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Abstract 

 

Integrating anaerobic digestion into electrochemical reactors is an advanced technology for biomethane 

recovery. Imposing low electric potential between electrodes, supplies CO2, electrons, and hydronium ions from 

anodic oxidation of organic and/or inorganic compounds. Then, autotrophic methanogens on the cathode 

produce methane from CO2 and H+ by electron uptake from the cathode. However, in mixed microbial 

environments, acetogens produce acetate as well. These reactions can take place via two different mechanisms, 

DIET (direct interspecies electron transfer) or IMET (indirect mediated electron transfer). This work 

investigates CO2 conversion to acetate and methane in an electrochemical biofilm reactor comparing the 

efficiency of CO2 reduction via DIET and IMET mechanisms at hydrogen evolving potentials from -0.3 to -0.7 

vs SHE. The other goal is to prove the importance of mass balance in CO2 reduction at applied voltages. 

Simulations are done in AQUASIM version 2.1. Simulation results depicted that higher H+ concentration at -0.7 

V vs SHE can reduce more CO2 in DIET with less current generation compared to IMET. This shows DIET as 

the more efficient mechanism. Methane production is dominant in IMET model, however higher current is 

needed for CO2 fixation in this mechanism. Also, biomass concentration, acetate and methane production, 

substrate concentration, biofilm thickness, biomass distribution in biofilm, and current density over time in both 

mechanisms are investigated at variant voltages and substrate concentrations. Simulations showed that at high 

CO2 levels in both mechanisms CO2 conversion cannot reach maximum if the voltage is not high enough to 

supply H+ ions.  
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1. Introduction 

Microbial electrosynthesis systems (MES) can 

solve the limitations of anaerobic digestion which 

have gained attention as power to gas technology; 

PtG in recent years (Nelabhotla et al., 2021). 

Biogas normally contains 50-70% CH4, 50-30% 

CO2 and other trace elements. Microbial 

communities can be stimulated to higher biogas 

production by a slight increase in the redox 

potential of the microbial environment. Applying 

low electric potentials between electrodes to 

execute electron transfer from anodic to cathodic 

biofilm has several advantages. Low voltage in the 

range of microbial redox activities triggers 

microorganisms to produce more biogas for a 

longer period and convert more CO2 to methane. 

likewise, CH4 content in biogas reaches up to 90-

98%. This could happen when autotrophic 

microbes namely methanogens and mediator- 

producing microbes as acetogens contribute to CO2 

reduction via consumption of the available 

hydrogen. In these systems, CO2 and hydrogen 

could be products of anodic dissociation of organic 

compounds such as complex carbohydrates or 

inorganic substances such as ammonium 

(Nelabhotla & Dinamarca, 2018; Sivalingam et al., 

2020). Autotrophic methanogenesis and 

acetogenesis (equations 1 to 3) could take place via 

indirect mediated electron transfer (IMET)1: 

 
2𝐻+ + 2𝑒− → 𝐻2 ,                                𝛥𝐸° =  −0.414 𝑉            (1)  

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂,              𝛥𝐺0 = −16.35
𝑘𝐽

𝑒. 𝑒𝑞⁄  (2) 

2𝐶𝑂2 + 4𝐻2 → 𝐶𝐻3𝐶𝑂𝑂− + 2𝐻2𝑂, 𝛥𝐺0 = −12.78
𝑘𝐽

𝑒. 𝑒𝑞⁄ (3) 

 

Or via equations 4 and 5 corresponding to direct 

interspecies electron transfer (DIET) (Nelabhotla & 

Dinamarca, 2019): 

 
𝐶𝑂2 + 8𝐻+ + 8𝑒− → 𝐶𝐻4 + 2𝐻2𝑂,            𝛥𝐸0 = −0.248 𝑉  (4) 
2𝐶𝑂2 + 8𝐻+ + 8𝑒− → 𝐶𝐻3𝐶𝑂𝑂− + 2𝐻2𝑂,   𝛥𝐸0 = −0.28𝑉(5) 
 

In a microbial electrosynthesis system, both 

mechanisms are possible depending on the 

microbial species types. According to equation 1, 

IMET needs higher applied potentials to happen 

 
1 Voltage values in the paper are stated versus standard 
hydrogen electrode (vs, SHE) 
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compared to DIET. This makes IMET less energy 

efficient since higher potentials are necessary to 

supply electrons and H+ for H2 formation. 

