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Abstract: Microbial electrolysis cells (MECs) are breakthrough
technology of cheap hydrogen production with high efficiency. In
this paper differential-algebraic equation (DAE) model of a MEC
with an algebraic constraint on current was studied, simulated
and validated by implementing the model on continuous-flow
MECs. Then sensitivity analysis for the system was effectuated.
Parameters which have the predominating influence on the
current density and hydrogen production rate were defined. This
sensitivity analysis was utilized in modeling and validation of the
batch-cycle of MEC. After that parameters which have less
influence on MEC were eliminated and simplified reduced model
was obtained and validated. Finally, MEC energy productivity was
maximized by optimization of operating conditions.

Keywords: hydrogen production,
analysis, validation.
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. INTRODUCTION

Nowadays energy consumption isincreasing rapidly asthe
modern life style relies on energy. Most of the needed energy
is generated from nonrenewable resources such as fossil fuel
which cause drastic climate change due to the emissions of
pollutants such as COy, NOy, SO, CHy, ash, and other
organic compounds as combustion products. Consequently,
One of the biggest defies in the near future is to obtain new
sustainable power sources which are environment friendly to
replace the traditional energy which have limited resources
and deleterious environmental impact [1].

Most promising fuel to substitute thefossil fuel is hydrogen
as it has energy content of 122 kJ/g [2] which is 2.75 times
greater than hydrocarbon fuels. It is environment friendly,
colorless, tasteless, odorless, light and non-toxic. When it is
utilized as fuel, the only combustion product is water [3].
Hydrogen can be produced by biological processes which is
clean and feasible methods as it is operated at ambient
temperature and pressure with minimal energy consumption
[4].
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One of these biological processesis Microbial Electrolysis
Cédlls (MEC) which is a state of art technology for energy
recovery from organic waste and biomass residue, where
microorganisms are utilized to catalyze electrochemical
oxidation-reduction reactions which produce hydrogen.
Although MEC technique still under development, it is clear
that it hastremendous potential asit requires energy input less
than water electrolysis and has efficiency greater than
fermentative hydrogen production [5-8].

In the MEC systems, bacteria oxidize organic matter,
which releases protons into solution and electrons to anode
[9]. Then the released electrons to anode flows through an
external electrical circuit to the cathode where they react with
the protons to form hydrogen.

For instance, if a substrate of (1 M) acetate is used, the
MEC reactions will be:

Anode: CH3COO™ + 4H,0— 2HCO; + 9H" +8¢

E anode =-0.28 V (NHE)

Cathode: 8H™ + 8¢ —> 4H,

E cathode= -0.42 V (NHE)

The design of MEC prevent production of methane in
anode chamber by applying small quantity of electric energy.
Also to enhance hydrogen gas production, cathode chamber
has to be kept free of oxygen. Selection of anode materials,
microorganisms and efficient design are the key factors of
success of the MEC process [10]. Figure 1 shows the
schematic diagram of MEC [11].

Microbial electrolysis is endothermic reaction (with
negative change in enthalpy -AH). The theoretical minimum
required voltage in MEC is 0.14 V however minimum actual
applied voltage in MEC is 0.3 V due to the high internal
resistance in MEC systems. Even though the energy
requirements in MEC is less than the energy requirementsin
electrolysis cell because exoelectrogens reduces the energy
requirements of the reaction.

In the studied case, only 0.6 - 1.0 Volts were applied to
produce the same amount of hydrogen, which can be
produced from water electrolysis with applying about 1.8 -
2.0Volts[12, 13].

