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Abstract 

Recent studies have shown that direct interspecies electron transfer (DIET) plays an important 

part in contributing to methane production from anaerobic digestion. However, so far anaerobic 

digestion models that have been proposed only consider two pathways for methane production, namely 

acetoclastic methanogenesis, and hydrogenotrophic methanogenesis via indirect interspecies hydrogen 

transfer, which lacks an effective way for incorporating DIET into this paradigm. In this work, a new 

mathematical model is specifically developed to describe DIET process in anaerobic digestion through 

introducing extracellular electron transfer as a new pathway for methane production, taking anaerobic 

transformation of ethanol to methane as an example. The developed model was able to successfully 

predict experimental data on methane dynamics under different experimental conditions, supporting the 

validity of the developed model. Modeling predictions clearly demonstrated that DIET plays an 

important role in contributing to overall methane production (up to 33%) and conductive material (i.e., 

carbon cloth) addition would significantly promote DIET through increasing ethanol conversion rate 

and methane production rate. The model developed in this work will potentially enhance our current 

understanding on syntrophic metabolism via DIET.  

 

Keywords: Direct interspecies electron transfer (DIET); anaerobic digestion; ethanol; methane 

production; syntrophy; mathematical model. 

 

Introduction 

Anaerobic conversion of organic matter to methane has been widely recognized as an efficient 

technology for simultaneous waste treatment and energy generation (Batstone and Virdis 2014; Choi et 

al. 2013; Holm-Nielsen et al. 2009; Khan et al. 2016; Liu et al. 2011; Mackie and Bryant 1995; Nasir et 

al. 2012; Tada et al. 2006; Vandevoorde and Verstraete 1987). Anaerobic digestion usually undergoes 

several steps: disintegration, hydrolysis, fermentation and methanogenesis (Chan et al. 2009). Among 

them, syntrophic metabolism of fermentation products exists as a crucial step in anaerobic digestion, 

where an interaction must be maintained in balance between reducing power produced by fermentative 

bacteria and electron sink provided by methanogenic archaea (Shen et al. 2016). Disruptions in the 

syntrophic associations between bacteria and methanogens can result in system instabilities during 

anaerobic digestion. Therefore, effective interspecies electron transfer is critical in anaerobic digestion 

process. 

Previous studies of syntrophic electron exchange in methanogenic systems have focused on 

indirect interspecies electron transfer, in which hydrogen or formate serves as the electron carriers 

between microbial species in anaerobic soils and sediments (Conrad 1999; Großkopf et al. 1998). In 

fact, recent studies have demonstrated direct interspecies electron transfer (DIET) between cells would 

be an alternative way and also metabolically advantageous transfer mode in methane production 

compared to interspecies electron transfer through hydrogen or formate (Rotaru et al. 2014b; Storck et 

al. 2015). DIET has been observed in co-cultures of Geobacter species (Chen et al. 2014b; Summers et 

al. 2010) and in co-cultures of Geobacter metallireducens and Methanosaeta/Methanosarcina species 

(Chen et al. 2014a; Liu et al. 2012; Rotaru et al. 2014a; Rotaru et al. 2014b). The potential of 
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interspecies hydrogen/formate transfer mode has been excluded due to the incapacity of 

hydrogen/formate uptake by these species. Further, much direct evidence also suggested the 

predominance of DIET over interspecies hydrogen/formate transfer in anaerobic brewery digesters 

(Morita et al. 2011; Rotaru et al. 2014b; Shrestha et al. 2014; Zhao et al. 2016; Zhao et al. 2015a). 

DIET can be accelerated through addition of non-biological conductive materials. For example, 

granular activated carbon (Liu et al. 2012), biochar (Chen et al. 2014b) and carbon cloth (Chen et al. 

2014a) have been found to be able to stimulate DIET in defined co-cultures, but not to promote 

metabolism of co-cultures performing interspecies hydrogen/formate transfer. Promotion of microbial 

attachment on these materials were excluded as the syntrophic metabolism was not enhanced with 

poorly conductive carbon cloth (Chen et al. 2014a). Further study has demonstrated the promotion 

effect of these conductive materials during long-term operation of up-flow anaerobic sludge reactors 

(Zhao et al. 2015b). Essentially, addition of conductive materials can short the initial adaptation time of 

DIET, allowing the distant syntrophic partners to attach to conductive materials for cell-to-cell bio-

electrical transfers to be possible. 

