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20 Abstract

21 Human urine has a high chemical oxygen demand (COD) content which makes 
22 anaerobic treatments potentially appropriate for the management of yellow waters, 
23 allowing for energy recovery. However, its high N content makes this treatment 
24 challenging. The present work studied the viability of performing an anaerobic 
25 digestion process for COD valorization on a real (not synthetic) urine stream at 
26 laboratory scale. To deal with nitrogen inhibition, two different ammonia extraction 
27 systems were proposed and tested. With them, a proper evolution of acidogenesis and 
28 methanogenesis was observed. Nitrogen was recovered in the form of ammonium 
29 sulphate, which could be used for agriculture, in two different ways: ammonia 
30 extraction from the urine stream before feeding the reactor and in situ extraction in the 
31 reactor. The first method, which proved to be a better strategy consisted in a desorption 
32 process (NaOH addition, air bubbling and acid (H2SO4) absorption column, HCl for 
33 final pH adjustment) whereas the in situ extraction in the reactor consisted of an acid 
34 (H2SO4) absorption column installed in the biogas recycling line of both reactors. Stable 
35 methane production over 220 mL/g COD was achieved and methane content in the 
36 biogas was stable around 71 %. 
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44 1. Introduction

45 Global demand of water, energy, fertilizers and other materials is constantly increasing 

46 due to the rapid growth of world population since the twentieth century. This can derive 

47 in severe environmental problems such as depletion of resources, increase of pollution 

48 and accumulation of residues. At the same time, and as a reaction to this, the last 

49 decades have seen an increasing interest on resource recovery from different kind of 

50 wastes. The trending concept of Circular Economy, which has gained very much 

51 attention in the last years [1], reflects the objective of accomplishing sustainable 

52 development by replacing the “end-of-life” concept with reducing, reusing, recycling 

53 and recovering materials. The application of the Circular Economy principles in the 

54 field of urban wastewater treatment encourages to recover not only water but also 

55 energy and nutrients from the wastewater.

56 Urban wastewaters can be classified into yellow water (urine), brown water (feces), 

57 black water (toilet wastewater, i.e. yellow water and brown water) and grey water 

58 (domestic wastewater that does not come from toilets). Source separation constitutes a 

59 promising solution for facing current environmental problems derived from wastewater 

60 generation, since treating concentrated and unmixed solutions is more resource efficient 

61 than treating highly diluted combined solutions [2]. For example, grey water constitutes 

62 70 % of the generated volume of wastewater and has a high reuse potential due to its 

63 low pollution level. On the other hand, black waters show a high organic matter content, 

64 thus making anaerobic treatment a very advisable option for them. De Graaf et al. [3] 

65 achieved 78 % COD removal treating black waters in an anaerobic UASB reactor, while 

66 recovering the wastewater energy content in the form of biogas.

67 Yellow waters contain around 70 % of the total urban wastewater nitrogen content and 

68 40 % of the phosphorus [4], which makes them very suitable for nutrient recovery 

69 processes following the principles of circular economy. The main application for 

70 recovering nutrients in yellow waters is the production of fertilizers, mainly via struvite 

71 precipitation [5]. Struvite crystallization is a fast and reliable process that allows 

72 phosphorus recovery and has been studied by several authors. See [6-8]. At the same 

73 time, however, human urine has a high COD content of about 7-11 g COD/L, which 

74 also needs to be removed during its treatment and makes an anaerobic treatment 

75 appropriate for it. COD removal improves the performance of further struvite 
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76 crystallization process. However, an issue needs to be taken into consideration: the 

77 presence of high nitrogen concentration could cause the inhibition of the anaerobic 

78 process because of high free ammonia concentrations. See [9-10].

