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2 

ABSTRACT 22 

Bioaugmentation – the addition of specific microorganisms to microbial consortia to 23 

obtain specific functions - is a promising method to improve the performance of sub-24 

optimal anaerobic digestion processes and recover methane production. The present 25 

study implements for the first time a model with bioaugmentation functionalities, 26 

enabling the dynamic microbiological study of augmented anaerobic systems. The 27 

model is based on a previous advanced mathematical model focused on ammonia 28 

inhibition, which was extended. Three inhibited anaerobic digestion experiments were 29 

simulated, where bioaugmentation involved the addition of: (i) hydrogenotrophic 30 

methanogenic archaea; (ii) a combination of hydrogenotrophs and syntrophic acetate 31 

oxidizing bacteria; and (iii) acetoclastic methanogenic archaea to the inhibited reactors. 32 

Methane productivity, pH, and ammonia were correctly predicted by the model, with 33 

weighted absolute percentage errors below 10 %. Trends in volatile fatty acids 34 

accumulation and consumption showed good agreement between in silico and in vivo 35 

data. Simulations revealed that bioaugmentation will result in process improvement 36 

when specialized hydrogenotrophs are used: not only do they establish themselves in 37 

the inhibited environment, but also help in the recovery of acetoclastic methanogens. 38 

Overall, the mathematical approach adopted to describe the bioaugmentation 39 

phenomena resulted in a robust computational tool for simulation of general 40 

bioaugmentation strategies. 41 

KEYWORDS 42 

Bioaugmentation; inhibition; kinetics; mathematical modelling; SAO.  43 
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1. Introduction 44 

The generation of biogas through the anaerobic conversion of organic wastes has 45 

long been considered an important solution for producing renewable energy [1]. More 46 

recently and in light of global environmental targets set to reduce greenhouse gas 47 

emissions, the relevance of this technology has further increased [2]. Important triggers 48 

of this increase are the advancement of power-to-gas technologies, the gradual spread of 49 

in- and ex-situ biological biogas upgrading solutions in a large-scale application, and 50 

the promise of biomethane substituting fossil fuels in transport, to name just a few. 51 

Despite the rise of interest, however, the biochemical conversion of organic matter to 52 

biogas still faces challenges, in terms of poor process performance caused particularly 53 

by inhibitory mechanisms, and the varying quality of the digestate produced [3–5]. 54 

Anaerobic digestion (AD) is commonly described by four major steps, 55 

performed by microorganisms and driven by thermodynamic principles [6]. For 56 

anaerobic digestion to be an efficient and stable process, these microorganisms must 57 

collaborate through syntrophic connections [7]. These connections, although only 58 

describing part of the microbial interactions, are responsible for making growth 59 

conditions favorable for the different members of the community. 60 

Due to its stochastic nature, however, the process is complicated and can operate 61 

under sub-optimal conditions, or in certain cases might even fail. This is especially true 62 

for anaerobic digesters exposed to high ammonia concentrations, which when in excess 63 

is known to be particularly inhibitory to acetoclastic methanogenic archaea [8]. 64 

Inhibition is indicated by a steady decrease in methane production and an increase in 65 

intermediate compounds. Ultimately, at high ammonia concentrations toxicity might 66 

lead to a total cessation of methanogenic activity [4]. 67 

Jo
urn

al 
Pre-

pro
of



4 

Bioaugmentation, which involves the addition of specialized microbial 68 

functional groups to an inhibited AD system, is a suitable technique to enhance biogenic 69 

growth in such harsh environments [9,10]. Most commonly, a bioaugmentative group is 70 

grown separately under well-defined conditions, to perform a desired function in the 71 

target environment [11,12]. Regarding the AD of complex wastewaters, this process has 72 

proven to increase methane production and to recover systems that have been previously 73 

exposed to inhibitory conditions [8,9,13–16]. Besides, bioaugmentation can also 74 

facilitate the transition of AD systems from mesophilic to thermophilic operation [12], 75 

which can be beneficial for the simultaneous conversion and sanitization of organic 76 

matter, as well as the support of slow-growth microorganisms in reactors with high flow 77 

rates. 78 

Nevertheless, bioaugmentation is a time- and resource-intensive practice, since it 79 

takes several days – or even months – for the establishment of the new microbiome. 80 