However, if the inflow to the MES reactor is fully 

digested, it has low volatile fatty acids (VFAs), but 

high amounts of hardly degradable organic 

compounds and soluble CO2. Such systems are 

dependent on hydrogen evolving potentials to 

provide H+ for CO2 fixation. It is important the 

potentials must be lower than the voltage required 

for water electrolysis in single chamber MES to 

avoid oxygen formation that is toxic for anaerobes. 

Electroactive hydrogen producing bacteria can 

produce hydrogen via IMET (Gharbi, et al., 2022). 

Hydrogenotrophic methanogens are of this kind 

which can produce hydrogen and consume it again 

for CO2 fixation to methane (Berghuis et al., 2019). 

Tremblay et al. (Tremblay et al., 2019), reported 

that in an enriched medium with microbiome S. 

Ovata known as a hydrogen producing species, a 

gradual increase in the cathodic voltage from -0.3 

to -0.7 vs, SHE, increased microbial H2 evolution 

in the MES system. In another work, acetate 

production happened parallel to methane and 

hydrogen gas formation in a mixed microbial broth 

of chemolitoautotrophs at -0.9 V vs SHE on 

cathode (Bajracharya et al., 2015). Theoretical 

reactions in equations 1 to 5 show a lower cell 

voltage than the local cathodic potential reported 

for hydrogen gas evolution, acetate and CH4 

formation. The reason is to overcome anodic 

potential and other losses in the MES reactor which 

depend on factors such as the feed, microbial 

medium, electrode material, electrode surface area 

and the reactor volume. This study simulates 

autotrophic CO2 conversion to CH4 and acetate via 

DIET and IMET mechanisms which depend highly 

on the microbial community in the reactor. Not 

much particular work is available to compare DIET 

and IMET mechanisms. Nevertheless, in a 

modelling performed by Storck et al, DIET is 

suggested more advantageous for microbes because 

of fewer thermodynamic barriers (Storck et al., 

2016). It is difficult to control microbial 

communities, however if the more efficient 

mechanism is found, the process operation can be 

controlled to increase the microbial species that 

demand less energy for CO2 capture i.e, lower 

electron flow requirement for the process.  

 

2. Methodology  

The simulation is based on a single chamber 

biofilm reactor. Anode and cathode are in the same 

microbial medium. The reactor is fully mixed and 

has continuous inflow and discharge. Figure 1 

shows the scheme of the model. 

 

 
Figure 1. A schematic overview of a single chamber 

anaerobic MES reactor. The external electric potential on 

the cathode leads to bio anodic oxidation of organic or 

inorganic components and generation of CO2/H+ that 

transfer in the liquid toward the cathodic biofilm, and 

electrons which flow through the wire connection from 

anode to cathode. Cathodic biofilm ingests the substrates 

together with electrons to produce acetate (n=2) or 

methane (n=1) via two possible mechanisms: a) DIET or 

b) IMET. 

2.1. Model assumptions and expressions 

Assumptions of the model are as follows: 

• The reactor operates at 1 atm and pH 7.  

• Physiochemical gas/liquid mass transfer is not 

included. Diffusion and convection are 

assumed between liquid and biofilm. 

• Effect of electrode material is not incorporated.  

• Only cathodic reactions and cathodic biofilm is 

included in the simulated model. 

• The source of H+ for cathode is limited. H+ 

values in the simulation are taken from 

experimental work based on anodic oxidation 

of organic compounds corresponding to a 

certain applied potential. However, anodic 

reactions are not included in the simulations.  

• CO2 is the carbon source for cathode which is 

soluble and in equilibrium with HCO3
−. 

• The active biomass is attached to cathode. 

Collaboration of the detached biofilm and 

suspended media to redox reactions is ignored.  

• Initial biomass fraction is equal for all species. 

In DIET model, biomass consists of acetogens 

and methanogens. In IMET model, 

hydrogenotrophs are added to the other two 

species. 

• The detachment velocity in the simulation 

(Reichert, 1998) is assumed as an indicator of 

bacterial decay (Kd) and loss of biofilm due to 

operating conditions. 

In IMET model, hydrogenotrophic microbes 

produce hydrogen molecule at cathode. So, the 

electron acceptor in Monod expression is H+ ion. 

