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ABSTRACT

This study describes a novel method for controlling applied voltage in a microbial elec-
trolysis cell (MEC). It is demonstrated that the rate of hydrogen production could be
maximized without excessive energy consumption by minimizing the apparent resistance
of the MEC. A perturbation and observation algorithm is used to track the minimal
apparent resistance by adjusting the applied voltage. The algorithm was tested in
laboratory-scale MECs fed with acetate or synthetic wastewater. In all tests, changes in
MEC performance caused by the variations in organic load, carbon source properties, and
hydraulic retention time were successfully followed by the minimal resistance tracking
algorithm resulting in maximum hydrogen production, while avoiding excessive power
consumption. The proposed method of real-time applied voltage optimization might be
instrumental in developing industrial scale MEC-based technologies for treating waste-
waters with varying composition.

Crown Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All

rights reserved.

1. Introduction

Hydrogen production in microbial electrolysis cells (MECs)
represent a novel bioelectrochemical process in which an
energy carrier (hydrogen) is produced from renewable sources
of organic matter such as organic wastes and residual biomass.
H, production is accomplished by a combination of microbial
processes at the anode, where exoelectrogenic microorgan-
isms oxidize organic matter and electrochemical or bio-
electrochemical processes at the cathode, where the electrons
and protons are combined to form H, [1]. Although an external
power source is required, the microbially catalyzed electrolysis
of organic matter consumes significantly less energy than H,
production via water electrolysis [2,3]. Furthermore, because of
the broad selectivity of mixed microbial consortia, MECs can
operate on a wide variety of organic materials, including
wastewater [4,5]. Combining wastewater treatment with
energy production is similar to the conventional anaerobic

* Corresponding author. Tel.: +1 514 496 2664; fax: +1 514 496 6265.

digestion process where methane is produced, but the MEC-
based process produces a more valuable energy carrier, H2.
Recent advances in MEC research resolved several limita-
tions, which were considered crucial for the development of
an industrial MEC-based process. In particular, volumetric
rates of H, production have surpassed 5-10 L Lz d?%
continuous operation of MECs have been demonstrated, and
expensive Pt-based cathode — PEM designs were replaced with
membraneless MECs equipped with non-noble Me catalysts
such as Ni, stainless steel, or tungsten carbide [1,6—10]. These
improvements make MEC scale-up more realistic, thus
necessitating the development of a real-time process control
system similar to maximum power point tracking (MPPT)
systems developed for fuel cells [11]. The MPPT system could
be used to adjust the energy input in accordance with varia-
tions in wastewater composition, concentration, conductivity,
and other factors. In this study we demonstrate that a real-
time control system can efficiently track the changes in the
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operating conditions of a MEC, while maintaining H, produc-
tion at the maximum attainable level.

and 18.3 h, respectively. Throughout the tests HRTs and
organic loads of the MECs were changed as outlined in Table 1.
Four tests were carried out in each MEC. The tests (phases)
performed during MEC-A operation included standard condi-

2. Materials and methods tions, an increase in the organic loading rate (influent acetate
concentration), an increased HRT, and a decrease in conduc-
2.1. Media solutions tivity. The tests done for MEC-W operation included standard

The acetate stock solution contained (in g L.™%): sodium acetate
(55.34), yeast extract (0.830), NH4Cl (18.7), KCl (148.1), K,HPO,
(64.0), and KH,PO, (40.7), corresponding to an acetate concen-
tration of 40 g/L. A stock solution of synthetic wastewater
(sWW) contained (in g L7?) : pepticase (50), beef extract (50),
yeast extract (30), NH4HCO;3 (17), K,HPO, (1.5), KH,PO, (1.75).
The sWW stock solution was prepared and frozen until used.

2.2. MEC operation and characterization

Two membraneless MECs were constructed with a series of
nylon plates. Each MEC had a 50 mL anodic compartment and
a H, collection compartment of the same volume (100 mL total
setup volume). The anodic chamber contained a 5-mm thick
GFA-5 carbon felt anode measuring 10 x 5 cm (SGL Group,
Wiesbaden, Germany). The carbon paper gas diffusion
cathode (GDL 25BC, SGL Group, Wiesbaden, Germany) con-
tained 0.2 mg/cm? of electrodeposited Ni. The Ni deposition
procedure is described in Manuel et al. [12]. The cathode was
sandwiched between the anodic and the H, collection
compartment plates forming a wall between the two
compartments. A polyester cloth, approximately 0.7 mm
thick, was placed between the two electrodes. More details on
MEC design can be found elsewhere [7,13].