Furthermore, there are certain challenges with the process, such as cell washout, out-81 

competition by other microorganisms, and finding the minimum amount of cells (i.e. 82 

critical biomass) leading to successful bioaugmentation: all of which can make the 83 

response of bioaugmented systems difficult to predict. Thus, bioaugmentation processes 84 

would benefit greatly from a reliable mathematical model that offers a low-cost, fast, 85 

and flexible solution for testing and forecasting the behavior of different 86 

bioaugmentation strategies. 87 

Therefore, the present work aimed to implement bioaugmentation functionalities 88 

in a dynamic AD model, enabling the continuous microbiological study of augmented 89 

anaerobic systems. The application range of the selected model was extended by 90 

defining an additional layer of microbial groups, namely “bioaugmentative functional 91 
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groups” alongside the original set of microbial groups. Furthermore, validation of the 92 

model implementation was carried out using three experiments, where ammonia was the 93 

main cause of anaerobic digestion inhibition. For validation, in silico, and in vivo results 94 

were compared based on methane and volatile fatty acid (VFA) production, changes in 95 

pH, ammonia concentration, and the microbial community concentration as a whole. 96 

2. Materials and Methods 97 

2.1. Model Description 98 

The bioconversion model, or BioModel, was developed by Angelidaki et al. 99 

[17,18] as an approach to model the anaerobic degradation of pig and cattle manure, 100 

which have notoriously high ammonia concentrations [19,20]. Consequently, the model 101 

is focused on ammonia inhibition. 102 

The BioModel is suited to simulate the anaerobic digestion and co-digestion of 103 

complex substrates based on their composition. The model has eight microbial groups, 104 

whose growth is defined by Monod kinetics, with additional substrate-dependencies and 105 

inhibitory effects [18]. The growth equations include the following: a maximum 106 

specific growth rate term (μmax) that is valid at a given temperature and pH; substrate (S) 107 

concentrations; half-saturation constant(s) (KS) that describe the substrate(s) 108 

concentration(s) where the growth rate is half of the maximum (related to 109 

microorganism-substrate affinity); inhibitor (I) concentrations and inhibition constant(s) 110 

(Ki) that determine the inhibitory levels of inhibitor(s). 111 

Kovalovszki et al. [21] updated and optimized all kinetic and yield parameters. 112 

Lovato et al. [22] updated the mass balances and liquid-to-gas transfer equations. All 113 

compound concentrations over time are calculated by mass/molar balances. The updated 114 
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biochemical reactions, model equations, and their parameters are described in the 115 

Supplementary Material. 116 

2.2. Implementation of Bioaugmentation Functionalities 117 

Firstly, the biochemical reactions for long-chain fatty acids- (LCFA), propionate-, 118 

butyrate- and valerate-degrading acetogens were decoupled from the hydrogenotrophic 119 

pathway. This step was necessary because in the original BioModel hydrogen utilization 120 

kinetics was merged with other steps (omitted). However, the bioaugmentative culture 121 

usually has at least one hydrogenotrophic group in it [8,9,23], so it was not possible to 122 

have its kinetics combined with other steps to any further extent since there would be no 123 

substrate, i.e. hydrogen, for these microorganisms. Therefore, a ninth microbial group 124 

(X9), hydrogenotrophic methanogens (HyMe), which was already used for in-situ 125 

biogas upgrading purposes [22], was included in the BioModel as a regular “native” 126 

group. 127 

The hydrogenotrophic route for methane formation was the same as proposed by 128 

Hill [24]. The kinetics for the hydrogenotrophic methanogens (μX9 - Equation 1) were 129 

based on Batstone et al. [25], Siegrist et al. [26], Yenigün and Demirel [27] and Koster 130 

and Koomen [28], the latter studies considering that even this robust microbial group 131 

could be sensitive to ammonia. Equation 1 displays Monod type kinetics for hydrogen 132 

(primary substrate) and ammonium (limitation effect), non-competitive inhibition by 133 

ammonia and LCFA (inhibition effect), the effect of temperature and pH on the growth 134 

rate [18], and cell decay (Kd). Expressions in square brackets represent the 135 

concentration (g·L
-1

) of the respective components. 136 
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The kinetic parameters for HyMe were μmax,X9 = 0.022 h
-1

