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ABSTRACT 14 

In a circular nutrient economy, nitrogen and phosphorous are removed from waste streams and 15 

captured as valuable fertilizer products, to more sustainably reuse the resources in closed-loops 16 

and simultaneously protect receiving aquatic environments from harmful N and P emissions. For 17 

nutrient reclamation to be competitive with the existing practices of N fixation and P mining, the 18 

methods of recovery must achieve at least comparable energy consumption. This study employed 19 

the Gibbs free energy of separation to quantify the minimum energy required to recover various N 20 

and P fertilizer products from waste streams of fresh and hydrolyzed urine, greywater, domestic 21 

wastewater, and secondary treated wastewater effluent. The comparative advantages in theoretical 22 

energy intensities for N and P recovery from nutrient-dense waste streams, such as fresh and 23 

hydrolyzed urine, were assessed against the other more dilute sources. For examples, compared to 24 

reclaiming the nutrients from treated wastewater effluent at centralized wastewater treatment 25 

plants, the minimum energy to recover 1.0 M NH3(aq) from source-separated hydrolyzed urine can 26 

be ≈40-68% lower, whereas recovering KH2PO4(s) from diverted fresh urine can, in principle, be 27 

≈13-34% less energy intense. The study also evaluated the efficiencies required by separation 28 

techniques for the energy demand of N and P recovery to be lower than the current production 29 

approaches of Haber-Bosch process and phosphate rock mining. For instance, the most 30 

energetically favorable ammoniacal nitrogen and orthophosphate reclamation schemes, which 31 

target hydrolyzed and fresh urine, respectively, require energy efficiencies >7% and >39%. This 32 

study highlights that strategic selection of waste stream and fertilizer product can enable the most 33 

expedient recovery of nutrients and realize a circular economy model for N and P management. 34 

INTRODUCTION 35 

Nitrogen and phosphorus are essential macronutrients for global food security and principal 36 

components of fertilizers. The prevailing Haber-Bosch process to fix atmospheric N2 into 37 

bioavailable ammonia, NH3, is very energy-intensive (8.9-19.3 kWh/kg-N) and accounts for 1-2% 38 

of the world’s annual energy consumption.1-3 Likewise, mining of phosphate rock, the dominant 39 

method of P production, requires large amounts of energy (0.80-1.66 kWh/kg-P).4, 5 Furthermore, 40 

phosphate deposits are a finite resource, with reserves predicted to last only 50-100 years and 41 

production projected to decline after 2033.6, 7 On top of the substantial costs of industrial fertilizer 42 

production, energy and chemicals are additionally needed to manage the nutrients downstream, 43 
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after consumption: nitrogen and phosphorus are pollutants and need to be separated from 44 

anthropogenic streams in wastewater treatment plants (WWTPs) before discharge to the 45 

environment.8-12 However, most WWTPs in the U.S. are not equipped with advanced tertiary 46 

treatments dedicated to nutrients elimination.13 When N and P are not adequately removed, the 47 

nutrients are discharged into aquatic ecosystems and can cause eutrophication, harmful algal 48 

blooms, and hypoxic dead zones, which devastate the environment and reduce biodiversity.14-17 49 

These ecotoxic environments can consequently pose public health threats as conventional drinking 50 

water treatment is ineffective in removing algal and cyanobacterial toxins.18, 19 The 51 

biogeochemical flows of both N and P are, hence, flagged as violating the safe operating space for 52 

humanity and pose high risks under the planetary boundaries framework.20 53 

The significant adulteration of natural ecosystems by nutrients emissions patently 54 

highlights the critical shortcomings of the current approach for N and P management and starkly 55 

underscores the critical need for more sustainable nutrient management.21-23  The urgency of the 56 

problem was endorsed by the National Academy of Engineers, which identified an improved 57 

system for nitrogen management as a grand challenge for the 21st century.24 There has been 58 

considerable efforts to reduce nutrient emissions from WWTPs,25-32 but majority of the methods 59 

remove nutrients from the wastewater (WW) without capture. This approach still contributes to 60 

the inefficiencies of the linear nutrient economy model, where nutrients are produced/extracted at 61 

immense costs and excess nutrients in wastewater are treated at an additional expense to avoid 62 

environmental and public health concerns. The challenges facing current nutrient management 63 

practices offer opportunities for synergistic solutions. A circular economy model advocates for the 64 

simultaneous removal and recovery of nutrients from waste-sources.33-36 N and P captured from 65 

wastewater can be recycled back into the food chain to close the nutrient loop, easing the demand 66 

for nitrogen fixation and phosphorus mining, and simultaneously alleviating potential harms to the 67 

environment and public health. The recovery of nutrients from waste streams for reuse is, therefore, 68 

a paradigm shift to a more sustainable approach for nutrient management. 69 

The recovery of nutrients from various waste streams of the cycle, including urine,9, 13, 37-70 

48 greywater,49 domestic wastewater,50-54 and WWTP effluent,55-59 has been investigated in 71 

previous studies. A simplified schematic of the wastewater cycle and the principal streams are 72 

depicted in Figure 1A. Note that the main form of nitrogen in fresh urine is urea, CO(NH2)2, which 73 

undergoes hydrolysis by naturally present urease enzymes to form ammoniacal nitrogen and 74 
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bicarbonate, yielding hydrolyzed urine after ≈2-7 d.60, 61 As the waste streams undergo biological, 75 

chemical, and physical transformations along the cycle and combine with other flows, the 76 

compositions and aqueous chemistries are significantly altered.60, 62-68 Similarly, the nutrient 77 

content can vary drastically. Figure 1B shows the concentration range of total ammoniacal nitrogen, 78 

TAN, and total orthophosphate, TOP, (shaded green and patterned red bars, respectively) for the 79 

different waste streams. The TAN and TOP concentrations span over five orders of magnitude, 80 

with the general trend, in increasing order of nutrient content, being greywater < secondary (2°) 81 

