pH 9.3 required for the ammonium-ammonia 
transformation. The electrolyte pH in the AbC (or AcC) decreased dur-
ing the operation and was below 4. The pH conditions in the CaC and 
AbC could stratify the ammonium-ammonia transformation and the 
transmembrane chemisorption at the same time. Based on this, over 
80 % of ammonia was absorbed and recovered in the AbC and AcC 
(Fig. 1b). The ammonia recovery in the ECNRS could include three steps: 
(i) in the catholyte, pH was raised by the Faradic reaction on the cathode 
surface, and NH4

+ was transformed into NH3(g) then diffused to the CaC 
side interface of the GPM; (ii) NH3(g) transferred across the GPM to the 
AbC side of the GPM driven by partial pressure difference of NH3(g) over 
the membrane; (iii) the NH3(g) reacted with H+ on the AbC side of the 
GPM and was chemically trapped as NH4

+. On the other hand, the N 
removal efficiency in the CaC was over 95 %. According to the N dis-
tribution (Fig. S2), a little portion of N transferred into the DeC via back 
diffusion due to the concentration gradient, which resulted in the dif-
ference between the recovery and removal efficiencies [19]. 

In the separate P recovery experiments, the applied voltage was set at 
3.0 V. The catholyte pH was elevated to about 14 and over 80 % of P was 
recovered within 4 h (Fig. 2). The P recovery efficiency firstly rose, then 
slightly decreased, and finally stabilized at about 80 % with 24 h oper-
ation (Fig. 2b). The XRD, SEM and EDS spectra testified that the 24 h 

recovery product mainly consisted of HAP (Fig. S3). There might be a 
transformation procedure from amorphous calcium phosphate (ACP) to 
HAP, and this procedure could release a little PO4

3- which led to the slight 
drop of the recovery efficiency [18]. 

3.2. Concurrent N and P recoveries in the ECNRS 

3.2.1. Performance of the system 
In consideration of that the recoveries of N and P mainly occurred 

within the former 12 h, the results of 12 h operation were discussed in 
the following sections. Synthetic N & P rich solution was added into the 
CaC to investigate the concurrent N and P recoveries performance of the 
ECNRS at 4.0 V applied voltage. The catholyte pH rose to 11 in 12 h 
(Fig. S4a), but the rising speed was slower than that in the separate N or 
P recovery experiments. The current density was over 16 A/m2, and its 
consistence in the two cycles indicated the stability of the system 
(Fig. S4b). The N recovery efficiency was 79.2 ± 3.5 %, which were 
higher than that (63.7 ± 3.2 % within 12 h) in the separate N recovery 
experiments (Fig. 3a). The P recovery was enhanced in the concurrent N 
and P recoveries process. The P recovery efficiency reached to about 
95 % within 4 h, and all of the P in the catholyte was nearly recovered 
after 8 h (Fig. 3b). From Fig. S4a, both the CaC pH rising and the AcC & 
AbC pH decreasing were slowed down, and the final pHs were not as 
extreme high or low and those in the separate recovery processes 
(Fig. 1a and Fig. 2a). It indicates that the utilizations of both OH– ions 
and H+ ions were obviously enhanced, and more of them took part in the 
recovery chemical reactions. Accordingly, the concurrent N and P re-
coveries in the ECNRS showed higher recovery efficiencies than the 
separate N or P recovery processes. 

3.2.2. Effects of influent N concentration on the concurrent N and P 
recoveries 

The effects of influent N concentration (40 mM, 80 mM and 200 mM 
ammonium) on the concurrent N and P recoveries were investigated. A 
significant decrease (from 94.1 ± 1.4 % to 57.9 ± 2.0 %) of N recovery 
efficiency was observed when the influent N concentration increased 
(Fig. 4a). On the other hand, the absolute recovery quantity of N 
increased from 122.6 ± 1.3 mg to 268.9 ± 6.6 mg (Fig. 4b), which was 
consistent with our previous study [19]. 

The change of the influent N concentration has a significant effect on 
the catholyte pH (Fig. 4c). High influent N concentration resulted in 
slow pH elevation due to the buffering capacity of NH4

+ ions. When the 
influent N concentration was 200 mM, the bulk pH in the CaC was below 
9 which was lower than the dissociation constant of NH4

+

(pKa(NH4
+) = 9.3). This indicated that local higher pH near the cathode 

might drive the conversion from NH4
+ to free ammonia. 