Mathematical modeling of DIET in conversion of organic matter to methane is of great value to 

understand of mechanisms involved in this system and to optimize its further applications (Liu et al. 

2015a). The well-established Anaerobic Digestion Model No.1 (ADM1) has been widely applied to 

describe methane production process (Batstone et al. 2002). It contains multiple processes to simulate 

biochemical reactions within anaerobic digestion, namely disintegration, hydrolysis, acidogenesis, 

acetogenesis, acetoclastic and hydrogenotrophic methanogenesis, further with several extensions 

developed to describe processes such as homoacetogenesis (Ni et al. 2011), denitrification (Tugtas et al. 

2006; Tugtas et al. 2010) and sulfate reduction (Liu et al. 2015b; Liu et al. 2015c). However, none of 

these currently available model structures specifically considered the important role of DIET on 

methane production. 

The aim of this work is to propose a new model to understand and describe DIET process between 

functional microorganisms as well as the effects of conductive materials (taking carbon cloth as an 

example) on DIET through integrating extracellular electron transfer as a new pathway for methane 

production. The validity of the model is verified through comparison of model predictions and 

experimental data on methane generation profiles of four independent studies under different 

conditions. The developed model in this work will potentially enhance our current understanding on 

DIET. 

 

Materials and Methods 

Model development 

The model proposed in this study incorporates DIET into syntrophic metabolism of fermentation 

products through introduction of electrons as a new component in ADM1, which can well predict DIET 

process with relatively simple model structure and limited number of model parameters. Such 

simplification will not only reduce model calibration efforts but also ensure the model to be easily 

integrated with existing anaerobic digestion models for more comprehensive simulations, and in turn 

make the DIET model more practically applicable. Specifically, Mred (the reduced mediators) and Mox 
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(the oxidized mediators), defined as respective reduced and oxidized extracellular electron mediators, 

are considered as state variables in the developed model. The electron transfer is modeled by a 

recirculation loop between Mred and Mox (Mred ⇌ Mox + e−), i.e., an increase in Mred being balanced 

by a decrease in Mox and vice versa, with the total amount of mediators (Ctot) to be constant (SMred + 

SMox = Ctot). 

Taking anaerobic transformation of ethanol to methane as an example, ethanol is first oxidized to 

acetate, with four electrons produced through reduction of Mox to Mred (Equation 1).  

CH3CH2OH + H2O + 4Mox→CH3COOH + 4H+ + 4Mred                                 (1)  

Acetoclastic methanogens then utilize acetate for methane production (Equation 2) 

CH3COOH→ CH4 + CO2                                                                                    (2) 

Meanwhile, methane is produced by acetoclastic methanogens via DIET using electrons generated 

from ethanol oxidation (Equation 3). 

CO2+ 8Mred+ 8H+→ CH4+2H2O+8Mox                                                            (3) 

In addition, methanogenesis can be carried out in the presence of hydrogenotrophic methanogens 

through indirect interspecies hydrogen transfer route (Equations 4 and 5) 

2H+ + 2Mred→ H2 + 2Mox                                                                                 (4) 

CO2 + 8Mred + 4H2→ CH4 + 2H2O + 8Mox                                                      (5) 

The detailed kinetics and stoichiometry of the developed model are listed in Table 1. The 

Michaelis-Menten equation is used to describe kinetics of these biological reaction rates. Each reaction 

rate is described as a function of the concentration of substrates (i.e., ethanol, acetate, Mox, Mred or 

hydrogen) involved in the reaction. An example kinetics equation of syntrophic metabolism between 

ethanol degradation (Equation 1) and DIET methane production (Equation 3) is provided as below, i.e., 

Equations 6 and 7, respectively. Microbial growth and decay are also considered in the model. Model 

components and parameter values are showed in Tables 2 and 3. 