Inthisstudy, enhancement the performance of MEC will be
studied by modelling the MEC using MATLAB then
simplifying DAE using senditivity analysis then optimizing
the operating condition to obtain the maximum energy
production.
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Figure 1: Schematic diagram of MEC

Il. MATERIALSAND METHODS

Pinto [14-16] developed model equations which simulate
the bio catalytic reactions of MEC which is catalyzed by
anodophilic and methanogenic bacteria. Then the model was
modified to obtain dynamic model which simulate the
production of electricity and hydrogen rapidly and effortless.
This model assumed that the acetate is the only organic
substance in the feed wastewater and both anodophilic and
methanogenic bacteria population are present. For the
simplicity the modelling of biofilm growth, biofilmis splitted
to two different layers with assumption that the distribution of
microorganisms in each layer is homogeneous. The first
biofilm layer which grow on the anode is considered to be
composed of anodophilic and acetoclastic methanogenic
microorganisms. Anodophilic microorganisms are able to use
the anode as e€lectron acceptor while acetoclastic
methanogenic microorganisms produce methane. The
involvement of an intracellular mediator was assumed in the
mechanism of charge transfer from acetate to the anode. The
second biofilm layer which grow on the cathode is considered
to be composed of hydrogenotrophic methanogens
microorganisms, which transform hydrogen produced to
methane.

The main assumptions to construct the model are the
following [14, 15]:

1. Acetate is the only organic substance in the feed
wastewater.

2. The acetate is homogenously mixed in the anodic cell
and the change of concentration in the biofilm isignored.

3. Microbial populations is equally spread in the biofilm
and retention of biomass because of biofilm evolution is
illustrated.

4. Intracellular electron transfer mediator is considered to
be constant in anodophilic microorganisms.

5. No Biomass growth is considered in the anodic liquid as
hydraulic retention times used for MEC operation is very
short.

6. Immediate release of produced gases.

7. Instant gastransfer from liquid to gas phasesis assumed.
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8. Adjustment pH and temperature to keep them constant
during the operation.
a) Microbial populations
Threemicrobial populationsare responsiblefor acetate and
intracellular mediator conversion as follows:
1. Anodophilic microorganisms:
C,H,40; + 2H,0 + 4 Mo, 4 M + 2CO,
4M;g — 4 Mg, + 86 +8H"
Where M, and M, are anodophilic intracellular mediator
in the reduced and oxidized forms, respectively.
2. Acetoclastic methanogenic micr oorganisms:
C,H,0, —» CH,4 +CO;,
3. Hydr ogenotr ophic methanogenic micr oor ganisms:
CO, + 4H, —>» CH,4+ 2H,0
b) Material balances
Material balances equationsfor continuous flow MEC with

equal inlet stream and outlet stream flow rates are:
d4

— = ~a¥a — Gm¥m + D(Ap — 4) 21
% = Ha¥Xq — Kgaxg — %, (22
0 — P X — Kam Xom — @1 (23)
S = Hp Xp — KgpXp — @1xp (24)

dar
Where the acetate concentration in the feed stream is A,

and acetate concentration in the anodic compartment is A in
[mg-A L™; the concentration of anodophilic, acetoclastic,
and hydrogenotrophic microorganisms are X, Xm, and X
respectively in [mg-x L™]; the time is t in [d]; acetate
consumption rates of the anodophilic and acetoclastic
microorganisms are g, and g, respectively in [mg-A mg-x*
d']; the growth rates of anodophilic, acetoclastic, and
hydrogenotrophic microorganisms are p, Mp, and pn
respectively in [d™] ; the dilution rate is D in [d]= Fi/V, the
feed flow is Ky, in [L/d], the anodic compartment volume isV
in[L]; decay rateisKqin[d™], while the dimensionless biofilm
retention constants for layers 1 and 2 are a;, & respectively.

According to the two phase biofilm growth model,
formation and retention of biofilmin each layer is considered
[14]. The biofilm retention constant can be calculated from
the following equation assuming stationary phase as thickness
of the biofilm reaches the steady state [14, 15].

_ g—Kag)xgt(pm—Kgm)Xm -
= £ if xg+ 2, = Xpaa (2.5)
(Xg+im)

oy = 0 otherwise

Ay = P — Kap If Xp Z Xpmaxo

oy = 0 otherwise

Where the maximum possibl e biomass concentration of the
biofilm layer 1 or 2 is (X in [mg-x L.

