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Abstract 16 

Urban agriculture (UA) is a means for cities to become more resilient in terms of food 17 

sovereignty while shortening the distance between production and consumption. 18 

However, UA still intensively depends on the use of fertilizers, which relies on 19 

depleting non-renewable resources such as (P) and causes both local and global 20 

impact for its production and application. With the aim to reduce such impacts and 21 

encourage a more efficient use of nutrients, this study assesses the feasibility of using 22 

struvite precipitated from an urban wastewater treatment plant as the unique source 23 



of P fertilizer. To do so, we apply various quantities of struvite (ranging from 1 to 20 24 

g/plant) to the substrate of a hydroponic Phaseolus vulgaris crop and determine the 25 

yield, water flows and P balances. The results show that treatments with more than 26 

5g of struvite per plant produced a higher yield (maximum of 181.41 g/plant) than 27 

the control (134.6 g/plant) with mineral fertilizer (KPO4H2). On the other hand, P 28 

concentration in all plant organs was always lower when using struvite than when 29 

using chemical fertilizer. Finally, the fact that different amounts of struvite remained 30 

undissolved in all treatments denotes the importance to balance between a correct 31 

P supply to the plant and a decrease of P lost through the leachates, based on the 32 

amount of struvite and the irrigated water. The findings of this study show that it is 33 

feasible for UA to efficiently use locally recovered nutrients such as P to produce local 34 

food. 35 

Graphical Abstract: 36 

 37 



1. Introduction 38 

Meeting the food demand of the ever-growing urban population is a global 39 

challenge. Since food provision to cities is highly dependent on long and complex 40 

supply chains, the distance between production and consumption points has 41 

extensively increased. This prevents nutrient recycling, while emitting huge amounts 42 

of greenhouse gases due to long-distance transport (Rees and Wackernagel, 1996; 43 

Thomaier et al., 2015). In this sense, moving towards more robust and resilient food 44 

systems should be a priority in the following years (European Commission, 2020). To 45 

do so, alternatives that narrow the distance between production and consumption 46 

points have already been reported, being urban agriculture one of the most 47 

prominent (Deelstra, 1987). However, this   the yield (Astee and Kishnani, 2010; Rufí-48 

Salís et al., 2020b). On the other hand, the use of local fertilizers is still very limited, 49 

and often reduced to the use of compost (Thomaier et al., 2015).  50 

The case of phosphorus (P) fertilizers is of great relevance, since P is primarily 51 

obtained from non-renewable phosphate rocks. Moreover, previous studies quantify 52 

that 80% of the available stock of phosphate rocks is being used in the production 53 

of fertilizers (Shu et al., 2006). Since half of the world’s current economic phosphate 54 

resources will have been used up by the end of the 21st century (Steen, 1998) the 55 

European Union recognizes P as a critical resource (European Comission, 2014). 56 

Among its recommendations, a planned amendment of the fertilizer regulation 57 

encourages P recovery from local sources by enforcing a shift towards a more circular 58 

use of nutrients (European Comission, 2016).  59 



In this sense, urban wastewater treatment plants (WWTPs) are well-known sources of 60 

secondary P. WWTPs have already been addressed as a potential alternative to 61 

importing mineral fertilizers (e.g. de-Bashan and Bashan, 2004; Kern et al., 2008; Shu 62 

et al., 2006). Struvite, also known as magnesium ammonium phosphate (MAP with 63 

the formula NH4MgPO4·6H2O) is a crystalline precipitate that has been gaining 64 

popularity as a way to recover P from wastewater. To induce its precipitation a molar 65 

ratio of 1:1:1 for magnesium (Mg2+), ammonium (NH4
+) and phosphate (PO4

3-) is 66 

needed, under specific pH conditions (8.5-9.5) (Bouropoulos and Koutsoukos, 2000; 67 