 𝑟1 = 𝑘1
𝑆𝑒𝑡ℎ

𝑆𝑒𝑡ℎ+𝐾𝑒𝑡ℎ

𝑆𝑀𝑜𝑥

𝑆𝑀𝑜𝑥+𝐾𝑀𝑜𝑥
𝑋𝑒𝑡ℎ                                                                   (6) 

 𝑟3 = 𝑘3
𝑆𝑀𝑟𝑒𝑑

𝑆𝑀𝑟𝑒𝑑+𝐾𝑀𝑟𝑒𝑑
𝑋𝑎𝑐                                                                               (7) 

where Keth, KMox, and KMred are the half saturation constants for ethanol, Mox and Mred, and k1and 

k3 are the maximum specific uptake rates of Equations 1 and 3, respectively. Seth is the ethanol 

concentration, while SMox and SMred are the concentrations of the oxidized and reduced mediators 

involved in direct electron transfer. Xeth and Xac are the biomass concentrations of ethanol-metabolizing 

bacteria and acetoclastic methanogens, respectively. 

The DIET model was formulated and implemented in AQUASIM 2.1d (Reichert 1998). This 

program offers a flexible definition of the kinetic model, flow scheme, and process control strategies; it 

also provides support for graphic display of the support of the simulation results, corresponding 

experimental data, and communication with spreadsheet programs (Reichert 1998). In order to 

integrate the differential equations of the model, as a first step, the partial differential equations are 

discretized in space. Then the spatially discretized partial differential equations together with the 

ordinary differential equations and the algebraic equations are integrated numerically in time with the 

algorithm which is based on the implicit variable-step variable-order Gear integration technique. 
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Experimental data for model evaluation 

Experimental data of four case studies under different conditions studying DIET during 

biotransformation of ethanol to methane were applied to exam the model prediction capacities. 

Case I (Rotaru et al. 2014b): Ethanol-adapted Geobacter metallireducens (ethanol-metabolizing 

microorganisms) and acetate-grown Methanosaeta harundinacea (acetoclastic methanogens, incapacity 

of using hydrogen/formate for methane production) were grown separately with their own specific 

medium in the anaerobic pressure tube, prior to co-cultivation. Co-culture batch test was carried out 

with Geobacter metallireducens (0.5 mL) and Methanosaeta harundinacea (1 mL) grown in a 50-mL 

fresh water medium containing 20 mM ethanol and CO2. Samples were taken regularly with N2:CO2 

flushed hypodermic syringe for analyzing the dynamics of ethanol, acetate and methane during 85-day 

cultivation. More details on system operation and measurement can be found at Rotaru et al. (2014b). 

Case II (Rotaru et al. 2014a): Ethanol-adapted Geobacter metallireducens and acetate-grown 

Methanosaeta barkeri (also acetoclastic methanogens, incapacity of using hydrogen/formate for 

methane production) were also cultivated separately with their own specific medium, prior to initiating 

co-cultures. Co-culture cultivation was initiated with the inoculum of Geobacter metallireducens (0.5 

mL) and the inoculum of Methanosaeta harundinacea (0.5 mL) added in 9-mL modified DSM 120 

medium containing 20 mM ethanol, with CO2 as the only electron acceptor. Then, 10% inoculum of 

initiated co-cultures was transferred to 45-ml medium to start batch test. Samples were taken regularly 

to analyze ethanol, acetate and methane during 31 days. More details on system operation and 

measurement can be found at Rotaru et al. (2014a). 

Case III (Chen et al. 2014a): Similarly, ethanol-adapted Geobacter metallireducens and acetate-

grown Methanosaeta barkeri were cultivated separately as mentioned in Case II. Before batch tests, 

cotton cloth (control, without conductive materials) or carbon cloth (experimental, with conductive 

materials) strips of 0.1 – 0.2 g per tube in the culture medium were autoclaved in pressure tubes under a 

N2:CO2 atmosphere for 30 min. After that, 5% inoculum of initiated co-cultures (Geobacter 

metallireducens and Methanosaeta barkeri) was added to each cloth present tube containing 10 mM 

ethanol as only electron donor. In both tests, samples were taken regularly to analyze ethanol and 

methane during 30 days. More details on system operation and measurement can be found at Chen et 

al. (2014a). 