Cathode performs as electron donor in the Nernst 
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term (equation 6). Autotrophic methanogens and 

acetogens take part in H2 consumption (equations 7 

and 8) which is expressed by multiplicative Monod 

equation. Cathodic reactions are the opposite of 

anode. Therefore, the Nernst term is positive to 

represent cathode where electrons are taken from 

cathode and the voltage is negative (Flowers & 

Theopold, 2019; Metcalf et al., 2014; Torres et al., 

2007). 

 
𝑑[𝑋𝐻2]

𝑑𝑡
= 𝑋𝐻2

· (𝜇𝑋𝐻2

𝑚𝑎𝑥 ·
𝑆𝐻+

𝐾𝐻++𝑆𝐻+
·

1

1+𝑒𝑥𝑝⌈(𝐸𝑎𝑝𝑝)
2𝐹

𝑅𝑇
⌉

− 𝑘𝑑,𝐻2
)        (6)    

𝑑[𝑋𝐶𝐻4]

𝑑𝑡
= 𝑋𝐶𝐻4

· (𝜇𝑋𝐶𝐻4

𝑚𝑎𝑥 ·
𝑆𝐶𝑂2

𝐾𝐶𝑂2+𝑆𝐶𝑂2

·
𝑆𝐻2

𝐾𝐻++𝑆𝐻+
− 𝑘𝑑,𝐶𝐻4

)           (7)  

𝑑[𝑋𝑎𝑐]

𝑑𝑡
= 𝑋𝑎𝑐 · (𝜇𝑋𝑎𝑐

𝑚𝑎𝑥 ·
𝑆𝐶𝑂2

𝐾𝐶𝑂2+𝑆𝐶𝑂2

·
𝑆𝐻2

𝐾𝐻2+𝑆𝐻2

− 𝑘𝑑,𝑎𝑐)                   (8)  

 

In DIET, microbes take electrons directly from 

cathode and consume H+ and CO2 from the bulk 

liquid. H+ and CO2 are both the limiting electron 

acceptor substrates. Therefore, Nernst-Monod 

equations in DIET can be expressed as in equations 

9 and 10.  

Product concentration in IMET and DIET is 

calculated according to equations 11 and 12. 

 

 
𝑑[𝑋𝐶𝐻4,]

𝑑𝑡
= 𝑋𝐶𝐻4

· (𝜇𝑋𝐶𝐻4

𝑚𝑎𝑥 ·
1

1+𝑒𝑥𝑝⌈(𝐸𝑎𝑝𝑝)
8𝐹

𝑅𝑇
⌉

·
𝑆𝐶𝑂2

𝐾𝐶𝑂2 +𝑆𝐶𝑂2

·
𝑆𝐻+

𝐾𝐻++𝑆𝐻+
−

𝑘𝑑,𝐶𝐻4
)                                                                                                (9)  

𝑑[𝑋𝐴𝐶]

𝑑𝑡
= 𝑋𝐴𝐶 · (𝜇𝑋𝐴𝐶

𝑚𝑎𝑥 ·
1

1+𝑒𝑥𝑝⌈(𝐸𝑎𝑝𝑝)
8𝐹

𝑅𝑇
⌉

·
𝑆𝐶𝑂2

𝐾𝐶𝑂2,𝐻𝐶𝑂3
−+𝑆𝐶𝑂2

·

𝑆
𝐻+

𝐾𝐻++𝑆𝐻+
− 𝑘𝑑,𝑎𝑐)                                                                            (10)  

𝑑[𝑆𝐶𝐻4
]

𝑑𝑡
= (

𝑑[𝑋𝐶𝐻4
]

𝑑𝑡
) 𝑌𝐶𝐻4

⁄                                                       (11) 

𝑑[𝑆𝑎𝑐]

𝑑𝑡
= (

𝑑[𝑋𝑎𝑐]

𝑑𝑡
) 𝑌𝑎𝑐⁄                                                                 (12) 

 

Change in j (current density, A∙m-2) over time 

correlates to electroactive biomass concentration, 

obtained by equation 13 (Torres et al., 2008). 