 [8], KS,X9 = 2.5∙10
-7

 g∙L
-138 

1
 [26], KS,NH3,X9 = 0.05 g∙L

-1
, Ki,LCFA,X9 = 5.0 g∙L

-1
 and Kd,X9 = 5.0 %∙h

-1
 [22]. The 139 

inhibition constant for ammonia, Ki,NH3,X9, was determined by model fitting and was set 140 

at 0.068 g·L
-1

. The lower the value of the inhibition constant the more sensitive the 141 

microbial community is to the inhibitor [5,29]. 142 

The global mass transfer coefficient for H2, kLaH2
 (h

-1
), was calculated according 143 

to Pauss et al. [30] and was found to be 0.464 h
-1

, for the correct implementation of the 144 

gas-liquid mass balances taken from Lovato et al. [22]. 145 

A tenth microbial group, the syntrophic acetate oxidizing bacteria (SAO – X10), 146 

was also added. The syntrophic acetate oxidizing pathway provided the necessary 147 

syntrophy between the acetoclastic and hydrogenotrophic route. The SAO biochemical 148 

pathway (Equation 2), their kinetics (Equation 3) and parameters (μmax,X10 = 0.0157 h
-1

, 149 

KS,X10 = 0.537 g∙L
-1

, KS,NH3,X10 = 0.560 g∙L
-1

, Ki,LCFA,X10 = 5.0 g∙L
-1

, Ki,H2,X10 = 7.29∙10
-6

 150 

g∙L
-1

, Ki,HAc,X10 = 6.0 g∙L
-1

 and Kd,X10 = 5.0 %∙h
-1

) were modelled considering several 151 

papers that studied cultures of these microorganisms [31–36]. Monod type kinetics were 152 

used for acetic acid (primary substrates) and ammonium utilization (limitation effect), 153 

non-competitive inhibition by ammonia, LCFA, hydrogen, and acetic acid were 154 

included (inhibition effect), along with cell decay, and the effect of temperature and pH 155 

on the growth rate. 156 

CH3COOH + H2O + 0.125NH3 → 0.125 C5H7NO2 + 2.750 H2 + 1.376 CO2 (2) 157 

              ( )   (  )  
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                  (3) 159 

With the inclusion of the HyMe and SAO routes, it can be considered that all 160 

major pathways performed by the existing microbial groups (called native groups) are 161 
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covered by the Biomodel [17,18]. Considering the reversibility between 162 

homoacetogenesis and syntrophic acetate oxidation, the latter has been proven as the 163 

dominant pathway [37,38]. Therefore, it is relevant to choose to include syntrophic 164 

acetate oxidation in the model. 165 

Equation 4 represents the existing mass balances for native microorganisms. The 166 

dynamic mass balances representing the bioaugmentative groups were incorporated into 167 

the model as in Equation 5: 168 

 [  ]

  
 
     

  
 [  ]     

    

  
 [  ]              (4) 169 

 [  ]

  
 
     

  
 [  ]      

       

  
 [  ]       

    

  
 [  ]           (5) 170 

In Equations 4-5, Xi is any of the microbial groups, qFeed is the liquid volumetric 171 

flow entering the reactor (L·h
-1

), qOut is the liquid volumetric flow leaving the reactor 172 

(L·h
-1

 - in Equation 4: qOut = qFeed and in Equation5: qOut = qFeed + qBioaug), qBioaug is the 173 

liquid volumetric flow of bioaugmentative cultures (L·h
-1

), VL is the liquid volume of 174 

the reactor (L) and μXi is the calculated growth rate for the respective microbial group 175 

(h
-1

). The injection of bioaugmentative cultures resembles a “pulse” disturbance, since 176 

qBioaug is only applied during a short period of time (2 seconds), when a specific volume 177 

of these bioaugmented microorganisms ([Xi]Bioaug) is added to the system. Therefore, 178 

from t = 0 h until the time of bioaugmentation, qBioaug = 0 L·h
-1

. When the pulse is 179 

injected, qBioaug is equal to the volume of the pulse divided by 2 seconds and this flow 180 

continues to exist for 2 seconds. After bioaugmentation, qBioaug resumes to 0 L·h
-1