Case IV (Zhao et al. 2015b): Two identical 1-L up-flow anaerobic sludge reactors, one packed 

with carbon cloth pieces (1 × 1 cm2 per piece, 2.5 g in total) and one in the absence of carbon cloth as 

control after 10-d start-up, were continuously operated. The seed sludge was collected from an 

anaerobic digester at a municipal wastewater treatment plant. 0.5 L sludge was added into each reactor 

at the beginning. A synthetic wastewater (4110 mg COD/L) with ethanol as carbon source was used as 

the influent for both reactors. The initial hydraulic retention time (HRT) were 24 hours then decreased 

to 18 hours after 14-d operation. Effluent acetate and ethanol were sampled and analyzed daily. 

Methane production rate was calculated through measuring gas volume in the gas collection bag and 

methane concentration in the bag every 8 h. More details on system operation and measurement can be 

found in Zhao et al. (2015b). 
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Testing the model prediction ability 

The developed model contains 15 kinetic and stoichiometric parameters (Table 3). Among them, 

12 parameter values have been well established previously. Therefore, literature reported values were 

applied on them. The rest 3 parameters, maximum ethanol uptake rate (k1), maximum acetate uptake 

rate (k2), and maximum reaction rate of DIET methanogenesis (k3), are the key parameters relating to 

DIET process and thus calibrated with experimental data.  

For Cases I, II and III, Equations 4 and 5 were not considered in the model. The reasons are 

(Shrestha et al. 2013; Summers et al. 2010): (1) evidence has shown that Geobacter metallireducens is 

incapable of releasing electrons generated from ethanol oxidation as hydrogen or formate, but able to 

transfer these electrons to Methanosaeta species; (2) Methanosaeta species are acetoclastic 

methanogens and not able to use hydrogen/formate for methane production. Thus, it should be noted 

that conventional ADM1 models only consider acetoclastic and hydrogenotrophic methanogenesis will 

fail in describing DIET process. 

Ctot (the sum of SMox and SMred) was set with a value of 0.01 mmol/L and SMox =SMred at the initial 

stage based on previously reported literature (Pan et al. 2013). This is acceptable as the absolute value 

of Ctot is not critical for model simulation calibration and prediction. For Cases I to III with pure 

cultures, the initial concentrations of microbes were set based on experimental measurements. For Case 

IV, the initial biomass concentrations were set based on convergence simulation of the continuous-flow 

reactor. Such approach will not affect k values (Ni et al. 2015). 

Parameter estimation were carried out by minimizing the sum of squares from the deviations 

between the experimental data and model predictions, using the secant function in AQUASIM 2.1d 

(Reichert 1998). The best-fit parameter values (k1, k2 and k3) for each case are summarized in Table 4. 

 

Results 

Model evaluation using experimental data from Case I  

Firstly, the proposed model is tested to predict the experimental results of Case I. The simulated 

ethanol, acetate and methane results with the developed model are shown in Figure 1, together with 

experimental data. At the beginning 40 d, both ethanol oxidation and methane production rates were 

relatively low, showing a lag phase likely due to the microbial adaption. After initial adaption of 

Geobacter and Methanosaeta species to DIET, both rates increased significantly in the following 

period, indicating the coupling of ethanol oxidation and methane production via DIET. Eventually, ca. 

1.66 mmol methane was produced from ca. 1.15 mmol ethanol, further confirming the presence of 

DIET since theoretical methane production from only acetoclastic pathway should be the same amount 

as initial ethanol concentration. The developed model well predicted these trends. The good match 

between model predictions and measured data confirmed that the established model captures the 

dynamics of ethanol, acetate and methane in the presence of DIET. The calibrated parameter values 

providing the best model fittings with the experimental results are summarized in Table 4. 