 
𝑑𝑗

𝑑𝑡
=

𝑑[𝑋𝑖]

𝑑𝑡
· 𝛾 · 𝐿𝑓 · (𝑓𝑠

0 − 1)                                         (13)  

Table 1. Model parameters for the simulation 

Parameter Symbol Value Unit Ref 

Specific respiration rate of microorganisms 𝑏𝑋 0.05 d-1 [a] 

Diffusivity of acetate 𝐷𝑎𝑐 1. 54 ∙ 10−5 m2 ∙ d−1 [b] 

Diffusivity of methane  𝐷𝐶𝐻4
 1.296 ∙ 10−4 m2 ∙ d−1 [b] 

Diffusivity of CO2 𝐷𝐶𝑂2
 1. 658 ∙ 10−4 m2 ∙ d−1 [b] 

Diffusivity of H2 𝐷𝐻2
 3.88 ∙ 10−5 m2 ∙ d−1 [b] 

Diffusivity of hydrogen ion (H+) 𝐷𝐻+ 8.04 ∙ 10−5 m2 ∙ d−1 [b] 

Diffusivity of biomass 𝐷𝑋 1 ∙ 10−7 m2 ∙ d−1 [c] 

Biomass density ρ 222 mol ∙ m−3 [c] 

Half saturation concentration of CO2 𝐾𝐶𝑂2
 3.8 mol ∙ m−3 [d] 

Half saturation concentration of H2 𝐾𝐻2
 8 ∙ 10−4 mol ∙ m−3 [b] 

Max growth rate of methanogens 𝜇𝑋𝐶𝐻4

𝑚𝑎𝑥  2.28 d−1 [f] 

Max growth rate of acetogens 𝜇𝑋𝑎𝑐

𝑚𝑎𝑥 1.008 d−1 [e] 

Max growth rate of Hydrogenotrophs 𝜇𝑋𝐻2

𝑚𝑎𝑥 2.2 d−1 Assumed*1 

Acetogenic growth yield 𝑌𝐶𝐻4
 6.8 ∙ 10−3 - [f] 

Methanogenic growth yield 𝑌𝑎𝑐 6 ∙ 10−3 - [e] 

Hydrogenotrophic growth yield 𝑌𝐻2
 6.4 ∙ 10−3 - Assumed 

Boundary layer resistance LL 1 ∙ 10−4 M [c] 

Applied potential on cathode 𝐸𝑎𝑝𝑝 Variant V [g] 

Biofilm reactor volume V 0.1 m3 [c] 

Cathodic biofilm surface area  A 10 m2 [c] 

Energy production of acetogenic cells 𝑓𝑠,𝑎𝑐
0  0.067 - Calculated*2 [h]  

Energy production of methanogenic cells 𝑓𝑠,𝐶𝐻4

0  0.07 - Calculated [h] 

Stoichiometric coefficient of biomass in 

acetogenesis 

- 0.0232 - Calculated [h]  

Stoichiometric coefficient of biomass in 

methanogenesis 

- 0.028 - Calculated [h]  

[a] (Kazemi et al., 2015), [b] (Picioreanu et al., 2010), [c] (Reichert, 1998), [d] (Cabau-Peinado et al., 2021), [e] 

(Vandecasteele, 2016), [f] (Muñoz-Tamayo et al., 2019), [g] (Tremblay et al., 2019), [h] (Rittmann & McCarty, 2001). 

*1. Different values are reported for hydrogenotrophic microbes. Here, the growth rate and yield are assumed based on 

hydrogenotrophic methanogens. (Berghuis et al., 2019; De Silva Muñoz et al., 2010) .  
*2. The biomass formula is C5H7O2N (Metcalf et al., 2014). 
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Where, 𝛾 is the equal electron production, that for 

acetate and methane is 8, and for hydrogen is 2.  
 

2.2. Simulation parameters, inputs, and outline 

Simulation parameters are given in Table 1. The 

choice of cathodic voltage and relevant H+ 

concentration was established from experimental 

work by Tremblay et al. where H2 evolution 

depends on cathodic electric potential at ambient 

temperature 25° C (Tremblay et al., 2019). H+ 

concentration from the experiment is scaled up to 

the reactor volume in the simulations. H+ 

concentration depends highly on voltage, so at each 

step, H+ concentration varies at the same time with 

voltage change at constant CO2 concentration. The 

objective is to calculate the reduced CO2 at each 

voltage and H+ concentration. Also, picture the 

importance of H+/H2 concentration in CO2 

conversion efficiency. All varying steps is executed 

for both DIET and IMET mechanism to find the 

more efficient mechanism based on the defined 

model parameters and inputs. Furthermore, the 

effect of CO2 concentration is simulated at three 

different levels at constant H+ concertation and 

constant voltage. The objective is to prove that 

controlling CO2 concentration according to the 

available H+ at the corresponding voltage is 

important to have the highest CO2 reduction 

efficiency. Table 2 shows the simulation inputs. 

