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1. Introduction –
Nowadays, the current energy needs worldwide have been increasing with a velocity without precedents. It is
well known that demand for hydrocarbons; which are the mostly energy source used today, exceeds the
reserves forecast for the next decades, as well as that those will not last long [1]. Furthermore, the
environmental impact that their utilization has caused is responsible for Global Warming, destruction of the
Ozone Layer and disappearance of ecological systems as well as animal and plant species in what some call
the sixth massive extinction [2]. Thus, whole world is searching for alternative environmentally friendly
energy sources able to satisfy the current energy demand, and, at the same time, to restrain the environmental
deterioration or at least to slow it down. Solar energy, wind energy and combustible biogas obtained from
organic waste and wastewater (e.g., methane by Anaerobic Digestion, bio-hydrogen by Dark Fermentation),
to name just a few, are alternatives that have had a great trajectory of research and application since the
middle of the last century and which are certainly highly promising [3,4,5]. Certainly hydrogen, the mostly
abundant element in the universe is also one of them. Furthermore, as fuel, it has the greatest energy potential
in nature. It has been already applied with success in many fields, mainly through Fuel Cells Technology.
However, his current industrial production still depends upon hydrocarbons by natural gas steam reforming
[6]. Thus, in the last two decades, its production has been proposed by using microbial ways instead of the
current fossil fuels-based ones [5,7,8]. In particular, the Microbial Electrolytic Cells (MEC) is a very
promising new technology in which a small voltage (0.1 – 0.4 V) applied externally in a circuit allows its
production from agro-industrial wastewaters [9,12]. However, like other biological biogas production
methods, MEC suffers from some drawbacks, mainly for control, and thus, efficiency purposes. The main
reasons for this are its highly nonlinear dynamic behavior and the presence of major disturbances that affect
this same behavior. The mathematical models that have tried to represent it are still in development and
therefore they are highly uncertain, which suggest the use of adaptive-robust type control approaches [10,11].
In this work we present the automatic control of a continuous MEC reactor using the dilution rate as control
input for regulating the production of Bio-hydrogen. Thus, this work presents the automatic control of a
continuous Microbial Electrolytic Cell for hydrogen production. Both. the dilution rate and the applied
potential are used as a control input variable with the objective to regulate the production of Bio-hydrogen in
a MEC system. The control law approaches are nonlinear adaptive-robust type and they were tested using
numerical simulations. Results show the high efficiency of these control laws to regulate the production of
BioH2 at a desired optimum point.

2. Methodology
2.1 Model
2.1.1 Electrode reactions: The model presented in this work has been adapted from the proposed originally by
[13], and after modified by [12] and [14].The resulting model represents a continuous system in which it
possible to use the dilution rate or the applied potential as input control variable. The mathematical model
represents the competition of three microorganism population in the MEC. The model considers the
competition between anodophilic and methanogenic microorganisms for the carbon source. According with
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[7] the main substrate model carbon source has been considered as acetic acid Thus, the reactions in the anode
and cathode are described then as follows:
Anode

𝐶!𝐻!𝑂!   +   2𝐻!𝑂   +   4 𝑀!" ⟶   4𝑀!"#   + 2𝐶𝑂! (𝑎) 

4𝑀!"#    ⟶   4 𝑀!"  + 8𝑒!   + 8𝐻! (𝑏) 

𝐶𝑂! + 𝐻𝐶𝑂!! +  8𝑒! + 8𝐻!   ⟶   𝐶𝐻!𝐶𝑂𝑂! (𝑐) 

Cathode 
𝐶!𝐻!𝑂! ⟶   4𝐶𝐻!   + 𝐶𝑂! (𝑑) 

𝐶𝑂! + 4𝐻!    ⟶   𝐶𝐻!  + 2𝐻! (𝑒) 

2𝐻!𝑂 +  2𝑒!  ⟶   2𝑂𝐻! + 𝐻! (𝑓) 

The overall reaction of acetic acid at the anode and cathode is described as: 

 𝐶𝐻!𝐶𝑂𝑂! + 3𝐻!𝑂 ⟶   𝐻𝐶𝑂!! + 4𝐻! (𝑔) 

𝑀!" and 𝑀!"# are the reduced and oxidized forms of the intracellular mediator [12]. The mathematical model 
represents de competition for a substrate (acetic acid) of three microbial populations: anodophilic, 
methanogenic acetoclastic and methanogenic hydrogenotrophic. The nomenclature used in the equations (1) - 
(17) is known for people that work the area, and it can be found in the cited literature.