 

Model evaluation using experimental data from Case II 
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The experimental data of Case II were then applied to exam the established DIET model for the 

prediction capacity on ethanol, acetate and methane dynamics. The obtained values of the estimated 

parameters (k1, k2 and k3) using experimental data from this case are summarized in Table 4. Substrate 

dynamics (Figure 2) were similar to Case I, except for the much shorter initial lag phase (i.e., 7 vs. 40 

days), due to the better adaption of co-cultures in ethanol metabolism. The model reasonably predicted 

these substrate trends, with higher reaction rates (k values) than those of Case I (Table 4) likely 

because of better syntrophic metabolism that an interaction is maintained in balance between reducing 

power produced by ethanol-metabolizing bacteria and electron sink provided by acetoclastic 

methanogens. However, there were differences between model predictions and experimental measured 

results on methane on day 26 and 31, likely caused by the unexpected experimental errors as per mass 

balance. 

 

Model evaluation using experimental data from Case III 

The established model were further tested with experimental data of ethanol and methane from 

Case III, in both absence and presence of conductive carbon cloth, respectively (Figure 3). Both 

ethanol oxidation and methane production rates were enhanced significantly (Figure 3b) as the addition 

of carbon cloth intensified the DIET. The model outputs matched the experimental data well. k1 

(maximum ethanol uptake rate) and k3 (maximum reaction rate of DIET methanogenesis) in the 

experimental batch were ca. 1.5 times and 4 times higher than those values in control batch without 

carbon cloth addition (Table 4). k2 (maximum acetate uptake rate) was not increased as conductive 

materials only enhance syntrophic extracellular electron transfer (i.e., Equations 1 and 3), rather than 

Equation 2. These results indicated that the developed model is capable of predicting enhanced DIET 

with the presence of conductive materials. 

 

Model evaluation using experimental data from Case IV 

In addition, the experimental data from up-flow anaerobic sludge reactors in both absence and 

presence of conductive carbon cloth were applied to evaluate the established model (Figure 4). Similar 

to Case III, k1 (maximum ethanol uptake rate) and k3 (maximum reaction rate of DIET methanogenesis) 

in the experimental reactor were both increased significantly compared to those in control reactor 

without carbon cloth addition (Table 4), in agreement with the observation of enhanced DIET, i.e., 

higher ethanol consumption (lower effluent ethanol concentrations) and methane production rates, in 

the experimental reactor packed with carbon cloth. Enhanced DIET would further lead to the increase 

in the abundance of acetoclastic methanogens, in turn resulting in higher acetate consumption (lower 

acetate concentrations in the effluent) despite of the unchanged k2 (maximum acetate uptake rate). The 

good match between model predictions and measured data further suggested that the developed model 

can also be used to predict DIET in mix-culture conditions. 

 

Discussion 

Anaerobic digestion is the most widely applied and effective strategy to recover bioenergy of 

methane from organic waste (Appels et al. 2011). Ethanol, an organic compound that is commonly 
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detected in wastewater discharged from chemical units, brewery factories, or pharmaceutical factories 

with a substantially high concentration (Kaksonen et al. 2003; Nagpal et al. 2000), can be efficiently 

treated with anaerobic digestion (Agler et al. 2008). Increasing evidence has shown that cell-to-cell 

electron transfer via DIET is a metabolically better pathway in terms of high energy conservation than 

that of interspecies hydrogen/formate transfer in conversion of methane from ethanol (Morita et al. 

2011; Rotaru et al. 2014b; Shrestha et al. 2014; Zhao et al. 2016; Zhao et al. 2015a). However, current 

mathematical models for predicting methane production in anaerobic digestion (i.e., ADM1 and its 

extensions) only consider acetoclastic and hydrogenotrophic methanogenesis pathways (Batstone et al. 

2002), which would fail to describe the methane dynamics in the presence of DIET. 

In this study, a new mathematical model describing DIET process in anaerobic methane 

production is developed, which is of great importance for better understanding and modeling the 

rate/extent of methane conversion during anaerobic digestion. The key feature of the developed model 

is the introduction of electron transfer concept through a pool of extracellular electron mediators. 