79 Anaerobic processes have been widely used in the field of wastewater treatment. They 

80 generate biogas that can be used for electricity generation, therefore reducing the carbon 

81 footprint of the process. Methane content of the biogas depends on different parameters 

82 (temperature, pH, TSS concentration and acclimation, waste and reactor characteristics, 

83 etc.). Apart from black waters, also sewage sludge, industrial wastewaters with high 

84 organic loads and some farm residues have proved to be good substrates for anaerobic 

85 digestion [8, 11, 12]. Different authors have reported a biogas production increase after 

86 the addition of human urine to the anaerobic digestion process of other wastes (Liu et 

87 al., 2022, Haque, 2006). Eduok et al. (2018) also proved urine to be a promising wetting 

88 and buffering agent to enhance biogas production. However, to our knowledge, and in 

89 spite of its high occurrence and availability, no studies on anaerobic digestion of yellow 

90 water exist to this date. On the other hand, the influence of urine characteristics on 

91 process stability and performance is still not well known. For instance, studies on free 

92 ammonia inhibition on methanogenic archaea show very different values, proving that 

93 this phenomenon depends on different factors such as the inoculum used or the 

94 acclimation period. See [8, 9].

95 The present work studied the viability of performing an anaerobic digestion process for 

96 COD valorization and N recovery on a non-synthetic yellow water stream at laboratory 

97 scale. In order to deal with nitrogen inhibition, two different ammonia extraction 

98 strategies were proposed and tested: in situ (i.e., from the reactor) and in feed (from the 

99 urine, before it was fed to the reactor). The influence of different operational parameters 

100 such as sludge retention time or nitrogen extraction system, and environmental factors 

101 such as pH or ammonium content was identified and quantified.

102 2. Material and methods

103 2.1 Setup descriptions and experimental procedure

104 Yellow wastewater
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105 Source separated yellow wastewater was obtained from collecting campaigns performed 

106 every two weeks. Urine was analyzed and stored at 4 ºC after subjecting it to dilution 

107 1:4, which is a typical value for separated toilets.  

108 Average values for COD, pH and nutrient content of the mixed urine collected during 

109 this work are shown in Error! Reference source not found.. As expected, TN and 

110 COD values were high. Nitrogen is present in recently collected urine in the form of 

111 organic compounds and therefore the difference between parameters TN and NH4 is 

112 considerable. Analysis demonstrated that storage did not change the urine Total 

113 Nitrogen nor COD content (data not shown), although it increased ammonium 

114 concentration as well as pH, due to the hydrolysis process that took place.

115 Study of the effect of ammonium concentration on methanogenic activity

116 Four batch experiments were carried out in duplicate with the automatic biomethanation 

117 potential analyzer AMPTS ® II (BPC Instruments, Sweden) in order to determine the 

118 effect of pH and nitrogen content on methane production. The multi-channel analyzer 

119 consisted of 15 parallel reactors (500 mL glass bottles with mechanical agitation at 200 

120 rpm) and the same number of gas flow meters attached to a data acquisition system. 

121 Temperature in all reactors was kept at 35 ± 0.1 ºC and the experiment was extended for 

122 21 days. This allowed for the analysis of the Biomethanation Potential (BMP) of fresh 

123 and hydrolyzed human urine. The inoculum used was sludge from the conventional 

124 anaerobic digester (AD-S) of the “Conca del Carraixet” WWTP (Valencia, Spain), 

125 which treats primary and secondary sludge produced during wastewater treatment. This 

126 biomass was acclimated to NH4-N concentrations around 1000 mg NH4-N/L.

127 For batch 1 and batch 2 urine hydrolysis process was promoted during a 12-day storage 

128 period prior to the test, in order to increase the initial ammonium concentration in the 

129 substrate. For these experiments pH values of 6.7 ± 0.01 and 7.5 ± 0.01 were 

130 established, respectively. Batch 3 and batch 4 were prepared with urine which had been 

131 stored for only 2 days and therefore presented a lower ammonium content. Again, pH 

132 values of 6.7 ± 0.01 and 7.5 ± 0.01 were set. A blank bottle was set up for each type of 

133 batch (1+3 and 2+4) to determine methane production due to the consumption of the 

134 organic matter present in the inoculum. Initial and final pH and ammonium 

135 concentration in the bottles were analyzed. 