WW effluent < domestic WW < fresh and hydrolyzed urine. Therefore, the various recovery 82 

technologies are targeting sources with widely disparate nutrient contents and with N and P in 83 

different chemical forms (e.g., nitrogenous compounds include ammonia, nitrate, nitrite, and urea). 84 
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Figure 1. A) Illustrative representation of wastewater sources and streams. The constituents of domestic 87 

wastewater (WW) are blackwater, the mixture of brownwater and urine, and greywater. Domestic WW 88 

combines with waste streams from commercial and industrial sources, and may be diluted by stormwater 89 

runoff in combined sewer systems before treatment at centralized facilities. Treated effluent is 90 

eventually discharged to the environment. B) Concentration range of total ammoniacal nitrogen, TAN, 91 

and total orthophosphate, TOP, (shaded green and patterned red bars, respectively) for waste streams of 92 

greywater, fresh urine, hydrolyzed urine, domestic WW, and secondary (2°) WW effluent.60, 62-68 93 
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Waste streams that are richer in nutrients should, intuitively, favor recovery efficiency and 94 

effectiveness. The advantages of high nutrients content for recovery have been qualitatively 95 

discussed in literature,13, 39, 69 but there are currently no rigorous quantitative analyses to more 96 

precisely valuate the benefits. In contrast, energy analyses had been conducted for other 97 

environmentally-relevant separations, such as, reverse osmosis desalination, conventional thermal 98 

distillation, and membrane distillation,70-73 to reveal intrinsic limitations and thermodynamic 99 

insights of the processes. Applying similar analytical approaches to nutrient recovery can enhance 100 

fundamental understanding and shed light on the thermodynamic principles governing the 101 

separation, which can in turn inform efforts to capture N and P from the waste streams. 102 

In this study, we conduct a thermodynamic analysis of nutrient recovery from different 103 

waste streams. First, governing equations for the theoretical minimum energy required to recover 104 

nutrients, determined using the Gibbs free energy of separation, are presented. The minimum 105 

energy to recover ammonia and phosphate are quantitatively assessed for different waste streams 106 

spanning a range of nutrient content, namely source-separated urine (fresh and hydrolyzed), 107 

greywater, domestic WW, and 2° WW effluent. Energy requirements to reclaim products of 108 

different nutrient species and concentrations are then examined. The impact of recovery yield on 109 

energy demand is evaluated and practical considerations are discussed. The energy to separate and 110 

capture other forms of N, specifically, nitrate and urea, is also explored. Next, we analyze the 111 

practical efficiency needed from actual processes for nutrient recovery from wastewaters to be 112 

competitive with conventional methods of N and P production, i.e., NH3 fixation by Haber-Bosch 113 

and phosphate mining. Finally, implications of ammonia and phosphate separation from 114 

wastewaters are discussed and the benefits of nutrient recovery are highlighted. 115 

MINIMUM ENERGY OF NUTRIENT RECOVERY 116 

Gibbs Free Energy of Separation is the Minimum Energy to Recover Nutrients. In 117 

the recovery of nutrients from waste streams, the desired nutrient components of N and P are 118 

separated from the dilute feed to yield a nutrient-rich product, leaving a wastewater retentate 119 

stream less concentrated in N or P. The theoretical minimum energy required to achieve this 120 

nutrient recovery, Emin, is equal to the Gibbs free energy of separation, Gsep, which is the 121 

difference between the Gibbs free energy of the product and retentate (resultant streams), and the 122 

wastewater (initial feed), as described by eqn (1): 123 
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min sep P P R R F FE G N G N G N G      (1) 124 

where G is the molar Gibbs free energy, N is the total number of moles in each stream, and 125 

subscripts P, R, and F, denote the product, retentate, and feed streams, respectively. 126 

The molar Gibbs free energy of a mixed solution is the sum of the partial molar Gibbs free 127 

energy of the constituent species:74, 75 128 

  0 lni i i i iG x G RT x x       (2) 129 

where x and  are mole fraction and activity coefficient of species i, G0 is Gibbs free energy of 130 

formation in the aqueous solution at standard state, R is the gas constant, and T is absolute 131 

temperature. 132 

By applying eqns (1) and (2), the Gibbs free energy of separation per mole of nutrient 133 

recovered, sepG , can be expressed as: 134 

 

 

 

 

,P ,P ,P ,P ,P

R
sep ,R ,R ,R ,R ,R min

1,P P

F
,F ,F ,F ,F ,F

P

ln

1
ln

ln

i i i i i

i i i i i

i i i i i

x G RT x x

N
G x G RT x x E

x N

N
x G RT x x

N







 
 
 
 

       
 
 

    
 

 

 

 

 (3) 135 

where subscript 1 denotes the targeted nutrient component, i.e., N or P species. Therefore, with 136 

the composition and relative proportion of the feed, product, and retentate streams, the theoretical 137 

minimum energy to reclaim a mole of nutrient, minE , can be determined using eqn (3). Note that 138 

for pure products, i.e., solid minerals or unmixed liquids, the product Σxlnx term vanishes and x1,P 139 

can be replaced with n1,P, the number of N or P atoms in the chemical structure of the pure 140 

liquid/solid mineral product (n1,P = 1 for all products except for (NH4)2SO4, where n1,P = 2). 141 

Recovery yield, Y, is defined as the fraction of nutrient available in the initial feed captured in the 142 

product stream, and can be described by: 143 

 
1,P P

,P

1,F F

i

x N
Y

x N
  (4) 144 
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Note that, again, for solids and pure liquid products, x1,P is replaced with n1,P. 145 

Analysis of Minimum Energy for Nutrient Recovery. Detailed methodology to 146 

determine the molar minimum energy of nutrient recovery, minE , is discussed in the ESI and briefly 147 

presented here. Typical ranges of nutrient species mole fraction concentrations and pHs of the 148 

greywater, domestic WW, 2° WW effluent, fresh urine, and hydrolyzed urine feed waste streams 149 

are based on literature data (Table S1 in the ESI),60, 62-67 whereas x1,P and n1,P are dependent on the 150 

concentration and chemical structure of the product, respectively. Typical concentration ranges of 151 

other species in the waste streams of the analysis is presented in Table S2 in the ESI.60, 62-68 For a 152 

certain Y (and corresponding x1,P or n1,P), the retentate composition is determined by mole balance 153 

and accounting for speciation due to pH and concentration changes. I.e., the approach incorporates 154 

the effects of protonation/deprotonation on x of orthophosphates and ammoniacal nitrogen 155 