Model validity was confirmed using four independent case study reports (Chen et al. 2014a; Rotaru et 

al. 2014a; Rotaru et al. 2014b; Zhao et al. 2015b). The set of best-fit parameter (k1, k2 and k3) values are 

summarized in Table 4 and they vary in a relative small range (i.e., less than one order magnitude in 

the absence of carbon cloth). Values of k2 (maximum acetate uptake rate) and k3 (maximum reaction 

rate of DIET methanogenesis) are comparable, further confirming the important role of DIET. The 

obtained model parameter values were robust to predict DIET under different experimental conditions 

(i.e., co-cultures or mixed-cultures, batch cultivation or digester operation, as well as the absence or 

presence of conductive materials), indicating the wide applicability of the model. Despite the 

concentration dynamics of Mred and Mox were not directly validated due to the lacking of analytical 

method (Rotaru et al. 2014b), our current approach that assumes a value of Ctot (the sum of SMox and 

SMred) based on literature report has been verified in previous study (Pan et al. 2013). Also, the 

verification based on experimentally obtained concentrations of ethanol, acetate and CH4 has indeed 

indicated that our new model can reasonably describe DIET, as the modeling results match well with 

experimental dynamics that acetoclastic methanogens not only convert the acetate produced from 

ethanol to methane but also consume the additional electrons available from the conversion of ethanol 

to acetate for methane production. 

Effective interspecies electron transfer in the syntrophic associations between bacteria and 

methanogens is crucial to the efficient function of methanogens (Morita et al. 2011). Since 

Methanosaeta species, capable of DIET, are ubiquitous and abundant in a wide range of methanogenic 

environments, promoting interspecies electron transfer to Methanosaeta via DIET can enhance 

methane production during anaerobic digestion. As model predicted in Cases III and IV, conductive 

carbon cloth addition significantly improve k1 (maximum ethanol uptake rate) and k3 (maximum 

reaction rate for DIET methanogenesis), leading to better methanogenic performance. Better syntrophic 

metabolism when DIET was enhanced also resulted in a favorable condition for the growth of 

acetoclastic methanogens despite of the same k2 (maximum acetate uptake rate). Since the main 

objective in this study is to validate our model applicability under different conditions using 

experimental data batch or continuous tests, and with or without carbon cloth addition, the effect of 
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carbon cloth concentration on k values was not included in the current model. But it can be easily 

incorporated in future work if studying the impact of its concentration is the main goal. 

It should be noted that Mred and Mox are two lumped parameters used in the model. In reality, 

DIET is a syntrophic metabolism which electrons flow from cell to cell without being shuttled by 

mediators. The use of such two lumped parameters reduces the complexity of the model. 

The possible existence of different groups of ethanol-metabolizing bacteria and methanogens 

were not specifically considered for model simplification, which were lumped together in our model. 

This assumption can be revised later when more information about kinetics of different ethanol-

metabolizing and methanogenic microorganisms becomes available. Also, disintegration, hydrolysis 

and acidogenesis were not presented in the current model as this study focuses on DIET during 

anaerobic transformation of ethanol to methane. The impact of biofilm matrix and diffusion on DIET 

was not considered in this study as all experimental systems are under completely mixed conditions. In 

fact, it has been reported that the biofilm thickness can affect extracellular electron transfer process 

(Renslow et al. 2013; Strycharz et al. 2011). This is expected because the current produced via 

diffusion-based extracellular electron transfer consists entirely of electrons delivered to the electrode 

and half of the electrons produced and subsequently accepted by mediators are lost to the bulk solution. 

Also, the conductivity of the biofilm can influence the transmission of electrons through a biofilm 

matrix (Strycharz-Glaven et al. 2011), as it reduces the requirement for high mediator concentrations 

and limits mediator losses (Renslow et al. 2013). Our simplification over the complicated reaction-

diffusion-electrochemical approach (Storck et al. 2015) can well predict DIET with relatively simple 

model structure and limited number of model parameters, which can make the implementation, 

application, and comprehension of the model easier. However, these processes are readily to be 

incorporated into our model to describe substrate and methane dynamics in complex systems. 