. The 181 

bioaugmented microorganism’s concentration in the continuous liquid volumetric flow 182 

entering the reactor ([Xi]Feed) is zero for the case studies in this paper. 183 

The implementation of the bioaugmentation functionality allowed the addition of 184 

a bioaugmentative group to any of all 10 native microbial groups in the BioModel, 185 
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identical in their functions to their analogs already in the reactor, but potentially 186 

differing in their growth kinetics. Therefore, in the final mathematical model there were 187 

20 microbial groups: 10 native and 10 bioaugmented. The 10 native groups always exist 188 

inside the system due to the provided inoculum. The 10 bioaugmented microbial groups 189 

exist depending on the microorganisms fed in the pulse. For Case Study 1 – experiment 190 

1 – in this work, only hydrogenotrophic methanogenic microorganisms were fed in the 191 

pulse. In Case Study 2 – experiment 2 – hydrogenotrophic methanogens and syntrophic 192 

acetate oxidizes were fed; and in experiment 3 only acetoclastic methanogens were fed. 193 

In the present study, the changed constant between native groups and 194 

bioaugmentative groups was the inhibitory constant for ammonia concentration, 195 

effective on hydrogenotrophs and set at Ki, NH3,X9 = 4.0 g∙L
-1

, considering the study of 196 

Koster and Koomen [28]. The hypothesis for the same function, but different inhibition 197 

kinetic constants, relies on that bioaugmentative microorganisms are grown in separate, 198 

and usually harsher, environments causing specific species to stand out in these selected 199 

conditions [11]. Therefore, the same functional microbial groups (e.g. carbohydrate 200 

degraders, acid degraders, hydrogen degraders) are present, but with specialized species 201 

selected by well-defined ambient conditions and possessing higher inhibition tolerance. 202 

2.3. Computational methods 203 

The updated BioModel was implemented in the MATLAB software, combined 204 

with a Microsoft Excel-based data input and output platform. The model can simulate 205 

the AD process (mono or co-digestion) in one or two phases in a transient Continuous 206 

Stirred Tank Reactor (CSTR), considering the characteristics of the inoculum and up to 207 

five substrates. The calculation of model parameters, kinetics, chemical components, 208 

and output variables was performed similarly as described by Angelidaki et al. [18], 209 
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10 

with the specific implementations detailed in Kovalovszki et al. [21], Lovato et al. [22], 210 

and this paper. The ordinary differential equation system was solved using MATLAB’s 211 

ODE15s Solver [21]. 212 

To evaluate the goodness of the fit between experimental and simulated data, the 213 

combined use of mean errors (ME) and weighted absolute percentage errors (WAPE) 214 

were used. The error measures were calculated according to Equations 5-6: 215 

    
 

 
∑[    (  )]

 

   

 (6) 

      

   
 
∑ |    (  )|
 
   

 ̅
 (7) 

where n is the number of experimental data points, yi is the i-th experimental 216 

value, f(xi) is the i-th simulated value in time xi and   is the average of all experimental 217 

points. ME indicates how close a simulated curve is to the average of experimental 218 

measurements, and WAPE correlates the aggregate absolute errors (i.e. the magnitude 219 

of differences) with this averaged experimental value. While the former can take values 220 

on the domain of negative to positive infinity and is better close to zero, the latter 221 

expresses the mean absolute errors in a scale-free, percentage-based manner and is a 222 

symmetric measure [39]. A simulation is hereby considered indicative with WAPE 223 

values consistently below 50 %, similar to the use of mean absolute percentage error 224 

(MAPE) measures in earlier works [40,41]. 225 

2.4. Case Studies for Model Validation 226 

2.4.1. Case Study 1 227 

The study carried out by Fotidis et al. [8] covers two reactors, operated under 228 

mesophilic conditions (37 °C) and fed with cattle manure continuously (Table 1 –229 
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experiment 1). Both reactors were initially operated under sub-optimal conditions, due 230 

to their high concentration of ammonia (5 g NH4
+
 L

-1
). One reactor was kept as control 231 

(RControl), while the other (RBioaug) was bioaugmented with a fast-growing 232 

hydrogenotrophic methanogenic (HyMe) microorganism (Methanoculleus bourgensis 233 

MS2
T
). The culture was obtained from Leibniz Institute DSMZ-German Collection of 234 