J. R. Buchanan et al., 1994; Le Corre et al., 2009). Originally the precipitation of struvite 68 

was associated to a major concern in WWTP being the cause of equipment damaging 69 

causing labor and infrastructure costs (Borgerding, 1972; Doyle et al., 2003; Stratful 70 

et al., 2004). Struvite forced precipitation has gained attraction since the 90’s, not 71 

only to avoid infrastructure damage but also as a P recovery technique (Doyle et al., 72 

2003). This process has been studied and improved in the past years making it a 73 

more efficient precipitation process (Le Corre et al., 2009; Li et al., 2019; Sena and 74 

Hicks, 2018).  75 

In terms of application, the properties of struvite as an effective source of nutrients 76 

(P-PO4
3-, N-NH4

+ and Mg-Mg2+) for plants (Li and Zhao, 2003) and its low solubility 77 

in water (0.018g·100ml-1 at 25ºC) (Bridger et al., 1961) make it a slow-releasing 78 

valuable fertilizer that can reduce economic costs in agriculture (Rahman et al., 2014). 79 

However, only limited literature has explored the application of struvite in agricultural 80 

facilities. For example, Antonini et al. (2012), Uysal et al. (2014), Gell et al. (2011) and 81 

Liu et al. (2011) assessed the maize performance of struvites with different 82 

characteristics and origins in different soils. In a review made by Li et al. (2019) we 83 



can see that almost all struvite trials found that vegetables grown with struvite had 84 

the same -or even improved-  performance compared to controls with conventional 85 

fertilizers.  86 

Creating a closed-loop, waste-to-resource system such as that of struvite recovery 87 

within the city limits and not applying it at this scale seems contradictory within the 88 

concept of urban metabolism. In this sense, the synergy between struvite precipitation 89 

in urban WWTPs and urban agriculture seems worth exploring considering the 90 

potential of the latter to blurry the lines between waste and resource within urban 91 

areas (Ferreira et al., 2018; Rufí-Salís et al., 2020a; Smit and Nasr, 1992). This article 92 

aims to assess the potential of struvite precipitated in a WWTP as a fertilizer within 93 

the framework of urban metabolism. Based on experimental and analytical results 94 

performed on a Phaseolus vulgaris crop grown in a hydroponic rooftop greenhouse, 95 

we determine the implications of fertilization with struvite in terms of yield, water 96 

flows and P balances and provide recommendations to further improve the 97 

performance of this waste-to-resource fertilizer.  98 

 99 

2. Methodology 100 

This section describes the materials and methods used in our analysis. We first present 101 

the system under study (section 2.1) along with the fertilization and experimental set-102 

up (section 2.2). The experimental and analytical assessment of the P balances is 103 

defined in section 2.3, whereas sections 2.4 and 2.5 present the validation test set-up 104 

and its most relevant results, respectively. Finally, section 2.6 presents the 105 



configuration of the determination test, which will finally provide the results for this 106 

study. 107 

 108 

2.1 Characterization of the system  109 

The present study was conducted in a rooftop greenhouse on the ICTA-ICP building, 110 

located in the campus of the Universitat Autònoma de Barcelona, 15km away from 111 

Barcelona. The building is equipped with a 900m2 rainwater harvesting system that 112 

stores water in a 100m3 tank. Most of this rainwater is used in the rooftop greenhouse 113 

(122.8m2) to irrigate crops with a hydroponic system, i.e. mixing water with nutrients 114 

before providing the solution through a dripping system (2 L/h) to the perlite 115 

substrate bags (40L capacity). The perlite substrate has a pH of 7, an electrical 116 

conductivity of 0.09 dS·m-1, a granulometry of [0-6] mm and 4 plants can be planted 117 

in each bag. 118 

2.2 Fertilization and experimental set-up 119 

Struvite granules were obtained from Aarhusvand A/S company from Aarhus, 120 

Denmark. This company distributes fertiliser grade struvite under the name 121 

PhosphorCareTM, recovered using the PhosphogreenTM technology. This technology is 122 

based on a fluidized bed reactor that creates the specific conditions to precipitate 123 

struvite through the addition of magnesium chloride, sodium hydroxide and air. The 124 

final struvite granules have a size range of 0.5-1.5 mm.  125 

Common bean plant (Phaseolus vulgaris var. Pongo) was chosen as the crop for this 126 