(H3PO4/H2PO4
−/HPO4

2−/PO4
3− and NH4

+/NH3(aq), respectively). To understand the influence of 156 

recovery yield on minE , Y of 0.005, 0.2, 0.5, 0.8, and 1.0 are modeled for select wastewater matrices 157 

of 2° WW effluent and hydrolyzed urine. Because the complete water chemistry of most 158 

wastewater feeds are not fully know (i.e., species composition and buffering capacity), the analysis 159 

is able to only consider the capture of an infinitesimally small amount of nutrient, i.e., Y → 0, such 160 

that the feed and retentate compositions are effectively identical. The complete equations utilized 161 

to determine the molar Gibbs free energy of separation for all scenarios in the analysis are 162 

presented in the ESI, eqns S(5)-S(20). 163 

All calculations model recovery at T = 298 K. Non-ideal behavior in solutions was 164 

accounted for using activity coefficients, i, which were determined using the Davies 165 

approximation,37 nonrandom two-liquid method,76, 77 or experimental data reported in literature,78 166 

as described in the ESI. G0 for each species i in aqueous solution can be found in Table S32 in the 167 

ESI. For pure liquids and solid minerals, the Gibbs free energy of the product is equal to the Gibbs 168 

free energy of formation at standard state, 0

P ,PfG G  (values are presented in Table S4 of the ESI). 169 

ENERGY REQUIREMENT FOR NUTRIENT RECOVERY 170 

Harvesting Ammonia from More Concentrated Waste Streams Requires Less 171 

Energy. The molar minimum energy (i.e., per mole of NH3 captured) to recover liquid ammonia, 172 

NH3(l), from different waste streams of varying TAN concentrations is calculated using eqn S(5) 173 
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of the ESI and presented in Figure 2. Yields of 1 and 0, representing complete recovery of N in 174 

the product and capture of an infinitesimally small amount of N from the feed, respectively, were 175 

analyzed (solid and dashed lines). Typical TAN concentration ranges in the various waste streams 176 

are shown as floating bars and correspond to the horizontal axis (logarithmic scale). To isolate the 177 

impact of [TAN] on minE , the analysis for Y = 1 assumes the feed waste streams to have pH << 178 

pKa of NH4
+ (9.24) and inexhaustible buffering capacity, such that the predominant form of TAN 179 

in both the feed and retentate is NH4
+; the influence of NH4

+/NH3(aq) speciation is considered in 180 

the next subsection. We note that the pH of all waste streams examined in this study, except for 181 

hydrolyzed urine, are usually well below 9.24 and, hence, TAN is mostly present as ammonium.60, 182 

62-68 183 
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Figure 2. Molar minimum energy, minE , to recover nutrient product of pure liquid ammonia as a 185 

function of waste stream TAN concentration for recovery yields, Y, of 1 and 0 (solid and dashed lines, 186 

respectively). Floating bars, corresponding to the horizontal axis (on logarithmic scale), represent the 187 

TAN concentration ranges for waste streams of greywater, secondary wastewater effluent, domestic 188 
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wastewater, fresh urine, and hydrolyzed urine. For simplification of analysis, all TAN in the waste 189 

streams was assumed to be present as NH4
+. 190 

As expected, Figure 2 demonstrates that to minimize the theoretical minimum energy 191 

to capture NH3(l), it is advantageous to target waste streams with high TAN concentrations. 192 

This trend is consistent with thermodynamic assessments of desalination, where minE  for water 193 

recovery increases with feed salinity.70, 71 The minimum energy to reclaim NH3(l) essentially 194 

decreases linearly with increasing logarithm of TAN concentration in the waste stream, i.e., 195 

minE  ≈ −log[TAN], primarily due to the lnx terms of eqn (3). The slight deviation from 196 

perfect linearity is attributed to the non-linear dependence of +
4NH

  on ionic strength (Davies 197 

approximation, eqn S(21) in the ESI).37 In other words, the reduction in minE  is not 198 

proportional to the increase in [TAN] of the feed stream. Concentrated streams, such as 199 

hydrolyzed and fresh urine, have orders of magnitude more TAN than diluted streams of 200 

domestic wastewater, secondary wastewater effluent, and greywater; however, minE  is not 201 

orders of magnitude higher when capturing N from the diluted streams compared to the more 202 

concentrated streams. For example, hydrolyzed urine is ≈140-520× more concentrated in TAN 203 

than domestic wastewater, but minE  for product of NH3(l) at Y = 0 is only 1.13-1.22× greater 204 

for domestic WW. 205 

Recovery yields of 1 and 0 exhibit similar trends, with minE  for Y = 1 approximately 3% 206 

higher than Y = 0 across the TAN concentrations investigated. As Y increases, NH3 is separated 207 

from a progressively more dilute feed stream, thus requiring more energy and the averaged 208 

molar energy of separation rises. Again, parallels can be drawn to the increasing specific 209 

energy of desalination for larger water recovery yields.15, 16 However, the magnitude of minE  210 

increase for higher nutrient recoveries is drastically smaller than for desalination, where energy 211 

requirement almost doubles when Y is raised from 0 to 0.5. Because minE  between complete 212 

recovery and capturing an infinitesimally minute amount (i.e., Y = 1 and 0, respectively) differs 213 

only by ≈3%, examination of minE  for Y = 0 is informative of practical, nonzero recovery yields. 214 
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Most of the subsequent analyses in this study evaluates minE  at Y = 0, while the impact of 215 

recovery yield on minE  will be discussed in depth in a latter section. 216 

Feed Stream pH Affects minE  by Influencing Speciation. minE  values to recover 217 

select ammonia and phosphate products from various waste streams are shown in Figures 3A and 218 

B, respectively. The N products of liquid ammonia, NH3(l), aqueous ammonia solutions at 10, 5.0, 219 

and 1.0 M, and solid precipitate of ammonium sulfate, (NH4)2SO4(s), are common commercial 220 

fertilizers.79-82 Likewise, solid precipitate P products of potassium magnesium phosphate, 221 

KMgPO4·6(H2O), struvite, NH4MgPO4·6H2O, potassium phosphate, KH2PO4, and 222 

monoammonium phosphate, NH4H2PO4, are also conventional fertilizers available in the 223 

market.82-89 Because each waste stream can be highly heterogeneous in nutrients content, 224 

concentrations of product co-species (e.g., SO4
2− is co-species for (NH4)2SO4(s) product), and pH, 225 

the resultant energy requirement spans a range of values (according to eqn (3)). The top and bottom 226 

of the floating bars represent the highest and lowest minE , respectively, for each waste stream and 227 

product pair. Detailed minE  values for all conditions, calculated using eqns S(5)-S(12), can be 228 

found in Tables S5 and S6 of the ESI. 229 
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Figure 3. Molar minimum energy, 
minE , to recover A) TAN as products of liquid ammonia, NH3(l), 10, 231 