Microorganisms and Cell Cultures and grown by fed-batch cultivation in modified 235 

sterile Methanogenium bourgense medium with a high concentration of NH4Cl. The 236 

experiment was divided into three phases. The purpose of Phase-I (days 1 – 12) was to 237 

establish an ammonia induced inhibited steady-state in both reactors. In Phase-II (days 238 

13 – 15), the bioaugmentation process was performed with the addition of 100 mL of 239 

the hydrogenotrophic culture on days 13 and 15 in RBioaug, and an equivalent amount of 240 

sterile medium in RControl. During Phase-III (days 16 – 57), the reactors were operated 241 

continuously to compare the difference between the bioaugmented and non-242 

bioaugmented systems. 243 

2.4.2. Case Study 2 244 

In the study of Yang et al. [29], thirteen reactors were injected with different 245 

microorganisms and one reactor was kept as control (RControl) throughout their 246 

experiment operated at 37 °C (Table 1 – experiments 2 and 3). The modelling covers 247 

two of their bioaugmentation strategies: (experiment 2 - RHyMe+SAO) a combination of 248 

HyMe (Methanobrevibacter smithii) and SAO (Syntrophaceticus schinkii) cultures; 249 

(experiment 3 - RAcMe) a pure culture of AcMe (Methanosaeta harundinacea). Both 250 

strategies concerned the injection of the aforementioned cultures on days 37 (addition of 251 

21 mL) and 41 (addition of 10.5 mL). The three reactors (RControl, RHyMe+SAO, and RAcMe) 252 

were fed with glucose and ammonia (4.0 g NH4
+
 L

-1
) for 36 days (Phase I) to guarantee 253 
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an inhibited steady-state. Then, as stated before on days 37 and 41 bioaugmentation 254 

events took place (Phase II), and, finally, from day 42 to 102 the reactors were operated 255 

continuously to compare the differences in system behavior. 256 

 257 

Table 1. The main characteristics of the reactor seeding material, substrate and 258 

operating conditions for Case Study 1 and 2. 259 

Parameter (Unit) 
Case Study 1 Case Study 2 

Inoculum Substrate Inoculum Substrate 

VS (g L
-1

) 18.5 ± 0.1 41.7 ± 0.0 7.1 ± 0.1 n.a. 

pH 7.88 7.15 8.7 ± 0.1 7.0 

VFA (g L
-1)

 2.19 ± 0.33 11.0 ± 0.9 n.a. 7.5 

Ammonia (g-N L
-1)

 3.18 ± 0.16 5.00 ± 0.05 4.0 4.0 

NH4Cl (g L
-1)

 0 0 – 12.8 0 n.a. 

Reactor volume (L) 1.8 0.35 

HRT (d) 24 10 

OLR (g L
-1

 d
-1

) 1.74 (VS) 1.0 (glucose) 

Notation: VS – volatile solids; VFA – volatile fatty acids; HRT – hydraulic retention time; 260 

OLR – organic loading rate; n.a. – not available. 261 

 262 

3. Results and Discussion 263 

Simulations were run with the extended BioModel for both Case Studies. Model 264 

responses for methane production, pH, total ammonia, and VFA concentration are 265 

displayed with corresponding experimental data when available. Simulated cell 266 

concentrations are also presented. 267 

3.1. Case Study 1 268 

Figure 1 presents simulation results together with the experimental data of Fotidis 269 

et al. [8]. Methane productivity, pH, and ammonia were simulated very well by the 270 
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BioModel. Methane productivity mean errors were 0.007 for RControl and -0.006 for 271 

RBioaug, and pH ME was 0.07 for RControl and -0.009 for RBioaug. Ammonia experimental 272 

and simulated data were virtually equal for both reactors, therefore they are represented 273 

by red markers and a single corresponding line in Figure 1(b), and ME for ammonia 274 

was 0.01. 275 

The trend for VFA accumulation and VFA consumption were also correctly 276 

predicted by the model for both reactors, however, the mean errors were higher than the 277 

other parameters: -0.04 for RControl and 0.1 for RBioaug. The increase of ME value for 278 

VFA in the bioaugmented reactor is probably due to experimental errors since VFA 279 

increased by the end of bioaugmentation with no consequent pH or methane 280 

productivity alteration. Also, the difference between in silico and in vivo data was less 281 

than 0.6 g L
-1

 but due to low VFA concentrations the ME increased. 282 

WAPE values supports that the simulation was reliable for all parameters (RControl 283 

and RBioaug, respectively): (i) CH4 productivity – 3.64 and 3.70 %; (ii) pH – 0.93 and 284 