study, planting nursery plants (approximately 10-14 days old). To apply the struvite 127 



to the plants, we considered different possibilities. Mixing it with the nutrient solution 128 

was discarded because the system could not benefit from the slow-release 129 

characteristics of struvite. Thus, we choose to directly apply the granules to the plant 130 

roots. Considering this option, we designed a system that consisted on mixing perlite 131 

with struvite inside a low-density polyethylene perforated bag with holes of no more 132 

than 1 mm diameter (Figure SM1 in the Supplementary Materials). At the same time, 133 

this system allows the interaction between struvite granules and roots and avoids the 134 

depletion of undissolved struvite into the leachates.  135 

Two different experiments were carried out: the validation test and the determination 136 

test, both of them using double growing lines with 8 substrate bags each (Figures 137 

SM2 and SM15 in the Supplementary Materials). For control treatments, the nutrient 138 

solution applied to the crops in milligrams per litre was KPO4H2 – 136, KNO3 – 101, 139 

K2SO4 – 217.5, Ca(NO3)2 – 164, CaCl2 · H2O – 111, Mg(NO3)2 – 148.3, Hortilon – 10, 140 

and Sequestrene – 10. In treatments with struvite, the mineral P source, KPO4H2 in 141 

this case, was excluded from the initial nutrient solution. All other mineral fertilizers 142 

were maintained. 143 

2.3 Phosphorus balances 144 

To account for the P balances, Equation 1 was calculated on a plant basis for every 145 

control and struvite treatment. Figure SM1 in the Supplementary Material shows a 146 

diagram of the perforated bag with the elements displayed in Equation 1. 147 

𝑃𝑁𝑆  +  𝑃𝑆𝐼  = 𝑃𝐿𝑉 + 𝑃𝑆𝑇 + 𝑃𝐵𝑁 + 𝑃𝑆𝐹 +  𝑃𝐿𝐼𝑋  + 𝑃𝐴𝐶  (Equation 1) 148 

 149 



In Equation 1, P represents mass of phosphorus. PNS is the amount of mineral P 150 

supplied through the irrigation system during all the crop cycle. PSI is the amount of 151 

P in the form of struvite applied at the beginning of the test. PLIX is the amount of P 152 

in the leachates during all the crop cycle. PLV, PST, and PBN, represent P uptake by 153 

leaves, stem and beans, respectively. PSF is the amount of remaining undissolved P in 154 

the form of struvite at the end of the test, plus the P adsorbed in the perlite granules. 155 

Finally, PAC is the amount of dissolved P accumulated in the water retained in the 156 

substrate at the end of the crop. Three different biomass and substrate sampling 157 

dates were used in every test: 26, 54 and 78 days after planting (DAP) for the 158 

validation test and 23, 51 and 72 DAP for the determination test. 159 

The initial nutrient concentration of the substrate was verified to be negligible at the 160 

beginning of the experiment through atomic spectroscopy and elemental analysis. 161 

Samples of the fertilizer solution were collected directly from the drippers placed in 162 

the perlite bags. Leachate samples were taken from plastic drainage buckets placed 163 

on one side of each line. To determine the PNS and PLIX, the respective samples were 164 

collected three times per week and externally analyzed using ICP-OES atomic 165 

spectroscopy (Optima 4300DV by Perkin-Elmer). PSI was quantified summing the 166 

amount of perlite in a specific bag with the amount of struvite that was applied, 167 

considering weights obtained by drying two struvite samples and two perlite samples 168 

at 105°C in a furnace until reaching constant weight (reached after 3 days). PSF was 169 

quantified differently in each test. In the validation test, all 4 samples for a specific 170 

treatment were homogenized after extracting the roots, using distilled water to 171 

separate the struvite granules from the roots. After this process, two random samples 172 

were dried at 105°C in a furnace until reaching constant weight and externally 173 



analyzed using ICP-OES atomic spectroscopy. On the other hand, in the determination 174 

test, roots were shredded, homogenized and integrated within every individual 175 

substrate sample. Then, a fraction of these samples was dried and analyzed using the 176 

same method as in the validation test. 177 

PLV, and PST were determined based on the nutrient content of every plant separately. 178 