136 Continuous reactors
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137 Continuous experiments were performed in two lab-scale methacrylate cylindrical 

138 reactors which were operated simultaneously (Figure 1). The experimental period for 

139 both reactors lasted 200 days and was divided in three phases: Phase I without ammonia 

140 extraction, Phase II and III with two different ammonia extraction processes (see Error! 

141 Reference source not found.). 

142 Each reactor had a total volume of 14 L (20 cm diameter, 50 cm height) of which 4 L 

143 was headspace. Headspace gas was recirculated to the bottom of the reactor and injected 

144 using fine bubble diffusers for agitation. The tanks were hermetically sealed.

145 The reactors were equipped with sensors for continuous monitoring of pH, temperature 

146 and oxidation reduction potential (ORP). The sensors were connected to a PC through a 

147 multiparametric analyzer (Orion Versastart, Thermo Scientific). Pressure was also 

148 measured (Sintrans P, Siemens) and transmitted to the PC with a Picolog Datalogger 

149 1216 (Pico Technology). All the obtained information was recorded by a custom data 

150 logging script written in Visual Basic (Microsoft). Reactor temperature was maintained 

151 at 35 ºC with a water jacket connected to a temperature-controlled water bath (LAUDA 

152 Alpha RA 8). 

153 Each reactor had two lateral hand valves for purging and feeding the system, and two 

154 valves on the top for biogas discharge and measurement of biogas composition. Biogas 

155 production was measured with a gas flow meter (μFlow, Bioprocess Control. Lund, 

156 Sweden). Reactors were fed once a day. 

157 To avoid inhibitions during the anaerobic digestion process, ammonia was extracted 

158 from the system using two strategies: in situ ammonia extraction and extraction in the 

159 feed stream (see Error! Reference source not found.). The in situ ammonia extraction 

160 system (during digestion process) consisted of an acid (H2SO4) absorption column 

161 installed in the biogas recycling line of both reactors, which enabled ammonia recovery 

162 as (NH4)2SO4. A condenser was installed before the absorption column in order to 

163 protect it from the humidity present in the biogas. Ammonia extraction from the feed 

164 stream (urine after each collecting campaign) was carried out with a desorption process 

165 that comprised the following steps: i) NaOH was added to the urine to enhance the 

166 extraction process by rising the pH; ii) air was bubbled through urine; iii) the obtained 

167 ammonia-rich air was bubbled through an acid (H2SO4) absorption column where > 90 

168 % nitrogen was recovered as (NH4)2SO4. Therefore, in this case, the urine nitrogen 
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169 content was lower than 200 mg N/L before it entered the reactors. HCl was used for 

170 final pH adjustment. 

171 Two different inoculum were used: 

172 - PigMan-S: Sludge from a pilot scale anaerobic digester treating pig manure 

173 (UPV, Valencia, Spain), acclimated to high NH4-N concentrations (around 3000 

174 mg NH4-N/L). 

175 - AD-S: Sludge from the conventional anaerobic digester of the “Conca del 

176 Carraixet” WWTP (Valencia, Spain), which is fed with primary and secondary 

177 sludge produced during wastewater treatment. This biomass was acclimated to 

178 NH4-N concentrations around 1000 mg NH4-N/L.

179 Designated phases and operational conditions are summarized in Error! Reference 

180 source not found..

181 2.2 Analytical methods

182 Reactor samples were regularly analyzed to monitor the biological process. Generated 

183 biogas and the urine fed to the reactor were also analyzed. Error! Reference source 

184 not found. shows the analyzed parameters and the equipment and methods used.