0.64 %; (iii) NH4
+
 –1,84 %; and (iv) VFA – 6.59 and 26.51 %. 285 

In the study of Fotidis et al. [8] the improvement in methane production due to 286 

bioaugmentation was 32 % comparing RControl and RBioaug. In the simulated data, the 287 

improvement was 35 %. The increase of biogas production in RBioaug compared to the 288 

RControl was presumably due to the “domino effect” described by Tian et al. [42]: the 289 

inhibition was mainly caused by high hydrogen concentration in the liquid phase- 290 

Figure 1(d) - and the synergistic inhibitory effect of ammonia and VFA. However, the 291 

H2 concentration was drastically reduced by the hydrogenotrophic methanogens 292 

established in the reactor after bioaugmentation. This created favorable conditions for 293 

VFA degrading bacteria (explaining the drop in VFA concentration) and, consequently, 294 
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methanogenic archaea, which accounts for the better methane productivity and 295 

microbial growth seen in Figure 1. 296 

Figure 1(e) presents simulated cell concentrations for RControl and RBioaug. It is 297 

possible to see that not only was the HyMe concentration increased after the injection of 298 

new microbes (RBioaug), but the new culture also helped to recover the already existing 299 

acetoclastic methanogens through the decrease of H2 concentration and the consequent 300 

conversion of longer chain VFA to acetic acid. In Case Study 1, SAO did not play a 301 

major role. As described in Fotidis et al. [8], bioaugmentation significantly changed the 302 

microbial community in the reactor and it was dominated by aceticlastic methanogens. 303 

HyMe abundance was higher in RBioaug than in RControl after bioaugmentation events. 304 

 305 

 306 
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 307 

Figure 1. Case Study 1: Continuous lines indicate the BioModel simulation and 308 
markers indicate experimental data from Fotidis et al. [8] for (a) Experimental and 309 
simulated methane productivity, (b) pH and total ammonia concentrations, (c) total 310 
VFA concentrations and (d) H2 concentration in liquid phase. Graph (e) presents 311 
simulated variation of microbial population for RControl (continuous lines) and RBioaug 312 

(dashed lines). Vertical, dashed lines mark the bioaugmentation events on days 13 and 313 
15 (Phase II). 314 
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 315 

3.2. Case Study 2 316 

Figure 2 shows simulated and experimental data for the first strategy of 317 

bioaugmentation (RControl and RHyMe+SAO) of Yang et al. [29]. Methane productivity was 318 

simulated accurately by the BioModel, with a mean error of 0.00 for RControl and 0.01 for 319 

RHyMe+SAO. The disagreement of experimental data and simulation soon after 320 

bioaugmentation events was due to carbon sources contained in the bioaugmentation 321 

media which were unknown by Yang et al. [29], and therefore could not be modelled 322 

accurately. 323 

Simulated pH was also accurate with ME of 0.10 for RControl and 0.03 for 324 

RHyMe+SAO (only average pH values were provided for each experiment). Yang et al. [29] 325 

provided average values of free ammonia (FAN) concentration for each reactor as well, 326 

stating that bioaugmentation did not cause any significant effect on pH or FAN 327 

concentration. For the RControl free ammonia concentration averaged around 110 mg L
-1

 328 

whilst the model predicted a concentration of 134 mg L
-1

. Similarly, the mean free 329 

ammonia concentration for the RHyMe+SAO experiment was around 100 mg L
-1

, whilst the 330 

simulated value corresponded to160 mg L
-1

. Converting free ammonia to total ammonia 331 

according to Angelidaki and Ahring [19], experimental Total NH4
+
 for RControl and 332 

RHyMe+SAO was approximately 3.3 g.L
-1

, and the model predicted a concentration of 333 

3.8 g.L
-1

. 334 

 335 
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 336 

Figure 2. Case Study 2 - Bioaugmentation with HyMe+SAO: Continuous lines indicate 337 
the BioModel simulation and markers indicate experimental data from Yang et al. [29] 338 
for (a) Experimental and simulated methane productivity, (b) pH and total ammonia 339 
concentrations, (c) total VFA concentrations and (d) H2 concentration in liquid phase. 340 
Graph (e) presents simulated variation of microbial population for RControl (continuous 341 

lines) and RHyMe+SAO (dashed lines). Vertical, dashed lines mark the bioaugmentation 342 
events on days 37 and 41 (Phase II). 343 
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VFA concentration in RControl decreased after abiotic bioaugmentation due to 344 