 

Conclusion 

In this study, a new mathematical model is proposed to describe DIET process in anaerobic 

transformation of ethanol to methane. The proposed model was successfully used to reproduce 

experimental results from four independent cases with different conditions and indicated the wide 

applicability of the proposed model. Modeling results indicated that DIET plays an important role in 

contributing to methane production during anaerobic digestion, i.e., comparable k2 (maximum acetate 

uptake rate) and k3 (maximum reaction rate for DIET methanogenesis), and the addition of conductive 

carbon cloth would significantly improve k1 (maximum ethanol uptake rate) and k3 (maximum reaction 

rate for DIET methanogenesis), leading to better the methanogenic performance. This DIET model can 

be further incorporated into well-established ADM1 model to provide insights on process design and 

optimization during anaerobic digestion of ethanol wastewater. 
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Table Captions 

 

Table 1. Stoichiometric Matrix and Process Kinetic Rate Equations for the Biological Reaction Model 

 

Table 2. Definition of Components in the Model 

 

Table 3. Kinetic Parameter Values of the Developed Model for Case IV 

 

Table 4. Best-Fit Parameters with 95% Confidence Intervals Describing DIET in Four Case studies  
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Figure Captions 

 

Figure 1. Model evaluation with experimental data on ethanol, acetate and methane from batch test in 

Case I (Rotaru et al. 2014b). 

 

Figure 2. Model evaluation with experimental data on ethanol, acetate and methane from batch test in 

Case II (Rotaru et al. 2014a). 

 

Figure 3. Model evaluation with experimental data on ethanol and methane from batch tests in Case III 

(Chen et al. 2014a): (a) in the absence of conductive carbon cloth; (b) in the presence of conductive 

carbon cloth. 

 

Figure 4. Model evaluation with experimental data on effluent ethanol, acetate and methane production 

from continuous reactor operation in Case IV (Zhao et al. 2015b): (a) without carbon cloth addition; (b) 

with carbon cloth addition. HRT was decreased from 24 h to 18 h on day 14. 
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Figure 1. Model evaluation with experimental data on ethanol, acetate and methane from batch test in Case I 

(Rotaru et al. 2014b). 
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Figure 2. Model evaluation with experimental data on ethanol, acetate and methane from batch test in Case II 

(Rotaru et al. 2014a). 
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Figure 3. Model evaluation with experimental data on ethanol and methane from batch tests in Case III (Chen et 

al. 2014a): (a) in the absence of conductive carbon cloth; (b) in the presence of conductive carbon cloth. 
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Figure 4. Model evaluation with experimental data on effluent ethanol, acetate and methane production from 

continuous reactor operation in Case IV (Zhao et al. 2015b): (a) without carbon cloth addition; (b) with carbon 

cloth addition. HRT was decreased from 24 h to 18 h on day 14. 
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Table 1. Stoichiometric Matrix and Process Kinetic Rate Equations for the Biological Reaction Model 