Leaves and stem were separated, sorted into paper envelopes and dried in a furnace 179 

at 65°C until reaching constant weight (reached after 7 days) before analyzing 180 

externally the concentration of P through ICP-OES atomic spectroscopy. The same 181 

methodology was applied to determine the PBN, with randomly chosen 500-gram 182 

bean samples being processed for every treatment. The P analytical results obtained 183 

for the beans were multiplied by the production obtained in every treatment to 184 

comply with the balances in a plant basis.  185 

2.4 Validation test set-up and justification 186 

From September 13th until December 3rd, 2018, 10 double growing lines were used 187 

(totalling 320 plants), distributing the treatments as showed in Figure SM2 of the 188 

Supplementary Material. The aim of this experiment was to validate and keep track 189 

of different parameters of the system. First, to check that the small, perforated bag 190 

did not have negative consequences to crop development. To do so, we split the 191 

control lines into two different treatments, VCB and VC0, using standard nutrient 192 

solution with and without the bags, respectively. Secondly, to check the correct 193 

development of bean plants with struvite in a hydroponic system, we applied different 194 

struvite amounts per plant: 5, 10, 15, 20 and 25g corresponding to the treatments 195 

tagged as V5, V10, V15, V20 and V25, respectively. Additionally, a treatment with no 196 



struvite was tagged as V0. These amounts of struvite were based on previous 197 

experiments done with the same crop species and variety in hydroponic cultivation 198 

that accounted for P uptake (Rufí-Salís et al., 2020c). One week after the first harvest, 199 

KPO4H2 was added in the nutrient solution of struvite treatments until the end of the 200 

harvest to ensure a good nutrition to the plants during the production period, which 201 

is highly demanding in P (e.g. Bender et al. 2015; Kouki et al. 2016; da Silva et al. 202 

2019). 203 

2.5 Validation test results 204 

2.5.1 Production and phenological stages 205 

The production results for the control treatments VCB and VC0 showed that the 206 

perforated bag did not have any effect on the correct crop development and yield 207 

(Figure 1 and Figure SM5), as the yields from the different lines do not differ between 208 

them (VC0_2 187.54±69.35; VCB_1 186.15±84.01 g/plant). Even though treatment 209 

VC0_1 generated more yield (224.84±91.84 g/plant), it could be attributed to the fact 210 

that it was an exterior cropping line facing the border and thus received more 211 

radiation. Similarly, VCB_2 also produced more yield (195.45±88.63 g/plant) than its 212 

replicate (VCB_1) although no significant differences where determined by the end of 213 

the experiment.  214 



 215 

Figure 1: Production (g/plant) of the control treatments in the validation test, with (VCB) and 216 
without (VC0) perforated bags for each harvest. Same letters (a,b) indicate no significant 217 
difference (p>0.05) between treatment for each harvest time. Sample size for harvests 1, 2, 3, 4  218 
and 5 (35- 54 DAP) correspons to n=28 plants, for harvests 6, 7 and 8 (63-78 DAP) n=24 plants 219 
per treatment. 220 

On the other hand, treatments with struvite (Figure SM3 and SM4 of the 221 

Supplementary Material) exerted a similar yield than the control treatments at the 222 

end of the crop. The treatment with the highest quantity of struvite (V25) had the 223 

highest production median (203.85 g/plant), while the treatment with the lowest 224 

quantity of struvite (V5) had the highest mean (216.15±93.54 g/plant). On the other 225 

hand, the treatment without struvite produced a really low yield (7.19±4.49 g/plant).  226 

The similarities in terms of yield between all struvite treatments at the end of the 227 

cycle may be related to the additional mineral fertilization during the production 228 

phase. Moreover, we can see that struvite treatments produced more than the control 229 

in the first 3 harvests (35, 39 and 42 DAP) (Figure SM6 in the Supplementary Material). 230 