The rate of methane production in biofilm layers 1 and 2
can be calculated from the following balance equations:

QcHa-1= Y cHa Om Xm V 27

Qcrias= Yhzcra Yh bm Xn V (2.8)

For MEC, the rate of hydrogen production is calculated
from the following equation:

Iyzc BT
Quz= YHZ(:E: ?) “Yhlp Xy V (2.9)

Where the methane yield is Y oy in [mL-CH, mg-A™Y];

ay

(2.6)
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the dimensionless cathode efficiency is Y ,; the yield of
methane from hydrogen is Y ppcna inNfmL-CH, mg-H,™]; the
MEC current is lyec in [A]; the yield rate for hydrogen
consuming methanogenic microorganisms is Ypin [L mg-x™
d™]; the Faraday constant isF in [A d mole ]; the ideal gas
constant is R in [L atm K™mol™]; the MEC pressure is P in
[atm]; while the MEC temperatureis T in [K].

e Intracellular Material Balances of
Micr oorganisms

Anodophilic

For each anodophilic microorganism balance equations as

following:
m;l'otal = Mred + Mox ; (210)
Mo _ ¥ IMEC
- et T (211)

Where the oxidized mediator fraction per anodophilic
microorganism is My, in [mg-M mg-x"]; the reduced
mediator fraction per each anodophilic microorganismis Mg
in [mg-M mg-x"]; the total mediator fraction per
microorganism is Mo in[mg-Mmg-xY]; the MEC current is
Ivec in [A]; the mediator yield is Yy in [mg-M mg-A™]; the
mediator molar mass is g in [mg-M mol med™], while the
number of electrons transferred per mol of mediator is m in
[mol-e mol med].

¢) Kinetic Equations
Kinetics equations using multiplicative Monod are:

Ha = Fmaxa g o S hox (212)
A
Hm = Juﬂma.xmm (213)
= _A _Mox
9a = Amava gy aky+Mox (2.14)
A
QJ‘T! = q}?!a.l'n! Kam+4 (215)

Where the maximum growth rate is pme in [dY]; the
maximum acetate consumption rate iS Qma iN [MQ-A
mg-x 'd™], while the half-saturation (Monod) constant isK in
[mg-A Lmg-M L.

d) Electrochemical equations

The current can be calculated from the following algebraic

equation whose derivation can be found in Pinto et al. (2010).

Mrotal

RT
ECEF"'EappIa'ed—ﬁln( Mo )—??act.c(fmrsc}

(2.16)

Imec=
Rint

Where the counter electromotive force is Ecgr in (V); the
electrode potential s is Egypiiea in (V); activation loss as aresult
of activation energy and electrochemical reactions is1 gt ¢
in (V) and the internal resistance is Rj in (Q) can be
calculated from the following equation.

Rin=Rmint (Rmax- Rmin)g_KR ¥a (2.17)

Where the lowest observed interna resistance is Ry, in
[Q]; the highest observed internal resistance is Rpgy in[Q]; the
constel\nt which determines the curve steepness is Kg in [L
mg-x"].

(1. METHODOLOGY

This section will be concerned with developing a
comprehensive simulation methodology for MEC model.
Figure 2 summarizes the simulation algorithm for MEC
model. The simulation study of MEC models have been
carried out by using MATLAB differential algebraic solver
“odel5s”. In the beginning all parameters, DAE, initial
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conditions, time of process and electrode potential were
defined. Then the model was solved. The output results was
considered as base case. After that sensitivity analysis was
carried out to determine which parameters have the greatest
effect on model, the sensitivity study was conducted on all the
parameters of MEC one by one by changing one of the
parameter, while the other parameters were left without any
change. The sensitivity results were utilized to validate
another model with some modification in parameters. Also
sensitivity analysisresults are used for model reduction of the
DAE and obtain simplified equation. Finally the electric
potential required to maximize energy productivity is found
out.