Variable Process 
SCH4 

COD 

Seth 

COD 

Sac 

COD 

Sh2 

COD 

SMox 

mM 

SMred 

mM 

Xeth 

COD 

Xac 

COD 

Xh2 

COD 

XI 

COD 

Kinetics rate expressions 

1. Ethanol degradation  −1 −
2(1 − 𝑌𝑒𝑡ℎ)

3
  −

1 − 𝑌𝑒𝑡ℎ
24

 
1 − 𝑌𝑒𝑡ℎ
24

 𝑌𝑒𝑡ℎ    𝑘1
𝑆𝑒𝑡ℎ

𝑆𝑒𝑡ℎ + 𝐾𝑒𝑡ℎ

𝑆𝑀𝑜𝑥

𝑆𝑀𝑜𝑥 + 𝐾𝑀𝑜𝑥

𝑋𝑒𝑡ℎ 

2. Acetoclastic methanogenesis 1 − 𝑌𝑎𝑐𝑒   −1     𝑌𝑎𝑐𝑒    𝑘2
𝑆𝑎𝑐

𝑆𝑎𝑐 + 𝐾𝑎𝑐𝑒
𝑋𝑎𝑐 

3. Methanogenesis via DIET 1 − 𝑌𝑎𝑐𝑒     
1

8
 −

1

8
  𝑌𝑎𝑐𝑒    𝑘3

𝑆𝑀𝑟𝑒𝑑

𝑆𝑀𝑟𝑒𝑑 + 𝐾𝑀𝑟𝑒𝑑

𝑋𝑎𝑐 

4. Hydrogen production    1 − 𝑌𝑒𝑡ℎ 
1

8
 −

1

8
 𝑌𝑒𝑡ℎ    𝑘1

𝑆𝑀𝑟𝑒𝑑

𝑆𝑀𝑟𝑒𝑑 + 𝐾𝑀𝑟𝑒𝑑

𝑋𝑒𝑡ℎ 

5. Hydrogenotrophic 

methanogenesis 
1 − 𝑌ℎ2   −1     𝑌ℎ2  𝑘ℎ𝑦𝑑𝑟𝑜_𝑐ℎ4

𝑆ℎ2
𝑆ℎ2 + 𝐾ℎ2

𝑋ℎ2 

6. Decay of ethanol-metabolizing 

bacteria 
    −1  −1   𝑓𝐼 

𝑘𝑑𝑒𝑐𝑋𝑒𝑡ℎ 

7. Decay of acetoclastic 

methanogens 
       −1  𝑓𝐼 

𝑘𝑑𝑒𝑐𝑋𝑎𝑐 

8. Decay of hydrogenotrophic 

methanogens 
        −1 𝑓𝐼 

𝑘𝑑𝑒𝑐𝑋ℎ2 

 

 

  

Table



Table 2. Definition of Components in the Model 

Number Component Definition Unit 

1 Seth Ethanol g COD m-3 

2 Sac Acetate g COD m-3 

3 SMox Reduced mediator mM 

4 SMred Oxidized mediator mM 

5 SCH4 Methane g COD m-3 

6 Sh2 Hydrogen g COD m-3 

7 Xeth Ethanol-metabolising bacteria g COD m-3 

8 Xac Acetoclastic methanogens g COD m-3 

9 Xh2 Hydrogenotrophic methanogens g COD m-3 

10 XI Inert, non-biodegradable organics g COD m-3 

 

  



Table 3. Kinetic Parameter Values of the Developed Model for Case IV 

Parameter Definition Value Unit Source 

k1 Maximum reaction rate of Process 1 0.37 g COD/(g COD × h) (1) 

Keth Half saturation constant for Seth 300 g COD/m3 (2) 

k2 Maximum reaction rate of Process 2 0.97 g COD/(g COD × h) (1) 

Kace Half saturation constant for Sac 150 g COD/m3 (2) 

k3 Maximum reaction rate of Process 3 0.43 g COD/(g COD × h) (1) 

k hydro_ch4 Maximum reaction rate of Process 5 1.68 g COD/(g COD × h) (2) 

Kh2 Half saturation constant for Sh2 0.018 g COD/m3 (2) 

KMox Half saturation constant for SMox 0.0001 mmol/L (3) 

KMred Half saturation constant for SMred 0.001 mmol/L (3) 

Ctot The sum of SMox and SMred 0.01 mmol/L (3) 

kdec Decay rate 0.005 g COD/(g COD × h) (2) 

Yeth Yield coefficient for Xeth 0.06 g COD/g COD (2) 

Yace Yield coefficient Xac 0.05 g COD/g COD (2) 

Yh2 Yield coefficient for Xh2 0.06 g COD/g COD (2) 

fI Fraction of XI in biomass decay 0.10 g COD/g COD (2) 

Sources: (1) This study; (2) Batstone et al., 2002; (3) Pan et al., 2013. 

  



Table 4. Best-Fit Parameters with 95% Confidence Intervals Describing DIET in Four Case studies 

 Case I Case II Case III a Case III p Case IV a Case IV p 

k1 0.72±0.08 0.81±0.14 0.30±0.03 0.46±0.04 0.37±0.06 1.70±0.11 

k2 4.80±0.01 6.90±0.20 0.99±0.02 --- 0.97±0.05 --- 

k3 0.40±0.05 0.68±0.10 0.48±0.01 1.91±0.02 0.43±0.09 4.51±0.30 

 

a indicates in the absence of conductive carbon cloth while p means in the presence of  

conductive carbon cloth. 

 