This effect is similarly observed for the phenological stages (Figures SM7 to SM11 in 231 

the Supplementary Material). For the parameters that were quantified in different 232 

dates (number of leaves (Fig. SM7), side shoots (Fig. SM8). Open flowers (Fig. SM9) 233 

and floral buttons (Fig. SM10)), we can see that the treatments with struvite not only 234 

had a correct early stage development, but also develop plant organs earlier than in 235 

control treatments.  236 

 237 

2.5.2 Water  238 

We applied more water in struvite treatments (125 L/plant) than to the control (94.76 239 

L/plant) to ensure a proper dissolution of this fertilizer (Fig. SM12 – Supplementary 240 

Material). However, we can see in Figure SM13 in the Supplementary Material that if 241 

no control is taken over the water that is being irrigated, leachates emitted by the 242 

struvite treatments with higher concentrations (28.9 mg/L – V25) of this fertilizer tend 243 

to be similar to those of the control treatments. Obviously, this behaviour can only 244 

be observed before the irrigation with mineral P added during the harvesting process. 245 

Parallelly, we can see that the perforated bag mechanism did not affect the P 246 

concentration in the leachates between the control treatment C0 and CB.  247 

 248 

2.5.3 Phosphorus content 249 

Figure SM14 of the Supplementary Material shows the P content in the different plant 250 

organs as well as the content in the substrate, described as “undissolved”. P content 251 

in the stem show low variability along all treatments, with V25 having the highest 252 



(0.083±0.020g P) and V0 the lowest (0.008±0.002g P) at the end of the crop cycle. A 253 

great P accumulation was observed in the low production of the V0 treatment with 254 

a content of 0.107±0.005g P (54 DAP) in beans, which was even higher than the 255 

highest observed in the control for VC0 (0.094±0.013g P –54 DAP), although the 256 

greater content was found for treatment V25 with 0.172±0.023g P (54 DAP). The V0 257 

treatment doesn’t show P results in leaves for 54 and 78 DAP because no leaves 258 

remained in the plant at the sampling time. For this same reason, there is a lack of 259 

data in beans for 78 DAP. Finally, concentration in beans for struvite treatments was 260 

similar to the one observed in the control. For all plant organs, a pattern in the 261 

accumulation of P in the plant tissue can be observed. In the first sampling all 262 

treatments show a rather low accumulation with greater content for plants with 263 

greater struvite quantities, in some cases also for the control treatments. For the 264 

second sampling, a bigger content difference can be seen with an acute increase of 265 

the V25 P content, especially for the stems and leaves. Finally, at 78 DAT, these 266 

differences between treatments even out and only treatment V0 remains significantly 267 

reduced. This last part however, does not correspond to the undissolved P in the 268 

perlite, where the P content in the substrate directly responds to the amount of 269 

struvite given, being always higher for the V25. The control treatments receive the P 270 

through irrigation making the existing content in the substrate comparably small. 271 

2.6 Determination test set-up 272 

From September 16th until November 27th, 2019, 8 double growing lines were used 273 

(totalling 256 plants), distributing the treatments as showed in Figure SM15 of the 274 

Supplementary Material. The determination test was designed based on the results 275 

of the validation test. The treatment distribution was randomized throughout the 276 



Greenhouse avoiding the influence of climatic conditions. Thus, the struvite 277 

treatments were recalculated, applying per plant: 1, 2.5, 5, 7.5, 10, 15 and 20g 278 

corresponding to the treatments tagged as S1, S2.5, S5, S7.5, S10, S15 and S20, 279 

respectively. Struvite amounts below 5g were applied based on the yield and P 280 

content performance in the validation test for V5. Since we found that the perforated 281 

bag did not affect plant development, we only used one control treatment, tagged 282 

as CB, which used the same perforated bag as the struvite treatments. Moreover, 283 

considering the yield and phenological findings in the validation test, we decided not 284 

to apply mineral P fertilizer to the struvite treatments at any point, being struvite the 285 

only source of P to the plants.  286 

2.7 Statistical analysis 287 

The analysed data was tested for normality using the Shapiro-Wilk test p>0.05. 288 