 
Table 2. Substrate concentration and voltage inputs to the 

cathodic biofilm for each step. 

Step 𝐸𝑎𝑝𝑝  

(V vs SHE) 

𝑆𝐻+   

(mol ∙ m−3) 

𝑆𝐶𝑂2
  

(mol ∙ m−3) 

1 -0.3 60 25 

2 -0.4 70 25 

3 -0.5 80 25 

4 -0.6 120 25 

5 -0.7 160 25 

6 -0.7 160 10 ,25, 50 

 

According to the inflow and the reactor volume, 

simulation is done at 1 day HRT for 400 days for 

step 1 to 5. For step 6, CO2 concentration increases 

every 100 days for total 300 days.  

Simulations include the change in state variables 

including concentration of acetate (𝑆𝑎𝑐), methane 

(𝑆𝐶𝐻4
), CO2 (𝑆𝐶𝑂2

), H+ (𝑆𝐻+), hydrogen (𝑆𝐻2
) and 

biomass (hydrogen producing microbes (𝑋𝐻2
), 

methanogens (𝑋𝐶𝐻4
) and acetogens (𝑋𝑎𝑐)), current 

density (j), biofilm thickness (𝐿𝑓), and the 

distribution of biomass through the biofilm in 

IMET and DIET mechanisms at different cathodic 

voltages and substrate concentration.  

  

 

3. Results and discussion 

 

3.1. Effect of voltage at constant CO2 level 

Figures 2 and 3 compare the simulated methane 

and acetate concentration in DIET and IMET 

models. In DIET (Figure 2), both acetate and 

methane are formed from day one. However, 

acetate concentration decreases over time at all 

hydrogen concentrations while methane production 

increases until day 300. Then acetate production 

reaches 0.02 mol∙m-3∙d-1 and methane production 

reaches steady state at 19.95 mol∙m-3∙d-1.  

 
Figure 2. Acetate and methane concentration in DIET 

model at different potentials. 

 
Figure 3: Acetate and methane concentration in IMET 

model at different potentials. 

In IMET (Figure 3) acetogens fail to contribute to 

hydrogen uptake. Since the third species 

(hydrogenotrophs) contributes to the IMET model. 

In this case, diffusion of two CO2 molecules toward 

acetogens for acetate formation will be limited. In 

IMET model, methane attains steady state in the 

first week at all voltages from -0.3 to -0.6 V. 

However, at -0.7 V, it takes 90 days for methane 

production to reach steady at 19.91 mol∙m-3∙d-1. 
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Experimental studies also reported that methane 

production can be dominated by hydrogenotrophic 

methanogens via IMET (Gharbi et al., 2022). 

However, in DIET model at steady state, the total 

amount of both products is 1.2% higher than in 

IMET model. Voltage increment has a positive 

impact on product formation in both mechanisms 

especially at -0.7 V which corresponds to higher 

concentration of H+ ions, so more CO2 can be 

reduced. 

 
Figure 4. Unconsumed concentration of substrates in 

pore water in DIET model at different potentials. 

 
Figure 5: Unconsumed substrate concentration in pore 

water in IMET model at different potentials. 

Figures 4 and 5 show the unconsumed substrate 

concentration in pore water. In DIET model (Figure 

4), CO2 consumption is slightly higher than IMET 

(80% for DIET and 79.7% for IMET). In both 

figures, higher voltage, which supplies more H+ 

concentration, increases CO2 consumption. Also, 

the highest unconsumed CO2 in pore water refers to 

-0.3 V. All H+ in DIET and all H2 in IMET are 

consumed. This can give an idea of a real scenario 

that increasing CO2 levels in an MES reactor 

without supplying enough H+, cannot increase 

product formation. The simulation shows low CO2 

conversion efficiency at -0.3V in both mechanisms. 

The conversion increases gradually by increasing 

voltage to -0.7 V due to higher H+ supply. 

However, at -0.7 V in the simulation, it takes 

longer for the system to stabilize the hydrogen 

consumption and CO2 reduction.  

 
Figure 6. Electroactive biomass concentration in DIET 

model at different potentials. 

 
Figure 7. Biomass concentration in IMET model at 

different potentials. 