“microorganisms’ adaptation” according to Yang et al. [29], which is an unexpected 345 

behavior. Nevertheless, they state that there is no significant difference between Phase I 346 

and Phase III in RControl, and the simulated VFA mean error was -0.21. The trend for 347 

VFA concentration in RHyMe+SAO was predicted with high accuracy, reinforcing the 348 

“domino effect” aforementioned - Figure 2(d). VFA mean error for this reactor was 349 

0.30. In this case, the model predicts a greater VFA consumption compared to 350 

experimental data, which may be due to minor metabolic routes that are not currently 351 

considered in the model. However, more experimental data are needed before the 352 

addition of new biochemical reactions [21]. 353 

WAPE values for methane productivity and VFA concentration (the only two sets 354 

of data available) indicated good agreement between in vivo and in silico data: RControl: 355 

2.66 % and 9.58 %; RHyME: 7.93 % and 16.46 %, respectively. The extended BioModel 356 

suggested that the predominant VFA before bioaugmentation is propionic acid, which is 357 

in accord with Yang et al. [29] and corroborates the hypothesis that inhibition is also 358 

due to increased H2 partial pressure since propionate degraders are highly sensitive to 359 

ammonia inhibition. Simulations ran with only a single dose of bioaugmented 360 

microorganisms for Yang et al. [29] case study showed similar results of methane 361 

production and VFA concentration compared to two-dose simulations, suggesting that 362 

one dose is already effective in altering the microbial community in anaerobic systems. 363 

Figure 2 (e) shows the simulated microbial cell concentration for this 364 

bioaugmentation strategy (RControl and RHyMe+SAO). As in Case Study 1, the new cultures 365 

(SAO and HyMe) did not only help in the re-establishment of the hydrogenotrophic 366 

community but also in the recovery of the already present acetoclastic methanogens, 367 
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which was in accord with experimental data. SAO bacteria, in this case, contributed by 368 

generating H2 for HyMe soon after bioaugmentation events, but their concentration 369 

decreased with the reduction of acetic acid availability as observed by Yang et al. [29], 370 

who did not find a significant relative abundance of SAO in their study. BioModel 371 

simulations run with different proportions of HyMe:SAO revealed that at least 60% of 372 

HyMe should be added, because otherwise, SAO will consume a great part of the acetic 373 

acid available, thereby jeopardizing the recovery of AcMe. This is an important aspect 374 

because SAO also diminish inhibition by high acetic concentration (propionate, 375 

butyrate, and valerate degraders are inhibited by HAc), but once this inhibition is 376 

negligible, they will continue to consume HAc and produce H2. In this context, for each 377 

mole of HAc consumed by SAO, 2.750 mole of H2 are generated (Eq. 7) and for each 378 

mole of H2 consumed by HyMe, 0.236 mole of CH4 are produced (Eq. 8). Therefore, 379 

the overall yield of the combination of SAO + HyMe reactions is 0.649 molCH4 380 

molHAc
-1

 (Eq. 9) and the yield of the AcMe route is 0.945 molCH4 molHAc
-1 

(Eq. 10), 381 

which justifies the reason why AcMe route should not be impaired by SAO when 382 

inhibition becomes negligible. 383 

SAO: CH3COOH + H2O + 0.125 NH3 → 0.125 C5H7NO2 + 2.750 H2 + 1.376 CO2 (8) 

HyMe: H2 + 0.0058 NH3 + 0.2644 CO2 → 0.0058 C5H7NO2 + 0.2355 CH4 + 0.5171 H2O (9) 

SAO + HyMe: CH3COOH + 0.14095 NH3 → 0.14095 C5H7NO2 + 0.6489 CO2 + 0.6476 CH4 + 0.42203 H2O (10) 

AcMe: CH3COOH + 0.22 NH3→ 0.022 C5H7NO2 + 0.945 CH4 + 0.066 H2O + 0.945 CO2 (11) 