Further on, the Levene’s test p>0.05 was used to determine homogeneity of variance. 289 

Once these parameters were validated the Duncan’s multiple range test was used to 290 

assess the statistical significance of treatments. On the other hand, non-parametric 291 

data were analysed for significance using the Kruskal-Wallis test. The significance 292 

between the treatments was marked with different letters in each plot. All statistical 293 

analyses were made with the R studio software. 294 

 295 

3. Results 296 

This section presents the results of the determination test. Section 3.2 shows the 297 

production of the control and struvite treatments. Section 3.2 presents the results in 298 

terms of amount and concentration of the water flows. Section 3.3 displays the 299 



findings related to the P amount in the substrate and the undissolved struvite. Finally, 300 

Section 3.4 zooms in and shows the P concentration in the different plant organs. 301 

 302 

3.1 Yield  303 

Figure 2 (and SM16 in the Supplementary Material for the final total yield) shows the 304 

results of the accumulated yield per number of harvests, being the sixth harvest (71 305 

DAP) the final one before uprooting the plants. Only treatments S1 (78.9 g/plant) and 306 

S2.5 (128.1 g/plant) had lower yields than the control treatment (134.6 g/plant), being 307 

the first significantly lower. On the other hand, all other treatments with 5g of struvite 308 

or above produced more than the control treatment, demonstrating the potential of 309 

struvite to produce similar or even higher yields than with mineral fertilizer, as 310 

reported by Li et al. (2019).  311 



 312 

Figure 2: Comparison  of accumulated production of fresh bean per plant (g/plant) per treatment 313 

for each harvest time. Same letters (a, b, c, d) indicate no significant difference (p>0.05) between 314 

treatment for each harvest time. Sample size for all harvests is  n=24 plants per treatment. 315 

 316 

As we can see in Figure 2, it was not until the second harvest (42 DAP) that great 317 

differences were observed between the S1 yield and the other struvite treatments, 318 

while a decrease in S2.5 yield was observed between the 4th and 5th harvest, 57 and 319 

64 DAP, respectively. Regarding the control treatment, the first harvest produced 320 

lower yield (6.31±5.71 g/plant) than even the S1 struvite treatment (9.98±8.51 321 

g/plant).  322 



 323 

Figure 3: Distribution of accumulated production per plant per harvest (DAP = days after plantin) 324 

of different treatments. Sample size for all harvests is  n=24 plants per treatment. 325 

This fact reinforces the idea that the application of struvite could be beneficial for 326 

early stage plant development, as the validation test showed better behaviour in 327 

struvite than in control in phenological variables. This fact could be related to the 328 

NH4
+ supply by struvite, which could benefit the plant root balance when combined 329 

with nitrate supply (Marschner, 1995). The fact that previous literature suggests that 330 

NH4
+ supply to common bean could be harmful for plant development (Chaillou et 331 

al., 1986; Guo et al., 2007) could be related to the amount of NH4
+ supplied. Because 332 

struvite does not only enable a slow release of P but also of NH4
+, reaching NH4

+ 333 

accumulation to harmful levels seems improbable.  334 

In terms of distribution, yields show an asymptote behaviour among treatments, 335 

where S20 produces the highest yield (g/plant) (181.41±66.16) and S1, the lowest 336 



(78.94±34.23). Figure SM16 in the Supplementary Material shows how treatment S10 337 

was detected as the exception for this tendency in terms of mean production 338 

(150.50±56.10), probably related to bias parameters like shapes in the greenhouse or 339 

a non-homogenic distribution of struvite in the perlite bag. However, boxplots 340 

represented in Figure 3 shows how the median of the final amount of yield harvested 341 

for S10 (155.70) follows the tendency, while not presenting outliers in the distribution. 342 

3.2 Water 343 

Figure SM17 of the Supplementary Materials shows that the irrigated water in the 344 

control and the struvite treatments was the same (42.5 litres per plant), while Figure 345 