Figures 6 and 7 show biomass concentration on the 

cathodic biofilm which in DIET model (Figure 6) 

consists of electroactive acetogens and 

methanogens. In IMET model (Figure 7) biomass 

concentration comprises acetogens, methanogens 

and electroactive hydrogenotrophs. In DIET, 

acetogenic and methanogenic biomass 

concentration change relatively. Finally, 

methanogens become dominant while acetogenic 

growth reaches close to zero. Methanogenic 

biomass attains maximum until day 300 then it 

follows a slow decreasing trend until day 400. That 

is due to the biofilm detachment velocity in the 

simulation. Increasing voltage in the simulation 

shows a positive effect on microbial growth and 

biomass concentration especially at -0.6 and -0.7 V. 

Figure 7 shows in IMET model, the dominant 

biomass is hydrogenotrophs with a concentration of 
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3.2 times higher than the total acetogenic and 

methanogenic biomass after 90 days. There is a 

decline in acetogenic and methanogenic 

concentration while electroactive hydrogenotrophic 

biomass concentration reaches maximum 8 

mmol∙m-3 until day 90. Despite the electroactive 

biomass, acetogenic concentration attains zero at 

day 100, and methanogenic biomass concentration 

becomes stable between 0.5-1 mmol∙m-3. The 

decline in biomass may be according to microbial 

maintenance and detachment velocity parameters 

included in the simulated biofilm model.  

 
Figure 8. Generated current density in DIET and IMET 

models at different potentials. 

 
Figure 9. Biofilm thickness in DIET and IMET models at 

different potentials. 

Figure 8 shows current density obtained from DIET 

and IMET models which is presented as j∙(Lf)-1 in 

mA∙m-3 related to electroactive biomass 

concentration. In DIET model, current density is 

calculated based on the total current consumed by 

electroactive acetogens and methanogens. In 

IMET, it is obtained according to electroactive 

hydrogenotrophs. In this simulation, the consumed 

current in DIET is lower than IMET (which 

corresponds to the total electron flow from anode to 

cathode). It rises by increasing voltage because of 

the growing biomass concentration. Considering      

-0.7 V at steady state, the current density is -7.8 in 

DIET and -12.22 mA∙m-3 in IMET model. 

According to the simulations, DIET can fix 80% of 

CO2 at 36% lower required current density. CO2 

conversion efficiency in the simulation with respect 

to energy consumption is higher in DIET model 

(regarding current density and consumed 

electrons). IMET model shows higher current 

density. The reason may be due to consuming more 

electrons and substrates for microbial growth and 

maintenance.  

Figure 9 shows the simulated biofilm thickness. 

The five lower lines depict DIET, and the five 

upper lines correspond to IMET mechanisms. In 

the simulation, biofilm thickness increases by 

increasing the voltage due to higher biomass 

formation. However, Lf in DIET is 2.5 times 

thinner than IMET. Thinner biofilm in DIET at the 

same voltage can fix marginally higher CO2 than 

IMET. In IMET, biofilm is 60% thicker than in 

DIET which is due to existence of 

hydrogenotrophs. According to the assumed 

parameters in the simulation, hydrogenotrophs can 

grow faster because they grow only on one 

substrate. So, they become the abundant biomass in 

IMET and increase the biofilm thickness.  

 
Figure 10. Acetogenic and methanogenic biomass 

distribution in biofilm in DIET model at different 

potentials. 

 
Figure 11. Hydrogenotrophic, acetogenic, and 

methanogenic biomass distribution through the biofilm in 

IMET model at different potentials. 
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Figures 10 and 11 show the simulated biomass 

distribution after 400 days in DIET and IMET. In 

both models, biomass distribution has a direct 

relation with biofilm thickness. In DIET (Figure 

10), distribution of both acetogens and 

methanogens is equal at the substratum (Z=0). The 

abundance of methanogens becomes higher in outer 

layers close to the pore water. In contrast, 

acetogenic community decrease at outer layers. 

That could be the reason for acetogenic decline in 

the simulation. The argument could be as the 

biofilm thickness is low at preliminary stages, 

acetate can be produced easier since the substrate 

diffusion is not limited by biofilm thickness. As the 

biofilm becomes thicker over time, methanogens 

will be dominant in outer layers which can uptake 

substrates from pore water faster than acetogens. 

Therefore, the dominant product is methane in the 

simulation after 400 days.   

In the IMET model (Figure 11) most species in 

outer layers are hydrogenotrophs which consume 

all the H+ to produce H2. Compared to that, the 

abundance of acetogens and methanogens is almost 

equal at the substratum to the outer layers. 