185 Once ammonium concentration was measured along with pH and temperature, the free 

186 ammonia concentration in the reactors was calculated using the equilibrium equation 

187 (Eq. 1) proposed by [15], in which TAN is the total ammonium nitrogen concentration 

188 and temperature (T) was expressed in Kelvin.

189 NH3 + H+ → NH4
+ eq 1

190

191

192 The methane fraction in biogas was measured three times a week using a Gas 

193 Chromatograph fitted with a Flame Ionization Detector (GC-FID, Agilent Technologies 

194 6890N). For this purpose, a volume of 0.5 mL of biogas was sampled from the 

195 headspace of the reactor through a septum by gas-tight syringe, and then injected into a 

196 15 m × 0.53 mm × 1 μm TRACE TR-FFAP column (Thermo Fisher), which was 
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197 maintained at 40 °C. Helium was used as carrier gas with a flow rate of 5 mL/min and 

198 the calibration standard was pure methane (> 99.9995 %, Air Products Inc.). All the 

199 analyses carried out for every sampling point were performed in triplicate in order to 

200 calculate the average and the standard deviation shown in tables and graphs (section 3).

201 3. Results and Discussion

202 3.1 Effect of ammonium concentration on methanogenic activity

203 During the storage of urine, urea is hydrolyzed and therefore its ammonium 

204 concentration increases. To study the effect of this process on methanogenic activity, 

205 different batch experiments were performed. The Biomethanation Potential (BMP) of 

206 human urine with different initial ammonium levels was evaluated by analyzing 2-day 

207 stored urine and 12-day stored urine. These initial ammonium concentrations were 

208 combined with different pH values, resulting in the different ammonium levels reported 

209 in Table 4, which also shows final pH and ammonium levels in the bottles, together 

210 with methane production. Figure 2 shows the biogas production of all batch experiments 

211 (total CH4 production) and their blanks (inoculum CH4 production).  

212 Batch 1, consisting of processing hydrolyzed urine at a pH of 6.7 ± 0.01, was the only 

213 one to show as much biogas production as expected, considering the theoretical value of 

214 0.35 m3 CH4/kg COD. Initial NH3 concentration was relatively low and final NH3 

215 concentration was the lowest from all batch experiments (20.7 mg N/L), which proved 

216 to be lower than the methanogenesis inhibiting concentration.

217 Although batch 2 and batch 3 had different initial pH and substrate hydrolysis level, 

218 both presented a similar final NH3 concentration (the second lowest of all batch 

219 experiments). This is probably the reason why methane production was also similar 

220 (34.9 and 32.1 mL CH4). The slope of the represented curves in Figure 2, for the first 

221 hours of the batch experiments, dropped between 54 % and 78 %. This means that 

222 methanogenesis in these tests was partially inhibited: in these cases, only 50 % of the 

223 expected biogas production was achieved after 21 days. It could therefore be concluded 

224 that, whereas 20 mg N/L did not have any effect on the methanogenic activity, at 45-50 

225 mg N/L, for the studied biomass (not adapted) and under the given conditions, biogas 

226 production was already hampered.
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227 In batch 4 biogas production was significantly lower than the obtained in the blank 

228 experiment, indicating the inhibition of the process due to the high level of ammonia. 

229 Initial slope for batch 4 was 95 % smaller than for batch 1. This confirmed the need for 

230 ammonia extraction in the system to achieve a proper anaerobic digestion process. 

231 Ammonia was therefore extracted from the system in the continuous experiments. 

232 pH evolution during the 21 days of the batch experiments was different depending on 

233 the digested substrate. In batch 3, where the substrate was 2-days stored urine and pH 

234 6.7 ± 0.01, pH rose considerably, whereas in batch 1 and 2, with hydrolyzed urine, the 

235 difference between initial and final pH was smaller. The reason for this is that 

236 hydrolysis process increases pH and therefore free ammonia concentration, which must 

237 be taken into account in order to avoid inhibition.