2.1.2 Mass balances for the MEC: From the mass balance in a continuous MEC reactor, the model may be 
represented by the following equations [12,13,15]: 

𝑑𝑆
𝑑𝑡

=  𝐷(𝑆! − 𝑆) − 𝑞!𝑋! − 𝑞!𝑋!     (1) 
𝑑𝑋!
𝑑𝑡

=  𝜇!𝑋! − 𝐾!,!𝑋! − 𝛼!𝐷𝑋!         (2) 
𝑑𝑋!
𝑑𝑡

=  𝜇!𝑋! − 𝐾!,!𝑋! − 𝛼!𝐷𝑋!   (3) 
𝑑𝑋!
𝑑𝑡

=  𝜇!𝑋! − 𝐾!,!𝑋! − 𝛼!𝐷𝑋!        (4) 

where 𝑆, is the substrate concentration and 𝑋!, 𝑋! and 𝑋!, are the anodophilic, methanogenic acetoclastic and 
methanogenic hydrogenotrophic microbial population respectively. The rate of hydrogen production is 
described as follows: 

𝑄!! = 𝑌!!
𝐼!"#
𝑚𝐹!

𝑅𝑇
𝑃
− 𝑌!𝜇!𝑋!𝑉!      (5) 

2.1.3 Intracellular mass balances: The following balanced equations may be written for each electrogenic 
microorganism [13]: 

𝑀!"#$% = 𝑀!"# +𝑀!"  (6) 

𝑑𝑀!"

𝑑𝑡
=

𝛾
𝑉!𝑋!

𝐼!"#
𝑚𝐹!

 − 𝑌!𝑞!     (7) 

2.1.4 Kinect equations: The following expressions for the microbial growth are obtained by using 
multiplicative Monod kinetic as follows [13]: 

𝜇! = 𝜇!á!,!
𝑆

𝐾!,! + 𝑆
𝑀!"

𝐾! +𝑀!"

(8) 
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𝜇! = 𝜇!á!,!
𝑆

𝐾!,! + 𝑆
(9) 

𝜇! = 𝜇!á!,!
𝐻!

𝐾! + 𝐻!
(10) 

𝑞! = 𝑞!á!,!
𝑆

𝐾!,! + 𝑆
𝑀!"

𝐾! +𝑀!"

(11) 

𝑞! = 𝑞!á!,!
𝑆

𝐾!,! + 𝑆
(12) 

2.1.5 Electrochemical equations: The voltage in a MEC is calculated using theoretical values of electrode 
potential, Ohmic resistance, activation and concentration losses. Therefore, the electrochemical equilibrium is 
obtained as follows [13]: 

𝐸!""#$%& = 𝐸!"# − 𝜂!!! − 𝜂!"#! − 𝜂!"#     (13) 

Losses in the anode are calculated by the Nerst equation [2]: 

𝜂!"#!,! =
𝑅!𝑇
𝑚𝐹

𝑙𝑛
𝑀!"#$%

𝑀!"#
     (14)

Cathodic activation losses are calculated by an approximation of the Butler-Volmer equation as [2]: 

𝜂!"# =
𝑅!𝑇
𝛽𝑚𝐹

𝑠𝑖𝑛ℎ!!
𝐼!"#

𝐴!"#,!𝑖!
     (15)

Therefore, the MEC current is calculated by combining equation 13-15 [2]: 

𝐼!"# =
𝐸!"# + 𝐸!""#$%& − 𝑅!𝑇 𝑙𝑛 𝑀!"#$%

𝑀!"#
+ 1
𝛽 𝑠𝑖𝑛ℎ

!! 𝐼!"#
𝐴!"#,!𝑖!

𝑅!"#
 (16) 

To improve the model accuracy, it is proposed that 𝑅!"# values be linked to the concentration of electrogenic 
microorganisms as follows:  

𝑅!"# = 𝑅!"# + 𝑅!"# − 𝑅!"# 𝑒!!!!!      (17) 

It is important to notice that the oxidative mediator concentration Mox is a very important variable in this 
process, whose dynamical behavior with respect to time could be nevertheless neglected with respect to other 
state variables. For control purposes it has been already proposed in [11]. However, without loss of generality 
it is still preserved in this work. 