However, acetogens grow by consuming two CO2 

molecules. If CO2 reaches inner layers, methanogen 

which grow on one CO2 molecule can consume it 

easier, so acetogens cannot produce acetate in such 

simulated conditions.  

 

3.1. Effect of CO2 concentration 

Figures 12 and 13 resulted from run 6, indicate the 

effect of CO2 concertation on product formation at 

a constant voltage of -0.7 V and constant H+ 

concentration for both DIET and IMET 

mechanisms for 100 days each. In DIET model 

(Figure 12), the whole CO2 (10 mol∙m-3) is 

consumed in the presence of H+. Following the 

stoichiometry of these biological reactions, 62% of 

H+ remains unconsumed in pore water. If this 

happens in a reality, surplus H+ may decrease the 

pH, or H+ may be consumed in other possible 

reactions which are not desired. Increasing CO2 

concentration in the simulations, leads to full 

hydrogen consumption while CO2 consumption 

efficiency reaches 80%. By further increase in CO2 

concentration, all the hydrogen will be consumed, 

while 60% of CO2 remains unconsumed in pore 

water. If this is a case in real experiments, unused 

CO2 may go out with methane due to gas/liquid 

CO2 equilibrium and decrease the final methane 

concentration in biogas (Metcalf et al., 2014). The 

same trend can be seen in the simulated IMET 

(Figure 13) that at low CO2 concentration, H2 is not 

fully consumed. If such scenario happens, biogas 

may contain 82% H2 and 18% CH4 which is not 

desired. Reversely, at high CO2 levels in the 

simulation, microorganisms consume all H2, but in 

real cases, excess CO2 may appear in biogas and 

decrease the biogas methane content according to 

biogas production theory (Metcalf et al., 2014). 

 
Figure 12. Effect of CO2 concentration on acetate and 

CH4 production in DIET model at -0.7V. 

 
Figure 13. Effect of CO2 concentration on acetate and 

CH4 production in IMET model at -0.7 V. 

4. Summary and conclusions 

This work simulates CO2 reduction to acetate and 

methane in a continuous flow MES reactor via 

IMET and DIET mechanisms at H+ evolving 

potentials (-0.3 to -0.7 vs SHE) at constant CO2 

concentration, then at constant H+ concentration 

and constant voltage. Simulation results show that 

higher voltage which could provide higher H+ 

concentration could convert more CO2 to methane 

and acetate in DIET model with 80% CO2 fixation. 

Voltage increment could enhance product 

formation in both DIET and IMET models. Product 

formation in DIET model is calculated at 36% 

lower current density which shows it the more 

energy efficient mechanism compared to IMET 

model. Moreover, simulations show that 

controlling CO2 concentration is another criterion 

of importance in limited source of H+ supply.  

DIET model implies to be more efficient than 

IMET model in CO2 fixation. This means 1.2% 

higher product formation in DIET at steady state 

with 36% lower generated current. That means less 

energy requirement than in IMET mechanism. Not 

much particular work is available to compare DIET 

and IMET mechanisms in bioelectrochemical CO2 
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fixation. The overall result of this simulation aligns 

with Stork et al. that DIET needs less energy in 

form of electrons for CO2 fixation. However, the 

simulations were done assuming simple conditions. 

Real MES reactors have complex microbial 

communities which may affect acetogenesis and 

methanogenesis. Also, intracellular, and 

extracellular limitations of diverse types of 

acetogens and methanogens, and their substrate 

uptake capacity is not studied in these simulations. 

The yield and maximum growth rate of the 

assumed microbes in the simulations are found in 

literature which might overestimate or 

underestimate the production in DIET or IMET 

models. Also, detachment velocity and diffusion 

phenomena are the only limitations included in the 

simulations. Moreover, there is a non-zero initial 

value for microbial concentration on the biofilm, so 

the product formation starts from the first day 

without a lag phase. However, in real reactors, the 

lag phase of microbial adaptation to start CO2 

fixation is longer (Metcalf et al., 2014). In these 

simulations, since H+ is available from the first day, 

microbes start CO2 reduction from the first day. 

This simulation studied the cathodic reactions for 

both mechanisms. However, electron generation 

source which depends on the available compounds 

for anode is an important measure of investigation 

at the next stage. The number of transferred 

electrons depends on the molecular compounds 

accessible to anodic biofilm for degradation at a 

certain voltage. Thus, the model can be completed 

by including anodic reactions. 
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