5.0, and 1.0 M aqueous ammonia solutions, and ammonium sulfate solid, (NH4)2SO4(s); and B) TOP as 232 

mineral products of potassium magnesium phosphate, KMgPO4·6(H2O), struvite, NH4MgPO4·6H2O, 233 

potassium phosphate, KH2PO4, and monoammonium phosphate, NH4H2PO4. Waste stream sources are 234 

greywater, secondary wastewater effluent, domestic wastewater, fresh urine, and hydrolyzed urine. 235 

Floating columns indicate the 
minE  ranges that correspond to the typical span of nutrient content, 236 

product co-species concentrations, and pH reported for the waste streams. The analysis considered 237 

recovery yield of 0 for all products, i.e., an infinitesimally minute amount of nutrient is recovered from 238 

the waste stream. 239 
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As previously discussed, TAN concentration in the waste stream is a primary factor 240 

influencing minE : minimum energy to capture ammonia products is generally lower when targeting 241 

waste streams of higher [TAN], such as hydrolyzed urine, compared to more diluted streams. 242 

Additionally, minE  is also dependent on the pH of the waste stream. For a certain waste stream 243 

[TAN], minE values for the selected products are lower in N recovery scenarios with higher waste 244 

stream pH (Table S5). As an illustration, Figure 4 presents minE  for products recovered from 245 

greywater with [TAN] = 2.11×10−4 M (midpoint of concentration range), but at different pH values. 246 
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Figure 4. Molar minimum energy, minE , to recover TAN product of 1.0 M NH3(aq) and TOP product of 248 

struvite, NH4MgPO4·6H2O(s), from greywater at pH of 5.0 and 9.0 (open circle and filled square symbols, 249 

respectively). Labels above the symbols indicate the percent decrease in minE  from feed pH of 5.0 to 9.0. 250 

Mid-range greywater TAN and TOP concentrations of 2.11×10−4 M and 6.80×10−5 M, respectively, are 251 

utilized in this analysis and recovery yield of the product is 0 (i.e., an infinitesimally small quantity of 252 

nutrient is recovered from the waste stream). 253 

minE  to recover 1.0 M NH3(aq) from greywater at pH of 9.0 is 25.1% less than at pH of 5.0. 254 

Because ammonia is a weak base, which can protonate to form ammonium, the fraction of TAN 255 

present as NH3(aq) rises with increasing pH (eqn S(1) in the ESI). The standard-state molar Gibbs 256 

free energy of formation of NH3(aq) is higher than that of NH4
+ (−26.6 kJ/mol compared to −79.3 257 

kJ/mol, Table S3) and, thus, the Gibbs free energy of separation is lower for NH3(aq) than NH4
+, as 258 
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per eqn (3). Hence, recovery of the N products is thermodynamically more favorable if TAN is 259 

present as NH3(aq) in more basic waste streams. The theoretical minimum energy to reclaim N from 260 

hydrolyzed urine is significantly lower than other waste streams (Figure 3A) because of the two 261 

advantages of higher pH and greater TAN concentration. Hydrolyzed urine pH range is 9-9.2, close 262 

to or at the pKa of 9.24 for ammonium, whereas pH of the other waste streams are mostly ≈5-8.5. 263 

Also, [TAN] is 0.270-0.578 M for hydrolyzed urine, at least 67× greater than other N sources aside 264 

from fresh urine (still 5.5-32.2× higher). However, the energy benefits for (NH4)2SO4(s) recovery 265 

from hydrolyzed urine are less pronounced (Figure 3A), because N is captured as NH4
+. 266 

Converting NH3(aq), the predominant TAN species in hydrolyzed urine, to ammonium increases 267 

Gsep and offsets the beneficial G0 effect. Overall, waste streams with both high TAN 268 

concentration and pH offer the smallest minE  to overcome for N recovery; of the waste streams 269 

examined here, hydrolyzed urine is the most optimal. 270 

Among the N products evaluated, minE  is generally highest for NH3(l), followed by 10 M 271 

NH3(aq), 5.0 M NH3(aq), 1.0 M NH3(aq), and then (NH4)2SO4(s) (Figure 3A). For the aqueous 272 

ammonia solutions, minE  decreases with lower product concentration. This is reflected in eqn S(7) 273 

and also intuitively understood: a more dilute product stream requires less separation from the feed 274 

and, hence, demands less energy. For the pure products of NH3(l) and (NH4)2SO4(s), minE  is largely 275 

dependent on the Gibbs free energy of formation of the product, 
0

,PfG  (Table S4 in the ESI), with 276 

a lower 
0

,PfG  contributing to a smaller minE . Because 
 4 4 s2 ( )NH S

0

O,f
G  << 

3 )l(

0

NH,fG , recovering 277 

(NH4)2SO4(s) is thermodynamically more favorable than NH3(l). 278 

Rational Selection of Waste Stream Feed and Products Minimizes Energy for 279 

Nutrient Recovery. Similar trends are also observed for TOP recovery (Figures 3B and 4). Note 280 

that because magnesium precipitates out from urine during hydrolysis,60, 61, 90 [Mg2+] in hydrolyzed 281 

urine is practically negligible and, hence, recovery of Mg-based P products, NH4MgPO4·6H2O(s), 282 

and KMgPO4·6H2O(s), were not analyzed. Higher concentrations of TOP and product co-species 283 

(TAN, K+, and Mg2+) in the waste stream lowered minE . TOP concentrations in the waste stream 284 

follow the trend: greywater < secondary wastewater effluent < domestic wastewater < hydrolyzed 285 

urine < fresh urine, resulting in minE  values largely following the reverse trend, i.e., P recovery 286 
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from fresh urine generally has the lowest minE . However, one deviation is the separation of 287 

NH4H2PO4(s) from hydrolyzed urine. This is due to the low concentration of the product co-species, 288 

NH4
+, significantly contributing to minE . Although fresh urine is richer in TOP (1.13-1.57×), [TAN] 289 

is only 0.067-0.085 that of hydrolyzed urine. 290 

Despite fresh urine having significantly higher [TOP], the molar minimum energies of 291 

recovery for struvite, NH4MgPO4·6H2O(s), and potassium magnesium phosphate (KMP), 292 