4 shows the accumulated P during the entire cycle in the different water streams. The 346 

quantity of P present in the control streams is much bigger than the one in the 347 

struvite streams, with the former irrigating and leaching 2.07 and 1.41 g of P per 348 

plant for the entire crop cycle, respectively. The fact that the P leachates are one 349 

order of magnitude smaller when using struvite (maximum of 0.03 g of P per plant 350 

in S20) could be related to the slow-release characteristic of struvite reported in the 351 

literature. A clear benefit of this finding is a decrease in both P depletion and 352 

freshwater eutrophication related to the leachates flow. Moreover, if the leachates of 353 

struvite treatments do not contain a large amount of P, it means that most of the 354 

struvite has been whether taken up by the plant or remains undissolved in the 355 

substrate.  356 

When comparing Figure SM13 and Figure SM18 of the Supplementary Material, we 357 

can see that P release by struvite is highly dependent on the input water flow, 358 

represented in Figures SM12 and SM17 for the validation and determination test, 359 



respectively. Because the irrigated water was three times less in the determination 360 

test (125.2 against 42.5 litres per plant, respectively), the P observed in the leachates 361 

is less than in the validation test, considering the period where P was not supplied 362 

through mineral fertilizer in the validation test. 363 

Differences are observed within the struvite treatments in Figure 4, highly dependent 364 

on the quantity of struvite that was applied at the beginning of the crop. Treatments 365 

S1 and S2.5 stopped emitting P in the leachates just 14 DAP, which could have 366 

triggered P deficiencies. On the other hand, treatments S15 and S20 were the only 367 

struvite treatments that did not stop emitting P to the leachates flow.  368 

3.3 Substrate and undissolved struvite 369 

Figure 5 shows the distribution of P among all possible input and outputs considered 370 

in the system. At the end of the crop cycle, the control treatment supplied more P 371 

(2.07 g of P per plant) than the treatment with the highest amount of struvite (S20 - 372 

1.90 g of P per plant). Most of the P supplied in the control treatments is discharged 373 

(68%), while in the struvite treatments it still remains in the substrate.  374 

Figure 4: Distribution of accumulated phosphorus in the irrigation and leachates of different 

treatments. Rcon: P in the control irrigation stream. 

 



 375 

Figure 5: P distribution among all water, biomass and substrate flows and compartments. This 376 

amount of struvite at the end of the crop could be recovered, or the same substrate with struvite 377 

could be used for a successive crop.  378 

3.4 Biomass 379 

In terms of biomass, we can see that the concentration in percentage (Figure SM19 380 

– Supplementary Material) in all organs increases with the quantity of struvite applied 381 

to the treatment, having S15 and S20 similar concentrations in the leaves (0.70±0.13 382 

and 0.67±0.18, respectively) and stem (0.50±0.09 and 0.44±0.12, respectively). 383 

However, the control treatment with mineral fertilizer presented higher concentrations 384 

of P than all struvite treatments, also in beans (0.73±0.04). This is especially relevant 385 

in the case of beans, where the P deficiency in this organ directly affects the 386 

nutritional value of the product that is going to reach the market. 387 

4. Discussion  388 



Studying isolated parameters in agriculture only shows part of the big picture. In this 389 

sense, this section will discuss the results and tendencies that were found regarding 390 

the inputs and outputs for the control and struvite treatments and provide 391 

recommendations to practitioners based on our findings. 392 

Treatments S1 and S2.5 had lower yields than the control treatments, establishing a 393 

clear relationship between the yield and possible P deficiencies in these treatments. 394 

However, struvite remains undissolved in all treatments, even though the production 395 

and the distribution of P among plant organs was different between treatments 396 