 384 

The same ratio of HyMe:SAO as in Yang et al. [29] case study was tested in a 385 

simulation ran with the conditions of Fotidis et al. [8] to check if bioaugmentation with 386 

HyMe:SAO would be superior to only HyMe. The results for bioaugmentation with 387 
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HyMe:SAO were similar to HyMe. This is due to the very high hydrogen concentration 388 

before bioaugmentation in the system of Fotidis et al. [8] (4.4 μg.L
-1

 compared to 1.5 389 

μg.L
-1

 in Yang et al. [29]), which was not a proper environment for the establishment of 390 

SAO. Therefore, to choose the best bioaugmentation strategy for a given system, 391 

simulations with the experimental conditions that are going to be applied to the reactor 392 

are required in order to tailor the bioaugmentation inoculum to fit the specific 393 

environment. 394 

Figure 3 presents simulated and experimental data for the second strategy of 395 

bioaugmentation (injection of acetoclastic methanogens) of Yang et al. [29]. Methane, 396 

pH, ammonia, and VFA are presented for RAcMe and RControl (to compare the 397 

differences). The disagreement between experimental points and the simulation trend 398 

soon after bioaugmentation is attributed to unknown carbon sources by Yang et al [29] 399 

which were contained in bioaugmentation medium, as described earlier. 400 

 401 
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 402 

Figure 3. Case Study 2 - Bioaugmentation with AcMe: Continuous lines indicate the 403 
BioModel simulation and markers indicate experimental data from Yang et al. [29] for 404 

(a) Experimental and simulated methane productivity, (b) pH and total ammonia 405 
concentrations, (c) total VFA concentrations and (d) H2 concentration in the liquid 406 
phase. Graph (e) presents the simulated variation of the microbial population for RControl 407 
(continuous lines) and RAcMe (dashed lines). Vertical, dashed lines mark the 408 
bioaugmentation events on days 37 and 41 (Phase II). 409 
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BioModel was successful in predicting methane production (ME of 0.01), pH 410 

(ME of 0.04), and VFA concentration (ME of 0.13) for RAcMe. Furthermore, it was also 411 

accurate in simulating that when the bioaugmentative group is similar to one of the 412 

native groups, bioaugmentation will not change methane production and VFA 413 

concentration, which is in accord with the results of Yang et al. [29]. WAPE values 414 

corroborate the good agreement: 9.68 % for methane productivity and 8.57 % for VFA 415 

concentration. Figure 3 (d) reveals that the bioaugmentative group was not able to 416 

reduce H2 concentration in the liquid phase. 417 

Figure 3 (e) shows the simulated microbial cell concentration for this 418 

bioaugmentation strategy (RControl and RAcMe). It is possible to notice that AcMe 419 

concentration returns to its previous steady-state and does not promote the recovery of 420 

other methanogenic archaea, proving itself to be ineffective and supporting the 421 

hypothesis that the injection of new microorganisms resembles a “pulse” disturbance. 422 

Bioaugmentation will only succeed if the bioaugmentative groups have different kinetic 423 

characteristics than those of the native groups, which will allow them to establish 424 

themselves in the inhibited environment. 425 

4. Conclusions 426 

The bioaugmentation process was described mathematically and was included in 427 

an advanced mathematical model for AD. Simulations were performed for three 428 

bioaugmentation strategies and the results showed good agreement between in silico 429 

and in vivo data, suggesting a high level of model conceptual accuracy. Methane, pH, 430 

and total ammonia concentration were very well predicted by the model, while trends in 431 

VFA concentration were mostly also correctly simulated. Bioaugmentation mediums 432 

with different proportions of HyMe:SAO revealed that at least 60% of HyMe should be 433 
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added, because otherwise, SAO will consume a great part of the acetic acid available, 434 

thereby jeopardizing the recovery of AcMe. 435 

It was also found that bioaugmentation will only succeed if the bioaugmentative 436 

groups have different kinetic characteristics than those of the native groups, which will 437 

allow them to establish themselves in the inhibited environment. Upon the successful 438 

application of the bioaugmentation strategy, the bioaugmentative group would settle in 439 

the inhibited reactor and aid the recovery of native groups. 440 

The extended model can therefore be considered as a cost-effective and fast 441 

solution for testing general bioaugmentation strategies and it can assist in predicting 442 

optimal bioaugmentation microbial composition. 443 
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