238 3.2 Continuous experiments

239 Start-up of the reactors

240 Prior to this study, R1 and R2 were inoculated with the sludge of an Anaerobic 

241 Membrane Bioreactor treating urban wastewater, not adapted to high Nitrogen levels. In 

242 these previous phase methanogenesis was inhibited (data not shown) and thus 50 % of 

243 their total volume was substituted for a different inoculum: sludge from an anaerobic 

244 digester treating pig manure (PigMan-S). As commented before, the biomass of this 

245 sludge was adapted to high Nitrogen concentrations (3000 mg NH4-N/L). The sludge 

246 presented a content of 30 ± 0.5 g TSS/L and 33 ± 0.6 g COD/L.

247 Phase I – days 1 to 69

248 During the first 69 days of the experiment ammonia extraction was not performed. The 

249 evolution of R1 and R2, which improved with respect to the start-up phase, can be 

250 observed in Figures 3Figure  to 6.

251 VFAs had been accumulating in the reactor during the start-up and reached a value of 

252 1500 mg HAc/L at the beginning of this experiment (Figure 3). The VFA concentration 

253 decreased during the first 40 days of the experiment and stayed stable around 1000 mg 

254 HAc/L, indicating that organic matter was not completely degraded and only the 

255 acidification step was taking place (averaged values were 982 ± 66 mg HAc/L for R1 

256 and 949 ± 76 mg HAc/L for R2). Figure 3 also shows how total COD progressively 

257 descended during the experiment, whereas soluble COD stayed at values around 2 g 
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258 COD/L (averaged values were 1976 ± 131 mg HAc/L for R1 and 1904 ± 152 mg 

259 COD/L for R2). This might be a consequence of the inhibition of the fermentation 

260 process, due to the high VFAs content.

261 Figure 4 shows how biogas production peaked at the beginning of the experiment, due 

262 to inoculum degradation, and stabilized around day 20 at 7.97 ± 1.96 mL/d for R1 and 

263 9.98 ± 2.97 mL/d for R2. Methane % increased during the first 35 days and stabilized at 

264 38.59 ± 1.62 % for R1 and 46.04 ± 3.18 % for R2 (average measures for the period 35-

265 60 d). It was assumed that this difference was due to the different SRT with which the 

266 reactors operated: a SRT of 40 d was more beneficial for methane production than 30 d. 

267 Produced methane corresponded only to 1 % and 3 % of the total influent COD in R1 

268 and R2 respectively, calculated after the stabilization period (days 35-60). Such a small 

269 percentage of methanogenesis achieved is consistent with the observed accumulation of 

270 VFAs in the reactor, indicating that the digestion process stopped after the acidification 

271 step. Indeed, on average, VFAs concentration in R1 and R2 accounted for 43 % and 50 

272 % of the total incoming COD, respectively. On the other hand, sulphate reducing 

273 bacteria accounted for the elimination of 17 % and 16 % of the total influent COD, in 

274 R1 and R2 respectively. These results indicate that the organic compounds present in 

275 human urine could be anaerobically degraded, although the high N content inhibited the 

276 methanogenic archaea. 

277 During Phase I total ammonium nitrogen accumulated in the reactors (Figure 5). 

278 Maximum ammonium concentration was 2000 mg N/L in R1 and 2200 mg N/L in R2. 

279 Free Ammonia concentrations reached values around 350 mg N/L, which were 

280 responsible for methanogenesis inhibition, as the previous batch experiments 

281 demonstrated. In order to address the nitrogen accumulation problem in the reactors, an 

282 ammonia extraction system was setup and operated during Phase II and III.

283 Phase II - days 80 to 169

284 As previously explained, the ammonia extraction system was installed on the biogas 

285 line of both reactors on day 69. After some adjustments, the system was continuously 

286 working from day 80 of the experiment. Biogas was bubbled through a sulfuric acid 

287 dilution and ammonia was retained in it due to its high water solubility. Due to the low 

288 pH, free ammonia transformed into ammonium and the system stayed far from the 

Page 22 of 28

URL: http:/mc.manuscriptcentral.com/tent

Environmental Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

11

289 saturation point. Thus, considerable amounts of ammonium were removed from the 

290 biogas. 