(Figure 2). The fact that we have undissolved struvite even in treatments S1 and S2.5 397 

shows that the limitation is not only related to the quantity of struvite available, but 398 

also its dissolution (Figure 5 and Figure SM18 Supplementary Material).  399 

Because the irrigated water was three times lower in the determination test, the P 400 

observed in the leachates is lower than in the validation test, considering the period 401 

where P was not supplied through mineral fertilizer. Moreover, there is a significant 402 

amount of P accumulated in the substrate bag at the end of the treatment in the 403 

control test. This stored P will be depleted if a successive crop is planted, since the 404 

small nursery plants will not benefit from all of it due to the lower needs of a smaller 405 

plant. With the addition of irrigation the accumulated nutrients in the perlite bag 406 

would eventually be moved to the leachates. By applying struvite (and verified by the 407 

small amount of P in the leachates in struvite treatments) this P is not stored and 408 

thus, not lost. 409 

Based on the findings of this study, a well-designed struvite crop cycle needs to take 410 

into account two essential parameters. First, the quantity of struvite, considering that 411 



the quantity that remains undissolved at the end of the crop can be used again for 412 

a successive cycle. Second, the irrigation management, considering that if we modify 413 

this variable to increase the dissolution of struvite granules, we would also be 414 

increasing the P in the leachates. Moreover, since previous studies highlighted the 415 

effect of the surface area of the granules on the solubility of slow-release fertilizers 416 

(Chien and Menon, 1995; Gell et al., 2011; Li et al., 2019), the size used in our study 417 

(0.5-1.5mm) seems adequate for the balance between P supply and P lost through 418 

the leachates. Literature with higher sizes reported solubility problems that affected 419 

early plant development (Talboys et al., 2016), while studies using lower sizes or 420 

powder do not report these problems (Achat et al., 2014; Antonini et al., 2012; Bonvin 421 

et al., 2015; Gell et al., 2011). Additionally, the use of nursery plants is preferable since 422 

the struvite low dissolution has been reported to be a disadvantage when providing 423 

P to feed the transition from seeds to nursery plants (Talboys et al., 2016).  424 

Struvite supply per plant should always be above 5g for Phaseolus vulgaris, 425 

considering that more quantity of struvite would release more P into the leachates, 426 

but ensure that P is available for plants. On the other hand, we should also account 427 

for the nutritional value of the beans, considering the ultimate function is to produce 428 

yield. In this sense, P in the biomass was a variable where the control treatment had 429 

a better performance than struvite treatments. Only S15 and S20 reach a similar P 430 

amount to the control in all plant organs. For this reason, a quantity between 15 and 431 

20g of struvite, a responsible irrigation management and growing successive crops 432 

with the same substrate constitutes the best option to grow a well-designed struvite 433 

bean crop cycle. 434 

 435 



4. Conclusions 436 

On the way towards resilient cities, the recovery of scarce resources that can be 437 

utilised within the urban boundaries will play an important role, especially in the food 438 

vector. This study assessed the performance of the potential application of struvite 439 

recovered from WWTPs in hydroponic bean crops to diminish the need for external 440 

resources in urban agriculture. Three main conclusions could be drawn from this 441 

analysis. 442 

First, applying struvite in hydroponics crops equals and even increases the yield 443 

compared to mineral fertilizer while diminishing P losses in the leachates, contributing 444 

to both less nutrient depletion and eutrophication potential. In this sense, a quantity 445 

above 5g/plant of struvite was observed to be enough for correct bean plant 446 

development and yield production. 447 

Second, the input water flow was relevant in supplying enough P to the plants 448 

through dissolution using struvite. On the other hand, a correct water irrigation 449 

management is relevant to diminish P losses through overdissolution. Therefore, a 450 

balance between these two potential problems should be one of the key parameters 451 

when growing crops with struvite. 452 

Third, a great quantity of struvite remains undissolved at the end of the crop in all 453 

treatments. In this sense, planting a successive cycle or recovering the struvite of the 454 

substrate could be alternatives to not losing valuable fertilizer. 455 

Based on the findings presented in this paper, we believe that future research should 456 

focus on three different aspects. First, the role of NH4
+ supplied by struvite on plant 457 

development during the first production phase. Second, the performance of crops if 458 



successive cycles are grown using the same undissolved struvite in hydroponic 459 

systems. Third and finally, the modelling of P release by struvite based on quantity 460 

applied and input water flow. 461 
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