Inpul Warisbley

| E Clactrolyiis Cally H Uinctris power
1 —————
M, production
[ ML Mcdel output (Bawe cass ) ]—lr _—

Figure 2: Algorithm for M EC model development

V. RESULTSAND DISCUSSION

A. CASE STUDY

The previous mentioned model was applied on a case study of
Pinto [14-16]with adjusting some parameters to verify the
model, the initial conditions in the case study was 1800; 100;
100; 100 and 0.03 mg/I of substrate, anodophilic, acetoclastic,
hydrogenotrophic and oxidized mediator respectively. The
following figures are representing the obtained results of
different concentrations:

Figure 3a shows the behavior concentration of substrate. It
was noticed that a fast decrease of the concentration of the
substrate (S) happens at the first duration of the reaction until
1.2 day when the concentration became 630 mg/l, as it was
decomposed by hydrogenotrophic microorganisms. Then
concentration gradually increased for the rest of experiment
time until it reached 900 mg/| at the end of the experiment, as
the rate of decomposition decreases.

Figure 3b shows the behavior of anodophilic (xa)
microorganisms. It was noticed that a fast increase in the
concentration of anodophilic microorganisms (xa) happensin
thefirst day of the experiment until concentration reached 400
mg/l, then the concentration increase slows down until it
became constant in the fifth day at the concentration 510 mg/|
till theend.

Figure 3c shows the behavior of acetoclastic (xm)
microorganisms.
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It was noticed that the concentration of acetoclastic
microorganisms (xm) increased rapidly at the start of the
experiment until 1.2 day and reached 130 mg/l, then it started
to decrease slowly until it reached 0.188mg x/I in the eighth
day and remained constant at this value for the rest of
experiment. The low population of the acetoclastic
methanogenic microorganisms means that the rate of methane
formation was reduced in the anode biofilm layer 1 and the
rate of formation of H, at cathode layer 2 was increased.

Figure 3d showsthe hydrogen production rate. It was noticed
that the rate increased rapidly until it reached 200 mi/d on the
first day, then decrease until it reached 170 ml/d in the sixth
day and became constant until the end of the experiment at an
applied voltage of 1.3 V.

i,
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Figure 3: (a) Behavior of substrate concentration for base
case and model reduction, (b) Behavior of Anodophilic
concentration for base case and model reduction, (c)
Behavior of Acetolastic concentration for base case and
model reduction, (d) Behavior of H, production for base
case and model reduction.

B. Sensditivity analysison MEC parameters

Sensitivity analysis of the fed-batch MEC reactor was
conducted by Azwar [17, 18] who studied the effect of the
change in different parameters on hydrogen production rate
and the MEC current lygc. Results are summarized as
follows.

Effect of the maximum growth rate of the hydrogenotrophic
microorganism (Uma, n) ON the lyec current and the hydrogen
production rate was studied. In this study the maximum
growth rate of the hydrogenotrophic microorganism was
varied between 0.3 < ppay p < 0.9 (d-1). It was noticed that
maximum growth rate of the hydrogenotrophic
microorganism is directly proportional with the rate of
hydrogen production and it has noticeable effect on Iygc
current.

Then the change in initial concentration of the anodophilic
microorganisms (X,,) between 0.1, 0.5, 1.0, and 1.5 mg/I,
effect on the hydrogen production rate and the I yec current
was studied and the study showed that the initial
concentration has a great influence on hydrogen production
rate and the lygc current. As its concentration increases the
rate of hydrogen production and the Iygc current increases
since the start of analysis until 2™ day.
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After that the effect of change in initial concentration of the
hydrogenotrophic microorganism in the range from 1 < xy,, <
15mg/l was studied on the performance. It was noticed that
the high initial concentration of hydrogenotrophic
microorganism leads to high hydrogen production rate, on the
other hand it has only minor effect on | yec.