291 As it can be seen in Figures 5 and 6, ammonium and free ammonia concentrations 

292 progressively decreased, as well as pH, which shifted from 8.3 to 7.4 while free 

293 ammonia was being retrieved from the reactor. Biogas production raised to an average 

294 of 22 mL/d (R1) and 18 mL/d (R2) for the period 90-120 d (Figure 4). Nevertheless, the 

295 methanogenic process remained inhibited, possibly due to the previous high ammonia 

296 levels reached in the reactors. Thus, produced methane corresponded to 3.2 % and 3.9 

297 % of the total available COD in R1 and R2 respectively, calculated for period 90-120 d.

298 It can be concluded from Phase II of the experiments, where PigMan-S was used as 

299 inoculum, that although ammonia content decreased due to the extraction system, the 

300 system remained inhibited and organic matter degradation was still incomplete. VFA 

301 still accounted for 48 % and 43 % of total incoming COD to the reactor. It was also 

302 observed that a SRT of 40 days rendered slightly better results than a SRT of 30 days.

303

304 Phase III

305 In the last phase of the experiments the reactors were re-seeded with AD-S, sludge from 

306 a conventional WWTP anaerobic digester adapted to relatively low ammonium 

307 concentration (1 g NH4-N/L) and with no VFAs accumulation. The ammonia extraction 

308 system was kept in operation in R1, to avoid nitrogen inhibition. As explained in section 

309 2, ammonia was extracted directly from the collected urine stream before introducing it 

310 in R2. Thus, nitrogen concentration in the substrate was around 200 mg NH4-N/L. A 

311 SRT of 40 days was chosen based on the preliminary results of previous phases. The 

312 reactors run for 30 days and a proper evolution of acidogenesis and methanogenesis was 

313 observed, since VFAs concentration stayed below 100 mg HAc/L. After the high 

314 production peak of 2100 mL/d observed at inoculation (Figure 7), a stable biogas 

315 production of 222 mL/d (R1) and 223 mL/d (R2) was achieved (averaged for days 8 to 

316 30), with a methane content of around 60.9 3.92 ± % (R1) and 71.4 ± 2.01 % (R2). A 

317 COD balance showed that methane production corresponded to 43 % and 65 % of the 

318 influent COD in the reactors R1 and R2, respectively. The difference amongst them can 

319 be explained from the ammonia removal system used: in situ ammonia removal caused 

320 a pH decrease in R1 that was detrimental to the anaerobic digestion whereas extraction 
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321 in feed proved to be a better strategy. Total suspended solids also decreased along the 

322 experiment, due to hydrolysis processes (Figure 8).

323 The ammonia extraction system in R1 resulted insufficient for the existing nitrogen 

324 load, since ammonium concentration increased along the experiment, due to the high 

325 nitrogen content in the urine and the hydrolysis of the inoculum (Figure 9). The 

326 progressive pH drop provoked by ammonia extraction from the biogas (from 7.4 to 7.0, 

327 Figure 10) caused the low efficiency of the extraction system, since free ammonia 

328 concentration in the reactor and therefore in the biogas descended too. Slower ammonia 

329 extraction velocity allowed the system to remain at equilibrium. However, free 

330 ammonia concentration remained under 30 mg NH3-N/L which, according to previous 

331 results, was not detrimental to acetotroph methanogens. This was confirmed by the 

332 percentage of influent organic matter converted into methane (43 %)

333 On the other hand, ammonium concentration in R2 followed a decreasing trend due to 

334 the lower Nitrogen content of the feed. Ammonia concentration, however, was similar 

335 to that in R1 (Figure 10), given that pH was slightly higher (Figure 11). It can be 

336 concluded that it is more advisable to perform ammonia extraction on the feed than on 

337 the reactor, and the proposed system in R2 is a viable way of doing so, since process 

338 inhibition is better controlled. The percentage of biomethanation was significantly 

339 higher in R2 (65 %) than in R1(43 %).