2.2 Control Approaches 
Dilution rate: The proposed control law is adaptive linearizing type. From equation (2), it is desirable that the 
output 𝑋! →  𝑋!,! following the trajectory  𝑋! such that:  

𝑑𝑋!
𝑑𝑡

= 𝑘! 𝑦! − 𝑦      (18) 

The main objective is that the concentration of  𝑋! take a reference value, because this state variable is 
strongly linked with the electrical current (Eq., 16), which at his time is related with the produced hydrogen 
(Eq 5). Higher is 𝑋! concentration; higher is as well the hydrogen production. From (2) and (18), and after 
some algebraic manipulations the following control law is obtained: 

𝐷 =
𝜇!𝑋! − 𝐾!,!𝑋! − 𝑘!𝑒

𝛼!𝑋!
 (19) 
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Applied potential: From equation (7), it is desirable that the output 𝑀!" →  𝑀!",! follows the trajectory 𝑀!",! 
such that: 

𝑑𝑀!",!  
𝑑𝑡

= 𝑘! 𝑦! − 𝑦      (20) 
The main objective is that the concentration of 𝑀!" take a reference value because this state variable is linked 
with the electrical current (16), which at his time is related with the produced hydrogen (5). Thus, the applied 
potential may be used as manipulable variable (i.e., control input). Then from (7) and (20), and after some 
algebraic manipulations the following control law is obtained: 

𝐸!"" = 𝑅!"#𝜁 𝑘!𝑒 + 𝑌!𝑞! +
𝑅!𝑇
𝑚𝐹

𝑙𝑛
𝑀!"#$%

𝑀!"!
 +

1
𝛽
𝑠𝑖𝑛ℎ!! 𝜁∗ 𝑘!𝑒 + 𝑌!𝑞!  (21) 

The control laws (19, 21) were simulated in MATLAB-SIMULINK® for evaluating the capability that this 
law for controlling the system. The results of the control laws are shown and discussed in the following 
section. 

3. Results and Discussion

Numerical simulations in closed loop were developed for the control variable 𝐷. Two set-point changes were 
introduced as 𝑋!= [450, 600] (𝑚𝑔 𝑋 ∙ 𝐿!!) at days 0 and  25 respectively In addition, input disturbances 
introduced as 𝑆!" = [2000, 3000] ( 𝑚𝑔 𝑆 ∙ 𝐿!!) at days 0 and 50 respectively. Figure 1 illustrates the dynamic 
behavior of the output variable 𝑋! . It can be seen that the control law is able to achieve the anodophilic 
microorganism concentration reference 𝑦! = 450 (𝑚𝑔 𝑋 ∙ 𝐿!!) and then 600. Moreover, this is law is able to 
reject the referred disturbances as well. Figure 2 shows the hydrogen produced and the current generated by 
the MEC system. Notice that, as expected by of the model, there is dependence between the hydrogen 
produced and the current generated. These results are consistent with those reported by [12] this figure also 
show that a bio-hydrogen flow is produced.	

Figure 1. Behavior of anodophilic microorganisms Xa

Numerical simulations in closed loop were also developed for the control variable 𝐸!"" , a reference change 
was introduced as 𝑀!" = [800, 950] (𝑚𝑔 𝑋 ∙ 𝐿!!) at days 0 and 30 and also a input disturbances introduced as 
𝑆!" = [2000, 3500] (𝑚𝑔 𝑋 ∙ 𝐿!!) at days 0 and 25. Figure 3 illustrates the dynamic behavior of the output 
variable 𝑀!" . It can be seen that this control law is able to achieve the mediator concentration reference 𝑦! = 
800 (𝑚𝑔 𝑋 ∙ 𝐿!!) and then 950, and this is law is able to reject the disturbances as the numerical simulations 
shown. The Figure 4 shows the hydrogen produced and the current generated by the MEC system. Notice that 
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in this case if we compared both control laws the current generated when we used 𝐸!"" as a control variable is 
higher and therefore a great flow hydrogen is awaited as the figure 4 shows. 

 Figure 2.  Produced hydrogen an electrical current. 

Figure 3. Mediator behavior Mox. 

Figure 4.  Produced hydrogen an electrical current. 
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4. Conclusions
The field of study of MEC systems is undoubtedly still at an early stage, especially with respective models
reported in the literature. Although the interest of the scientific community has increased in the last two
decades, it is necessary to emphasize that there is still a lot of work to be done in this research area in order to
fully exploit this technology.
This work has proposed and simulated two simple control laws for a MEC type system using the dilution rate
𝐷 as well as applied potential as control variable. Simulations show that it is possible to control this system
under simple by useful linearizing adaptive-robust control schemes. For this work step changes were
introduced into the substrate fed to the reactor as well as reference changes, the simulations show that it is
possible to control the system and bring the concentration of anodophilic microorganisms 𝑋! to the desired
reference value in order to regulate at his time the MEC Bio-hydrogen production.
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