The effect of change in anodic compartment volume was
studied, the results showed that increasing the volume of
anodic compartment increases the hydrogen production rate
but it does not have any effect on current Iyec.

The Effect of change in the maximum growth rate (um,m) by
acetoclastic methanogenic microorganism was studied in the
range from 1.5 < pum m < 3.0 4 and the study showed that
maximum growth rate only has effect in the initial start of the
process and minor effect on current lyec and the rate of
hydrogen production.Sensitivity analysis was conducted by
Dudley [19] on the main parameters of MEC batch-cycle
reactor, and it was found that pmax ar Omax, & Ksa Km, @and Yy
have greatest effect on the current density in the study.

The increase of ptmaxa Omaxa @Nd Yy, increases the current
density. Specially in the beginning of the process the effect of
Omaxas @d Yy was very noticeable. The effect of Y\, decays
with thetime. On the other hand the increase of Qe 2, CaUSES
the increase of current density in the first 25 hours then it
causes it to decrease.In this paper, a preliminary sensitivity
analysis on the model, operating and design parameters was
conducted on all the parameters one by one by changing one
of the parameter, while the other parameters were left without
any change. This analysis used the loca relative sensitivity
analysis method [20], to determine the change in calculated
hydrogen production rate as a ratio to the changes in the
parameters. With utilizing the following equation for each
parameter, X;
P'[t.x_,-+8xj)—P{t.x_,-}* x;

I =— 8x; P(t.x;)’

j—1,....6 (218)

Where the time dependent sensitivity is T; for the parameter j;
the value of parameter j is x;; the change in x; is x;; and the
hydrogen production rate is P. the step of the change in this
study is 6x_j= 0.01xj.

1.Model Parameters

1.1. Maximum growth rate

The results of sensitivity analysis for the maximum growth
rates and reaction rates effect on hydrogen production are
shown in Figure 4a it is clear that anodophilic,
hydrogenotrophic microorganism maximum growth rates
(Uma @nd pUyp) @nd anodophilic microorganism maximum
reaction rate (gmax,a) are effectual parameters, whereas
acetoclastic methanogenic microorganism maximum growth
rate (um,m) and acetoclastic methanogenic microorganism
maximum reaction rate (Omaxm) are not affecting on hydrogen
production.

1.2. Half-rate

The results of sensitivity analysis for the half rates effect on
hydrogen production are displayed in Figure 4b it is clear that
the curve steepness (Kr) and mediator half-rate constant (Ky)
are effectual parameters, whereas the anodophilic (KSa),
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acetoclastic (Ksy,) methanogenic microorganism half-rate
congtant, the anodophilic (Kg) and acetoclastic (Kgm)
methanogenic microorganism microbial decay rates and are
not affecting on hydrogen production.

1.3. Operating Parameters (Electrode potentials and M ediator
fraction)

Theresults of sensitivity analysisfor operating parameters on
hydrogen production are displayed in Figure 4c it is clear that
applied voltage (E4pp), MEC temperature (T) and pressure (P)
are effectual parameters, whereas tota mediator weight
percentage (Mqqa), incoming flow (F,) and counter
electromotive force (Ecer) are not affecting on hydrogen
production.

2. Design Parameters

The results of sensitivity analysis for anodic compartment
volume and anode surface area effect on hydrogen production
aredisplayed in Figure 4d it is clear that anodic compartment
volume and anode surface area (V and A) are effectua
parameters, due to the increase of organic compounds in the
system available.

— —

ekt e 8 10 P
n "
N LT

By o 1 P s
& .

Pk b

Figure 4. Relative sensitivity of H2 production with
respect to: (a) maximum growth rates and reaction rates
(b) half rate and decay rates, (C) operating parameters,
(d) Design Parameters.

C. MEC Validation

After the sensitivity analysis study the effectual parameters of
MEC were defined, thisresultswere utilized in order to fit the
data prediction model of Pinto [14] with experimental results
of one batch acetate fed MEC by Honggiang [21].