KMgPO4·6H2O(s), are comparable with the lower minE  range for the more dilute streams of 293 

domestic WW, 2° WW effluent, and greywater. This is because P is present in struvite and KMP 294 

as PO4
3−, the least protonated form of phosphate, and a greater portion of TOP in the feed exists 295 

as PO4
3− at higher pHs. The pH range for fresh urine (6-7.5) is lower than domestic wastewater 296 

and secondary-treated wastewater effluent (6.5-8.5 and 6.8-7.7, respectively) and is considerably 297 

below the high-end of greywater (pH = 9). In the recovery of struvite and KMP from fresh urine, 298 

the deprotonation of H2PO4
− (predominant species below pH of 7.2) to PO4

3− increases Gsep, and 299 

partially nullifies the benefits of the high [TOP]. Therefore, minE  is not substantially lower than 300 

other waste streams at higher pH (Table S6). The impact of pH on minE  is further illustrated by 301 

Figure 4, which shows minE  of struvite recovery from greywater at pH = 5.0 and 9.0. minE  at pH 302 

= 9.0 is markedly depressed (−33.2%) relative to pH of 5.0. As the dominant forms of phosphate 303 

at pH = 5.0 and 9.0 are H2PO4
− and HPO4

2−, respectively, less energy is required for the conversion 304 

to PO4
3− with the more basic feed stream. This trend is observed for struvite and KMP across the 305 

different waste streams (Table S6) and also corroborated by experimental observations that the 306 

two minerals precipitate more readily in higher pH solutions.91 In contrast, the effect of pH on 307 

minE  is negligible for KH2PO4 and NH4H2PO4, where P is present as H2PO4
− (Table S6). 308 

The most thermodynamically favorable products for P recovery are KH2PO4(s) and 309 

NH4H2PO4(s), followed by NH4MgPO4·6H2O(s) and KMgPO4·6H2O(s), with minE  primarily 310 

affected by the phosphate identity (H2PO4
− or PO4

3−) and feed concentrations of product co-species 311 

(specifically Mg2+). The acid dissociation constants of phosphoric acid are 2.2, 7.2, and 12.4. For 312 

the waste streams investigated here, the typical pH ranges between 5 and 9.2. Hence, the 313 

predominant phosphate species are H2PO4
− or HPO4

2−. Because the conversion of the predominant 314 
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phosphate species to H2PO4
− (no reaction or protonation of one H+) needed to form KH2PO4(s) and 315 

NH4H2PO4(s) requires less energy than the conversion to PO4
3− (deprotonation of one or two H+), 316 

minE  is larger for struvite and KMP. Furthermore, the formation of struvite and KMP require Mg2+ 317 

in additional to NH4
+ and K+, respectively. The separation of Mg2+ from waste streams with low 318 

[Mg2+] adds to the energy cost, hence, contributing to the greater minE  for NH4MgPO4·6H2O(s) and 319 

KMgPO4·6H2O(s). 320 

For nutrient recovery from waste streams, it is advantageous to minimize energy 321 

requirements, thus a low minE  is desirable. The main factors influencing the molar minimum 322 

energy for nutrient recovery are: nutrient concentrations in the feed, waste stream pH, and co-323 

species in the product. To minimize minE , waste streams and products can be strategically targeted. 324 

Hydrolyzed urine and fresh urine, which contain the highest concentrations of TAN and TOP, 325 

respectively, are almost always the most optimal streams for TAN and TOP recovery. However, 326 

depending on the product, certain waste streams may be better suited because of the more favorable 327 

pH and co-species concentration. Therefore, the selection of product should be informed by the 328 

pH, availability of nutrients, and co-species in the specific waste stream. 329 

Impact of Nutrient Recovery Yields on Minimum Energy of Recovery. Previous 330 

analysis modeled minE  for capturing various products from different waste streams at Y = 0. 331 

However, actual nutrient recovery will have nonzero recovery yields. Figure 5 shows minE  of 332 

select ammonia products of 1.0 M NH3 aqueous solution and NH3(l) (open and filled symbols, 333 

respectively) from two waste streams of secondary wastewater effluent and hydrolyzed urine (blue 334 

square and orange circle symbols, respectively) as a function of NH3 recovery yield. As discussed 335 

previously, at Y = 0, i.e., infinitesimally small NH3 recovery, the pH and TAN speciation in the 336 

feed and retentate are essentially equal. However, at higher recovery yields, the pH and TAN 337 

speciation in the retentate stream differ significantly from the feed stream. Therefore, to calculate 338 

minE  for Y > 0, the speciation of TAN (i.e., fraction of TAN as NH3(aq) and NH4
+, denoted by 

3NH  339 

and 
4NH

  , respectively) in both the feed and retentate stream must be considered in conjunction 340 

with the TAN material balance (i.e., 
TAN,F F TAN,RXN RXN TAN,P P TAN,R Rx N x N x N x N   ). 341 
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Figure 5. Molar minimum energy, minE , to recover NH3 as products of liquid ammonia, NH3(1), or 1.0 343 

M NH3(aq) aqueous solution (filled and open symbols, respectively) from secondary wastewater effluent 344 

and hydrolyzed urine (blue square and orange circle symbols, respectively) as a function of recovery 345 

yield, Y (0, 0.005, 0.2, 0.5, 0.8, and 1). The mid-range TAN and pH of 2° WW effluent and hydrolyzed 346 

urine were utilized for this analysis. 347 

For scenarios with secondary wastewater effluent (blue square symbols), the feed stream 348 

pH << pKa, which results in nearly complete predominance of NH4
+ over NH3(aq) (i.e., 

4NH
1    349 

and 
3NH 0  ). Because removing basic NH3 leaves the remaining solution more acidic, pH of the 350 

retentate stream is always lower than the feed stream pH. Therefore, TAN speciation in the feed 351 

and retentate streams for 2° WW effluent are essentially equal, with +
4NH ,R

  ≈ +
4NH ,F

  ≈ 1 and 352 

3NH ,R  ≈ 
3NH ,F  ≈ 0. Increasing Y results in a slight increase in minE  for both NH3(l) and 1.0 M 353 

NH3(aq) recovery. This trend is consistent with Figure 2, which also simulated waste streams with 354 