Fig. 1. (a) Electrolyte pHs in the CaC, AcC and AbC; (b) N recovery and removal efficiencies of the ECNRS for the separate N recovery experiments. (80 mM N and 
4.0 V applied voltage). 
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Thus, we calculated the local pH near the cathode according to Eq. 
(6) - Eq. (7). As the subgraph of Fig. 4c showed, the local pH of the 
cathode surface could range from 10.4 to 11.4 based on the thickness of 
the diffusion layer over the cathode, which satisfied the conditions of the 
ammonium-ammonia transformation. The influent N concentration 
seemed to have insignificant effect on the P recovery efficiency (Fig. 4d). 
However, the decreased bulk pH might affect CaP precipitation 
behavior. Even though the local pH might drive precipitation generation 
in the electrochemical induced CaP crystallization process, the lack of 
OH– in the bulk could hinder the further CaP precipitation (e.g., trans-
forming to HAP in Eq. (8)) [21]. 

ic =
nFDΔCOH−

1000δ
(6)  

pH = 14 − p
(
10pHbulk − 14 + ΔCOH−

)
(7)  

Cax(PO4)y +OH − →Ca5(PO4)3OH +(x − 5)Ca2+ + (y − 3)PO3−
4 (8)  

where ic (A/cm2) is the current density, and the average current density 
(1.64 × 10-3 A/cm2) is assigned to ic; n is the number of transferred 
electrons per unit of OH– generated; D is the diffusion constant of OH– 

(6.65 × 10-5 cm2/s); ΔCOH- (mol/L) is the change of OH– concentration 
across the diffusion layer near the cathode; and δ (cm) is the diffusion 
layer thickness which has been estimated to 10 ~ 100 μm [22]. 

3.2.3. Effects of influent P concentration on the concurrent N and P 
recoveries 

The effect of influent P concentration (2 mM, 5 mM and 10 mM 
phosphate) was discussed in this section. Increasing the influent P 
concentration seemed to have little influence on the P recovery effi-
ciency, but higher influent P concentration resulted in the increased P 
recovery quantity (from 12.2 ± 0.7 mg to 52.8 ± 2.9 mg) (Fig. 5a-b). 
When the influent P concentration was 2 mM, the P recovery efficiency 
was lower than that of high influent P concentration in the early 8 h. 
According to the saturation index of HAP in the variable P concentration 
(Fig. 5c), higher pH was required to be oversaturation when the P 
concentration was 2 mM, which could explain the lower efficiency in the 
early 8 h. The N recovery efficiency decreased from 84.4 ± 4.2 % to 
68.4 ± 2.2 % when the initial influent P concentration increased from 
2 mM to 10 mM (Fig. 5d). 

The electrolyte pH in the AbC barely changed when we changed the 
influent P concentration (Fig. S5), and thus the stable absorbent pH had 
less effect on the N recovery performance in the ammonia membrane 
stripping process [23]. As the previous report, high P concentration 
could delay the pH elevation, this might lead to the N recovery efficiency 
decreasing [18]. NH4

+ ions in the catholyte could gather at the cathode- 
solution interface via diffusion and migration and be converted into free 
NH3 under the local high pH condition [24]. The NH3 need to migrate 
across the electrode-membrane space to membrane interface before the 
transmembrane chemisorption process. In this migration, NH3 was 

Fig. 2. (a) Electrolyte pH in the CaC and (b) P recovery efficiencies of the ECNRS for the separate P recovery experiments within 24 h. (5 mM P, Ca/P = 2:1, and 3.0 V 
applied voltage). 

Fig. 3. (a) N recovery and removal efficiencies; and (b) P recovery efficiencies of the ECNRS for the concurrent N and P recovery experiments within 12 h. (80 mM N, 
influent 5 mM P, Ca/P = 2:1, and 4.0 V applied voltage). 
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possible to turn back to NH4
+ especially the bulk pH was lower the pKa 

(NH4
+). This might cause the decrease of N recovery efficiency when we 

increased the influent P concentration. 

3.3. Energy consumption and preliminary economic analyses of the 
concurrent N and P recoveries 

The huge energy consumption and economics cost have always 
limited the practical application of N and P recoveries. Thus, we 
compared the energy consumption and economic analyses of the con-
current N and P recoveries process with former studies (Table 1) and the 
details are shown in Table S2-S4. 

When we separately calculated the energy consumption for N re-
covery, the values were 14.6 ± 0.8 kWh/kg N for N recovery with a flux 
(across the GPM) of 47.3 ± 5.5 g NH3-N/(m2⋅d). Carbon emission could 
be calculated as 9.43 kg CO2-eq/kg N by multiplying electricity con-
sumption with emission factor of 0.65 kg CO2-eq/kWh [20]. In the 
catholyte, the concentration of N was about 10 times higher than that of 
P, which required continuous electric input for N recovery even though 
P was completely recovered within 8 h. Considering that N & P could be 
recovered simultaneously in the ECNRS, the energy input was used to 
generation acid and base for simultaneously supporting N and P re-
coveries. This is a process of killing several birds with one stone, which 
could offset a part of energy consumption and had an obvious advantage 
over the separate N or P recovery. The economic cost for the N and P 
recoveries should be assessed separately based on the chemical cost 
(mainly in the P recovery process) and the operational cost (mainly 
electric cost) (Eq. (4)). Electric input was almost used for pH elevation 

and ammonium-ammonia transformation in this study. Thus, only 
chemical cost was taken into calculation for P recovery. The price of 
electricity was set as 0.10 $/kWh. The cost of Ca source (based on the 
Ca/P molar ratio of 2:1) for P recovery was estimated in the form of Ca 
(OH)2 (0.13 $/kg). Based on these, the cost of concurrent N and P re-
coveries in the ECNRS are 1.84 $/kg N and 0.69 $/kg P. Operational cost 
of the N recovery accounted for the main part of the total N recovery cost 
in the ES and ECNRS, which was greatly reduced compared with that of 
air stripping [25]. 