340 One aspect that has to be taken into account, however, is that a high amount of salts are 

341 generated during urine hydrolysis and salinity can negatively affect the biomass in the 

342 reactor by osmotic stress [16]. The AD-S presented a salinity between 8-12 mS/cm 

343 whereas urine contributed with 13-15 mS/cm, therefore progressively increasing 

344 conductivity in the reactor. Moreover, the urine extraction process made use of NaOH 

345 and HCl for pH control, which increased even more the salinity of the feed. 

346 Another aspect affecting the methanogenic process is the high sulphate concentration in 

347 urine, since sulphate-reducing bacteria (SRB) compete with methanogens for the 

348 organic matter present in the urine. COD consumed by SRB during the experimental 

349 period oscillated between 10 % and 20 % of the total reactor load, a small percentage 

350 that can be explained by the high COD to SO4-S ratio in the feed, which reached values 

351 greater than 12. 

352 4. Conclusions
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353 Anaerobic digestion of human urine is not feasible without a free ammonia extraction 

354 system. However, an adequate organic matter degradation and methane production can 

355 be obtained during the anaerobic digestion process of human urine with the application 

356 of two ammonia removal strategies: in the urine prior to be fed into the reactors and in 

357 situ (from the reactors sludge). Both mechanisms allowed for a proper process 

358 performance although better results were obtained with the first one.

359 Therefore, this study showed that bubbling the biogas through sulfuric acid is a valid 

360 alternative for yellow wastewater treatment. Nitrogen can be recovered for agriculture 

361 in the form of ammonium sulphate and ammonia inhibition in the reactor is reduced. 

362 However, an off-line ammonia extraction system (i.e., in the feed stream) is preferred 

363 due to the higher nitrogen recovery rates and higher biomethanation grade that was 

364 achieved (65 % vs 43 %). 

365 On the other hand, results showed that after a long period of time under inhibiting 

366 conditions, biomass was not able to completely recover and thus its performance, 

367 despite the lower ammonium concentrations achieved, was still poor. This suggests that 

368 preventing ammonia inhibition in the reactor can be a more advisable strategy than 

369 varying the conditions in the reactor once the inhibition has already taken place.
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444 Figure 1: Setup for the continuous reactors, with (a) and without (b) in situ ammonia 

445 extraction

446 Figure 2: Accumulated biogas production during the batch tests

447 Figure 3: COD and VFAs concentration in R1 and R2 during phases I and II. Grey area 

448 represents the establishment of the ammonia extraction system

449 Figure 4: Biogas production and methane content in R1 and R2 during phases I and II. 

450 Grey area represents the establishment of the ammonia extraction system

451 Figure 5: Ammonium and free ammonia concentration in R1 and R2 during phases I 

452 and II. Grey area represents the establishment of the ammonia extraction system

453 Figure 6: pH in R1 and R2 during phases I and II. Grey area represents the 

454 establishment of the ammonia extraction system

455 Figure 7: Biogas production and methane content in R1 and R2 during phase III

456 Figure 8: Total and % volatile suspended solids in R1 and R2 during phase III

457 Figure 9: Ammonium and ammonia concentration in R1 and R2 during phase III

458 Figure 10: pH in R1 and R2 during phase III

459

460

461

462 Table 1: Fresh urine characterization (before dilution)

463 Table 2: Operational conditions of the continuous experiments

464 Table 3: Used equipment and methods for determination of the analyzed parameters

465 Table 4: Operational conditions of the batch experiments conducted in this study and 

466 measured values for pH, ammonium and methane production

467

468
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