Some of the parameters in Pinto [14] model were adjusted as
shown in Table 1. While the remaining parameters were kept
the same as shown in appendix. The obtained simulation
results were similar to the actual experimental results.

The results of simulation were compared to the experimental
data as shown in Figures 4 and 5. It was noticed that the
maximal current reached at 0.013A and the H, production rate
reached 110.9 ml/d.
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Figure 4: Model validation of MEC current based of
Honggiang data

Hydrogen Prduclion Rak(m L-H3Ad]

Figure5: Model validation of H2 production rate based
of Honggiang data

D. Model Reduction

The sensitivity results were utilized to simplify the MEC
equations as follow:

Assume that Kga, Kgm» Kan, Ksa @nd kg equal zero. The
following ssimplified equations (6.1 -6.14) can be obtained:

1 =p Hox 6.1)

maxa KM+MUX

Hm = Hmaxm u (6.2
da = Gmasa g _1ns (6.3)
da = Qmaxm (6.4)
If Xa+Xm<Xmax1
aa__ Mox o _ % +D(A, —A) (6.5)
dt Omaxa Em+Max a ImaxmEm 0 .
X _ Mox
ddt Hmaxa K+ Moz 2 (6-6)

xm . —_—
dr = Pmaxm ¥my ¥m = Xm.ﬂexp(“ma!unt) (6-7)
d¥;
cl_tb = Mmaxh ¥ ¥h = Xh.Uexp(I-lmamt) (6-8)
If X, <Xmax,2 | X, = Xpaw2 Xy = Ypaeo

=_ Mox . ¥ Imec

0= Yquaxa KM+Mgy VX, mF (6-9)
From this equation;
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M
Iypc = VX, m FYquaanCimd
<Vx, mFYqu_.m% < 0.2909VX, YyQuaxa  (6.10)
And
dx
d_ta = Yleaxa]MEC.{W mF Yquaxa) (6.11)
If Xt Xm>Xmax1
dxg _ HBmaxa~Hmaxm
F P Xa¥m (6-12)
diy _ _ Hmaxa " HMmaxm
Tdr Xmaxa Xa¥m (6-13)
And its solution
(Emaxa—Emaxm)t

g Xag €

Xmaxi N (Xmax1—Xag)+Xag e ¥maza~Hmaxm )t (614)

Validation for the simplified equations was accomplished
on the case study. By implementing these equations, the
results in Figure 3 were obtained. It is noticeable that the
reduced model results are exactly the same as the base case
model results.

E. MEC optimization to maximize energy gain

In this section, study of maximization of hydrogen production
and minimization of energy requirements by selecting the
optimum operating conditions was conducted.

The easiest method to increase the hydrogen production (Qp»)
isapplying higher energy to the cell as hydrogen productionis
directly proportional to energy applied (Egyp). Unfortunately
this will not maximize MEC energy productivity. As MEC
productivity function is the difference between the H, energy
(inwatts) and the applied energy.

MATLAB function fminsearch which is based on Nelder
Mead simplex method was used to obtain the maximum MEC
productivity by manipulating the applied energy. The
optimization results showed that maximum MEC productivity
is 0.0024 W, which was obtained when the produced energy
as hydrogen was 0.0143 W and the applied energy was 0.0119
W and potentia of 1.0105 V.

V. CONCLUSIONS

In this study MEC model was studied and validated. Then
sengitivity analysis of this model was conducted, and the
effective parameters were defined, It was noticed that the
parameters which has the highest effect on the cell are py,, 4,
Hm, by Oma » Km, Kgr, T, P, V, A and Egyp. These results were
utilized to reduce the model and obtain simple equations.
These simple equations were used for validating experimental
results. After this optimization of the operating parameters of
MEC was accomplished. In the future work combination of
(MEC) and microbial fuel cell (MFC) will be studied.
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Table 1: Changing parameter for validation
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