NH4
+ as the predominant form of TAN. Importantly, minE  only marginally increases (< 4%) 355 

between Y = 0 and 1. Thus, actual nutrient recovery applications can take advantage of this by 356 

striving for higher yields without significantly raising the theoretical energy requirement. 357 
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For hydrolyzed urine (orange circle symbols in Figure 5), the feed pH is near the pKa of 358 

ammonium, such that 
3NH  ≠ 0. Thus at Y > 0, TAN speciation in the feed and retentate streams 359 

differ significantly, i.e., 
3NH ,R  ≠ 

3NH ,F  and 
4NH ,R

   ≠ 
4NH ,F

  . An in-depth discussion of 360 

methodology to account for this differing speciation can be found in the ESI. In contrast to 2° WW 361 

effluent, the trends for minE  of NH3(l) and 1.0 M NH3(aq) recovery from hydrolyzed urine are not 362 

monotonic, but instead exhibit L-shaped rebounds with initial sharp decreases and followed by 363 

gradual increases. This signifies that reclaiming the first molecule of NH3 from hydrolyzed urine 364 

requires, in theory, more energy than the next molecules until a certain amount of ammonia is 365 

recovered and, thereafter, capturing every additional NH3 molecule requires more energy than the 366 

last. In contrast to secondary wastewater effluent, minE  of hydrolyzed urine changes significantly 367 

as a function of recovery yield. The distinction between minE  trends of the two waste streams is 368 

due to the disparate speciation of TAN in the retentates. For 2° WW effluent scenarios, 
4NH ,R

   369 

and 
3NH ,R  are effectively independent of Y and, therefore, the concentration of both NH4

+ and 370 

NH3(aq) in the retentate consistently decrease with higher yields. However, for hydrolyzed urine 371 

scenarios, pH of the retentate significantly declines at higher yields and, thus, 
4NH ,R

  increases 372 

and 
3NH ,R  decreases (see ESI Tables S8 and S9 for pH and speciation in the feed and retentate at 373 

different Y, for products of NH3(1) and 1.0 M NH3(aq), respectively). Because the magnitude of the 374 

Gibbs free energy of formation for NH4
+ is much greater than NH3(aq) (−79.3 and −26.6 kJ/mol, 375 

respectively), NH4
+ is the thermodynamically preferred form of TAN in solution. This results in 376 

competing factors affecting minE : TAN in the retentate decreases with increasing yield, which 377 

drives minE  to increase, but this is countered by the reduction in minE  as the fraction of TAN 378 

present as NH4
+ in the retentate increases with increasing yield. At low Y, the latter factor is more 379 

dominant, thus explaining the initial dip in minE . With greater Y, retentate pH drops and NH4
+ 380 

becomes increasingly predominant over NH3(aq). Beyond a certain point, the former factor 381 

dominates and minE  increases. Further quantitative analysis and a more detailed discussion can be 382 

found in the ESI. 383 
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Nitrate and Urea are Other Forms of Nitrogen Suitable for Recovery. In 384 

addition to ammoniacal products of NH3(l), NH3(aq), and NH4SO4(s), N can be recovered in other 385 

forms, such as nitrate, NO3
−, and urea, CO(NH2)2.80, 82 Nitrate is present in greywater, domestic 386 

wastewater, and secondary wastewater effluent (but is only present in negligible amounts in fresh 387 

or hydrolyzed urine), whereas urea is excreted in fresh urine (upon storage, the compound 388 

hydrolyzes into TAN and bicarbonate and, thus, urea is not present in significant quantities in the 389 

other waste streams). Figure 6 shows the range of molar minimum energies to reclaim aqueous 390 

and solid products containing NO3
− from 2° WW effluent, as well as aqueous and solid urea from 391 

fresh urine. Based on complied literature data, nitrate concentration in secondary wastewater 392 

effluent spans from 0.0714-1.42 mM and urea concentration range in fresh urine is 126-265 mM 393 

(252-530 mM-N).60, 62-68 To calculate minE  for 1.0 M KNO3(aq), 1.0 M NH4NO3(aq), KNO3(s), and 394 

NH4NO3(s) recovery from 2° WW effluent, eqns S(13), S(14), S(15), and S(16) were used, 395 

respectively; to calculate minE  to recover 1.0 M CO(NH2)2(aq) and  CO(NH2)2(s) from fresh urine, 396 

eqns S(17) and S(18) were utilized, respectively. Note that, for every mole of product, CO(NH2)2 397 

and NH4NO3 contain 2 moles of N, whereas KNO3 has only 1 mole of N. 398 
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Figure 6. Molar minimum energy, minE , to recover different N products from waste streams of 400 

secondary wastewater effluent and fresh urine. Products recovered from 2° WW effluent are 1.0 M 401 

KNO3(aq), 1.0 M NH4NO3(aq), KNO3(s), and NH4NO3(s), whereas products reclaimed from fresh urine are 402 

1.0 M aqueous urea solution, CO(NH2)2(aq), and solid urea, CO(NH2)2(s). Patterned and shaded columns 403 

denote aqueous and solid products, respectively. Floating columns indicate the minE  ranges that 404 

correspond to the typical span of nutrient content, product co-species concentrations, and pH reported 405 

for the waste streams. The recovery yield is 0 for all products, i.e., an infinitesimally minute amount of 406 

nutrient is recovered from the waste stream. 407 

The recovery of urea products from fresh urine is less energy demanding than the recovery 408 

of nitrate products from secondary wastewater effluent. This is attributed to urea being over 100-409 

fold more concentrated in fresh urine than nitrate and the product co-species (NH4
+ and K+) are in 410 

2° WW effluent. As discussed previously, minE  is lower when capturing products from a more 411 

concentrated waste stream. For the aqueous products, minE  is lowest for CO(NH2)2(aq) followed by 412 

NH4NO3(aq), then KNO3(aq). For solid products, NH4NO3(s) recovery from secondary wastewater 413 

effluent has the highest minE . This is because the Gibbs free energy required to form solid NH4NO3 414 

from the initial species of aqueous NH4
+ and NO3

− in the feed is greater than for CO(NH2)2(s) and 415 

KNO3(s) (Table S10 in the ESI). Generally, the recovery of 1.0 M aqueous products are 416 

thermodynamically more favorable than pure solids. This can be intuitively understood: producing 417 

solids requires the separation of all the water from the minerals, whereas less water needs to be 418 

removed to yield aqueous solutions. Furthermore, ordering free ions in aqueous solution into a 419 
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solid crystal lattice incurs an additional entropic energy penalty, which further raises minE . 420 