Moreover, the net energy consumption could be further reduced 
considering the generated hydrogen energy (4.3 kWh/kg N) [26]. 
Considering hydrogen energy offset, the carbon emission could be 
reduced to 6.32 kg CO2-eq/kg N. In the P recovery via CaP crystalliza-
tion, the recovery efficiency could be over 85 % even if the Ca/P molar 
ratio was less than 2:1 [27]. Therefore, the chemical cost of ECNRS for P 
recovery could be further reduced to less than 0.24 $/kg P. Significantly, 
lower P concentration in the target wastewater for P recovery usually 
contributes to higher energy consumption and economic cost. 

3.4. Implications 

It can be seen from the above results that the ECNRS can achieve 
concurrent N & P recovery with enhanced N recovery and almost 
complete P recovery. Compared to other N or P recovery methods that 
require external acid and base inputs, the ECNRS doesn’t require 
external inputs of acid and base, reducing the operation difficulty and 
economic cost. Energy consumption calculated separately for N recovery 
was still high but could be offset partially by the concurrent P recovery. 

Fig. 4. Effects of influent N concentration on the concurrent recovery of N and P in the ECNRS: (a) N recovery efficiency; (b) N recovery mass; (c) catholyte pH and 
local pH near the cathode (200 mM N); and (d) P recovery efficiency. (40–200 mM N, 5 mM P, Ca/P = 2:1, and 4.0 V applied voltage). 
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But benefit from the concurrent N and P recovery, the economic benefit 
of ECNRS operation could be over 300 % calculated according to Eq. (5) 
and Table S2. The concurrent recovery of N and P from the wastewater 
with high N/P ratios, such as source-separated urine, sludge digestate 
and animal manure digestate, is more suitable for the ECNRS. Taken 
source-separated urine as an example, its in-situ recovery by the ECNRS 
could reduce approximately 50 % of N in the influent of municipal 
wastewater treatment facility and furtherly 50 % external carbon source 
consumption for the denitrification process especially in China. More-
over, implementation of N recovery by ECNRS can also achieve carbon 
offset for N fertilizer manufacture industry. In the future work, it is 
planned to further examine the long-term performance of the system, 
membrane fouling (ion exchange membranes and GPM) and GPM 
wetting. 

4. Conclusions 

The present study realized the concurrent recovery of ammonia and 
phosphate by integrating TMCS and HAP crystallization in an electro-
chemical nutrients recovery system. The products can be used as the raw 
materials for N and P industries. The concurrent N and P recoveries 
process was found to obviously enhance the N recovery efficiency with 
almost complete P recovery. Increasing influent N or P concentration 
resulted in a prolonged time for the nutrients recovery, because the 
enhanced pH buffering delayed the pH rising of the catholyte. Thus, the 
concurrent N and P recoveries in the system showed cost-effective ad-
vantages beyond the previous methods for the process of wastewater 
with high N/P molar ratios. 

Fig. 5. Effects of influent P concentration on the concurrent recovery of N and P in the ECNRS: (a) P recovery efficiency; (b) P recovery mass; (c) saturation index of 
HAP in variable pH; and (d) N recovery efficiency. (80 mM N, 2–10 mM P, Ca/P = 2:1, and 4.0 V applied voltage). 

Table 1 
Comparison of energy consumption and economic cost among the processes for N and P recoveries.   

Recovery process Influent Concentration 
(mg N/L or mg P/L) 

Energy consumption 
(kWh/kg) 

Total cost 
($/kg) 

Ref. 

N recovery Air stripping Real urine 3800 (N) 19.8~25.6 (N) 2.73~3.19 (N) [25] 
ES AS a 3400 (N) 18.8 (N) 2.48 (N) [28] 
BES AS 1120 (N) 2.91 (N) 1.05 (N) [19] 

P recovery CaP crystallization SAD b 37 (P) 4.44 (P) 0.81~0.85 (P) [27] 
Struvite crystallization Real urine 310 (P) 70.76 (P) 7.78 (P) [29] 
ES DW c 7.7 (P) 110~2240 (P) 11~224 (P) [30] 
BES PS d 155 (P) 2.18 (P) 0.85 (P) [18] 

Concurrent N&P recovery ECNRS AS+PS 1120 (N), 155 (P) 14.6 (N), Negligible (P) 1.84 (N), 0.69 (P) This study  

a AS: ammonium sulfate solution; b SAD: sludge anaerobic digestate; c DW: domestic wastewater; d PS: phosphate solution. 
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