However, there can be exceptions to the rule. Specific scenarios of pH-dependent speciation in the 421 

feed and Gibbs free energy of formation of the solid product can yield opposite trends. An example 422 

of such a deviation is the higher minE  for the recovery of 1.0 M NH3(aq) than for NH4SO4(s) (Figure 423 

3). 424 

The minE  values to reclaim aqueous nitrate products, 1.0 M KNO3(aq) and 1.0 M NH4NO3(aq), 425 

from 2° WW effluent are less than 1.0 M NH3(aq) recovery from hydrolyzed urine, which is the 426 

lowest minE  for aqueous TAN recovery in Figure 3. minE  values to recover solid nitrate products, 427 

KNO3(s) and NH4NO3(s), from 2° WW effluent are also comparable to or lower than recovery of 428 

TAN product (NH4)2SO4(s) from all waste streams other than fresh and hydrolyzed urine. These 429 

comparisons suggest that, in principle, recovering nitrate from 2° WW effluent may be an equally 430 

or more favorable alternative to TAN recovery. However, the Gibbs free energy to reduce nitrate 431 

to the bio-preferred form of N—ammonia, NH3—is 591 kJ/mol.3 The additional energy 432 

requirement to reduce the oxidation state of N from +5 to −3 (8 electrons) is an order of magnitude 433 

higher than minE  for TAN recovery. The better suitability of NH3 as a fertilizer and the huge energy 434 

cost to convert nitrate to ammonia, thus, indicate that targeting TAN over NO3
− would be more 435 

prudent for nutrient recovery. minE  values to capture urea as aqueous and solid products from fresh 436 

urine are significantly lower than the different TAN product and waste stream pairing examined 437 

here. Specific pros and cons of different nitrogen fertilizers aside,92-94 the theoretically less energy-438 

intensive path provides impetus to pursue the realization of urea recovery from fresh urine. 439 

Presence of Other Species in Wastewater Matrix Marginally Increases 440 

Energy Demand for Nutrient Recovery. Analyses presented earlier consider the feed streams 441 

as simplified solutions containing only species required for the product (i.e., nutrients and co-442 

species), in addition to H2O, OH−, and H+. However, actual waste streams are complex water 443 

matrices with many other solutes, including different ions and neutral compounds. Na+ and Cl− are 444 

two prominent ionic species universally present in all the examined waste streams (e.g., NaCl 445 

concentrations in secondary wastewater effluent and hydrolyzed urine are 1.41-17.4 and 64.9-119 446 

mM, respectively). To quantify the influence of species passive, such as NaCl, to the nutrient 447 

recoveries minE  values are evaluated for the capture of NaCl-free NH3(l) and 1.0 M NH3(aq) from 448 
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secondary wastewater effluent and hydrolyzed urine using eqns S(6) and S(7) (with 0 mM NaCl) 449 

and eqns S(19) and S(20) (with 9.40 and 88.9 mM NaCl in the feeds, respectively). Because the 450 

recovered products do not contain the passive species NaCl, the difference in minE  signifies the 451 

additional energy to separate the nutrients from Na+ and Cl− present in the waste streams. In this 452 

analysis, mid-range TAN content, NaCl concentration, and pH of the waste streams were utilized. 453 

Detailed results are presented in Table S11 in the ESI. 454 

The inclusion of passive species in the determination of minE results in only miniscule 455 

added energy requirements of 0.10-1.89% across the investigated scenarios. When NaCl in the 456 

waste stream is considered, minE  is marginally higher due to the additional energy to separate TAN 457 

from Na+ and Cl−, in addition to H2O. However, because NaCl is present at substantially lower 458 

concentrations compared to H2O at ≈55 mol/L (i.e., the waste streams are >99% water, even for 459 

the most saline feeds), this increase is minimal. Therefore, the ubiquitous presence of passive 460 

species in the waste streams has a negligible impact on the theoretical energy to recover N and P 461 

nutrients. Nonetheless, the purity of the product and the presence of undesired species, such as 462 

Na+, are important metrics for the resultant fertilizers. 463 

Energy Intensity of N and P Recovery from Waste Streams can be 464 

Competitive with Conventional Nutrient Production. The energy demand discussed so far 465 

is the theoretical minimum, but in practical nutrient recovery processes, the actual energy required 466 

to capture N and P will be higher than minE  due to inevitable inefficiencies of the recovery 467 

techniques. This analysis examines the practical molar energy of recovery, pracE , defined as the 468 

energy required to recover a mole of nutrient using a putative practical process with an assumed 469 

efficiency of , i.e., prac minE E  . Figures 7A and B present pracE  as a function of  for 470 

harvesting TAN and TOP products, respectively, from different waste streams. For each nutrient, 471 

two products minE  were selected to illustrate a range of energy demand, namely pure liquid 472 

ammonia and 1.0 M aqueous ammonia solution for N and solid precipitates of potassium 473 

magnesium phosphate and potassium phosphate for P. For the waste streams, a centralized source 474 

of secondary wastewater effluent and a decentralized source of either hydrolyzed urine or diverted 475 

fresh urine for N and P, respectively, were selected for quantitative comparisons. Mid-range minE  476 



22 

values from Figure 3 were used and recovery yield Y → 0, i.e., an infinitesimally small amount of 477 

nutrient is reclaimed from the waste stream. The ranges of energy costs for conventional linear 478 

economy approaches to nutrient production, i.e., Haber-Bosch for N-fixation1-3 and mining and 479 

beneficiation for phosphate,5, 8 are also depicted as shaded green regions. 480 
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Figure 7. Practical molar energy, pracE as a function of efficiency,  , for an actual process to recover 482 

A) TAN from hydrolyzed urine and secondary wastewater effluent as 1.0 M NH3(aq) and NH3(l) and B) 483 

TOP from fresh urine and secondary wastewater effluent as KMgPO4·6H2O(s) and KH2PO44(s). Mid-484 

range minE  values were used and Y → 0, i.e., an infinitesimally small amount of nutrient is recovered 485 

from the waste stream, for all scenarios. Note that pracE  at  = 100% is equivalent to minE . For 486 
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comparison, the range of energy costs required for N-fixation by the Haber-Bosch process (448-973 487 

kJ/mol-N)1-3 and phosphate rock mining and beneficiation (89-185 kJ/mol-P)5, 8 are shown as shaded 488 

green areas in A and B, respectively. 489 

The high energy intensity of nitrogen fixation by the Haber-Bosch process and the 490 

relatively low minE  signify that TAN recovery from the different waste streams can be competitive 491 

across a large range of process efficiencies (lines below green shaded region of Figure 7A). 492 

Harvesting TAN as 1.0 M NH3(aq) from hydrolyzed urine requires  as low as 7% (dashed orange 493 

line, Figure 7A). Even the more energy demanding recovery of NH3(l) from secondary wastewater 494 

effluent can be competitive with separation techniques of efficiencies >25% (solid blue line). As 495 

comparisons, the energy efficiencies of reverse osmosis desalination and liquid-liquid extraction 496 

are around 25% (for 10-fold concentration, approximately equivalent to recovery yield of 0.9).95 497 

We note that the minE  values utilized for this analysis are for Y → 0. Even for practical recovery 498 

yields >> 0, the elevation of minE  is only marginal at most, as previously discussed (Figures 2 and 499 

5), and, hence, the increase in required energy efficiencies of the actual processes are expected to 500 

be modest. 501 

In contrast, the substantially lower energy cost of conventional P production significantly 502 

constrains the energy efficiencies for recovery techniques to be competitive. KH2PO4(s) recovery 503 

from fresh urine and 2° WW effluent need  greater than 39% and 59%, respectively, to have 504 

lower energy requirements than current phosphate mining and beneficiation (dashed orange and 505 

blue lines, Figure 7B). However, for KMgPO4·6H2O(s) recovery, the energy requirement can, at 506 

best, be comparable with the conventional approach for P production, even with highly efficiency 507 

methods of  > 60% (solid orange and blue lines). Therefore, the strategic selection of waste stream 508 

and nutrient product are imperative to maximize the chances of success for competitive phosphate 509 

recovery. 510 

IMPLICATIONS 511 

A circular economy espouses cyclical material flows.96 The approach, hence, promotes the 512 

recovery of nutrients from discard streams for reuse, to lower industrial N production and P mining 513 

from the current unsustainable levels, and concomitantly protect aquatic environments from 514 

harmful N and P emissions. To realize viable implementation, the methods for nutrient recovery 515 
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from waste streams must be competitive with existing practices across key metrics, including 516 

energy requirements. This study analyzed the thermodynamics of the separations to identify the 517 

minimum energy requirements for various nutrient recovery schemes employing different waste 518 

streams as the feed, targeting diverse fertilizer products, and achieving a range of recovery yields. 519 

The analysis quantified lower theoretical energy intensities of N and P recovery from nutrient-rich 520 

sources, such as diverted fresh and hydrolyzed urine, and indicates that waste stream pH and 521 

speciation of components are important factors affecting the separation that need to be considered 522 

in the product selection and design of actual nutrient recovery processes. The analytical approach 523 

for thermodynamic evaluation presented here can inform the strategic selection of waste stream, 524 

fertilizer product, and recovery yield, to enhance the competitiveness of nutrient recovery on the 525 

energy-intensity metric. The specific results and/or the general approach for determination of 526 

energy requirements presented here can be employed in life-cycle assessments to more 527 

comprehensively evaluate the environmental impacts associated with all the stages of nutrient 528 

recovery from waste streams. 529 

The study also sheds light on the potential practical energy requirements of actual nutrient 530 

recovery using technologies with various efficiencies. Importantly, the separation processes need 531 

to operate above certain efficiencies for energy demand of N and P recovery to be lower than the 532 

conventional linear economy production methods, i.e., Haber-Bosch for N fixation and phosphate 533 

rock mining. For instance, ammoniacal nitrogen recovery from hydrolyzed urine, generally the 534 

least energy-intense TAN reclamation among the scenarios investigated here, only requires 535 

efficiency >7%. The use of urine as the feed source has additional benefits of reduced pathogen 536 

and heavy metal concentrations compared to other waste streams.69, 97, 98 Further, urine contains 537 

approximately 80% and 50% of the N and P in human excretions, respectively.69, 98  Thus, N and 538 

P recovery from urine can enable significant reductions in nutrient loading to WWTPs and, 539 

ultimately, aquatic environments. Compared to nitrogen recycling, phosphorous reuse is more 540 

challenging. Because concentrations in the waste streams are inherently lower and typical fertilizer 541 

products are pure solid minerals, the theoretical minimum energy of phosphate recovery is 542 

significantly greater. The relatively smaller energy cost of current P mining practices further 543 

compounds to the difficulty of the task, necessitating recovery processes to have higher 544 

efficiencies in order to be competitive. Technologies with energy efficiencies >39% are needed 545 

even for the least demanding orthophosphate separation and capture from fresh urine. However, 546 
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with phosphate reserves unceasingly depleting and high-grade ores rapidly exhausted, energy 547 

expenditures for mining are expected to surge.7, 99 Furthermore, nutrient recovery has the 548 

additional benefit of environmental protection. Therefore, P recovery from waste streams will 549 

likely become increasingly attractive compared to the conventional linear economy approach. 550 

Nevertheless, the development of more energy efficient technologies will enhance the accessibility 551 

of nutrient recovery from waste streams. 552 

To put in perspective the benefits of a circular economy approach for nutrient management 553 

over the existing linear economy model, we performed a first-order estimation of the potential 554 

energy savings achievable through supplementing current fertilizer production with nutrient 555 

recovery from waste streams. In 2017, the International Fertilizer Association estimated global 556 

nutrient demands of 7,930 ×109 mol-N and 148 ×109 mol-P.100 Given the respective concentrations 557 

of N and P in hydrolyzed and fresh urine, the world population of 7.6 billion in 2017,101 and 1-2 558 

L/d of urine produced per person, around 748-3,208 ×109 mol-N and 54-267 ×109 mol-P were 559 

excreted in urine annually. Therefore, in principle, 9-40% and 36-180% of the N and P fertilizer 560 

markets, respectively, could be supplemented by TAN and TOP reclaimed from urine. The 561 

recovery of half of the available TAN in hydrolyzed urine as 1.0 M NH3(aq) using techniques 562 

achieving 50% efficiency can notionally reduce the global energy demand for industrial N 563 

production by 4.6-20.0%. Similarly, using recovery technologies that are 50% efficient to capture 564 

half of the TOP in fresh urine as KH2PO4(s) can presumably reduce the energy required to produce 565 

P fertilizer by 4.0-15.9%. The sizable energy savings and significant environmental benefits of 566 

capturing N and P from waste streams, particularly urine, for reuse provide compelling justification 567 

for the broad implementation of nutrient recovery. 568 
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