The MECs were inoculated with 5 mL of a homogenized
anaerobic mesophilic sludge obtained from a local food pro-
cessing industry (A. Lassonde Inc., Rougemont, Quebec,
Canada) and were maintained at 30 °C and a pH of 6.8—7.0
using temperature and pH controllers, respectively. The
acetate and sWW stock solutions were continuously fed at
a rate of 5 mL d~* using infusion pumps (model PHD 2000,
Harvard Apparatus, Canada) with 60 mL syringes. The SWW
stock solution was replaced every 2—4 days. Dilution water
was continuously fed to MECs using peristaltic pumps con-
nected to a timer. One mL of a trace metals solution [13] was
added per liter of dilution water. The nutrients and dilution
water streams were combined before entering the anodic
compartment.

The acetate-fed (MEC-A) and sWW-fed (MEC-W) MECs
were started up at a hydraulic retention time (HRT) of 9.8 h

conditions, increased organic loading rate (influent concen-
tration), a decrease in HRT, and a decrease in conductivity
combined with a decreased HRT.The details are provided in
Table 1. In between the experimental phases, the MECs were
returned to the standard conditions before proceeding to the
next test phase. The MECs were maintained in each test phase
for 5-9 days to reach a new steady state.Overall, MEC-A and
MEC-W were operated for 42 and 55 days, respectively.

The applied voltage was controlled using a computer-
interfaced power source (PW18-1.8, Kenwood, Japan). The
voltage applied, current, and gas flow were recorded using an
on-line data acquisition system. Gas production in the MECs
was measured by bubble counters (Innoray, Montreal, QC,
Canada). Gas composition was measured using a 6890 Series
gas chromatograph (Hewlett Packard, Wilmington, DE, USA).
VFA analysis was performed by an Agilent 6890 gas chro-
matograph (Wilmington, DE, USA). The conductivity was
measured using a conductivity meter (Accumet XL 30, Fisher
Scientific, Pittsburgh, PA, USA). More details regarding MEC
monitoring can be found elsewhere [13].

Voltage scans were performed at the end of each phase.
The scans were performed by changing the applied voltage
between +0.4 and +1.2 V, with 10-min intervals after each
voltage change to allow the outputs to stabilize. The results
were used to estimate optimal applied voltage, which corre-
sponded to the minimal apparent resistance.

The MEC performance was characterized in terms of the
volumetric H, production rate, expressed per liter of the
reactor volume (Lg). Coulombic efficiency was calculated as
the ratio of electrons relative to the total electrons available
from acetate consumption. Cathodic efficiency was calculated
as the ratio of electrons recovered as hydrogen gas to the total
number of electrons that reach the cathode; and power
consumption per liter of H, recovered in the off-gas. A detailed
explanation can be found elsewhere [9,14].

2.3. Real-time control of applied voltage
The applied voltage (U,pp) was periodically adjusted in order to

minimize the apparent resistance (R,) of the MEC using an on-
line minimal resistance tracking (MRT) algorithm similar to

Table 1 — The operating conditions of acetate-fed MEC-A and sWW-fed MEC-W.

Phase MEC-A MEC-W

description - -
Influent HRT OLR conductivity Influent HRT OLR conductivity

(gL (h) (gLlg'd™) (mS cm™) €L™ (h) (gLg"d™) (mS cm™)

(1) Standard 1.6 9.5 4.0 14.9 4.9 16.5 6.4 11.3

(2) Increased OLR 33 9.5 8.0 15.5 9.1 16.5 12.8 10.2

(3) HRT change 3.1 16.5 4.0 20.0 2.5 9.5 6.4 7.6

(4) Conductivity 1.6 9.5 4.0 9.4 25 9.5 6.4 43

change
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the perturbation and observation (P/O) method previously
used to maximize power output of a microbial fuel cell [15].
A constant amplitude for each change of the applied voltage
(AU ) was preset and the direction of voltage change depended
on the sign of the gradient determined using the finite
difference method where the value of the internal resistance
estimated at time t; was compared with that estimated at the
previous time instance t;.;. This algorithm can be expressed by
the following equation:

U(i) = U(i — 1) + AU sign <R‘“‘(i 1) Rl 2)> )

UG-1)-U{i-2)

where AU is the input perturbation and i is the iteration
number. In order to avoid MEC operation either at an applied
voltage below the threshold value at which H, production can
be observed or at an applied voltage corresponding to water
electrolysis, the applied voltage is restricted:

Umin S U(l) S Umax (2)

where Upin, and Upax are the preset minimal and maximal
allowable applied voltages. In all tests described below the
minimal and maximal applied voltages were set to 0.3 V and
1.2 V, respectively.

As pointed out in Woodward et al. [15], with i— « the
applied voltage will oscillate around the average (equilibrium)
value Ueq with an amplitude of AU:

Ueq + AU
u(i) = or (3)
Ueq — AU

Since AU is the minimum step at which the applied voltage
is changed, the maximum distance between the average of the
oscillation (Ueq) and the true optimum value of the applied
voltage (U*) is AU/2. A larger value of AU can be used to increase
the speed of convergence if the algorithm starts far from the
optimal point, but this choice of AU will result in a larger error
in estimating optimal applied voltage when the applied
voltage oscillates around U*. A compromise between the
convergence rate and the algorithm accuracy might be
required.

3. Results and discussion

In theory, an U,p, of only 0.14 V is required for microbially
catalyzed electrolysis of acetate in a MEC [3]. Energy losses due
to electrode overpotentials and solution resistance increase
the voltage at which the onset of H, production is experi-
mentally observed to 0.3—0.4 V [2,4]. Since the H, production
rate is directly proportional to the current (Iygc) and therefore
increases at higher values of U,,p, MECs are often operated at
0.8—-1.0 V [6—8,16—19]. Importantly, the upper boundary of the
Uapp suitable for MEC operation is limited by the onset of water
electrolysis, which theoretically requires an applied voltage of
at least 1.2 V. Once again, electrode overpotentials and other
energy losses bring this boundary closer to 1.8 V [2].

The exact choice of Uy, might depend on the compromise
between the desired rate of H, production and an acceptable
rate of energy consumption. Indeed, MEC operation at higher
Uapp values results in increased production of H, but also in

increased consumption of energy, since P = Ugpp Iyec. The
selection problem for the Uy, can be illustrated by analyzing
voltage scans.Fig. 1 shows typical voltage scans obtained in
MECs fed with acetate and sSWW. Prior to the voltage scans
both MECs were operated at Uapp = 1 V. Analysis of the graphs
shows that regardless the type of carbon source the current
and therefore H, production increases with increasing Ugpp
until reaching a plateau. At the same time, power consump-
tion, also plotted in Fig. 1, continues to increase with
increasing U,pp. If the rate of H, production should be maxi-
mized while avoiding excessive energy consumption, then
Uspp at which current first approaches the plateau might be
the optimal value. The corresponding multi-criteria optimi-
zation problem can be formulated as:

max] = [ }ﬂ @
Uapp B
where Fy, is the H, flow rate and P is power consumption,
P = Ugpp-l.

Analysis of voltage scans shown in Fig. 1 suggests that the
two requirements can be satisfied by operating a MEC at the
inflection point of the power consumption curves. Further-
more, by plotting the apparent resistance (R,) calculated as
Ra = Ugpp/Ivec (dotted lines with circles in Fig. 1), we noticed
that this inflection point corresponds to the minimal apparent
resistance. This dependence could be proven using a MEC
process model, such as the one presented by Pinto et al. [20].
Therefore, the multi-criteria optimization problem (4) can be
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Fig. 1 — Voltage scans performed before the startup of real-
time voltage control in MEC-A operated on acetate (A) and
MEC-W operated on sWW (B). Apparent resistance was
calculated as Ry = Uapp/Inec.
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reduced to a simpler problem of apparent resistance
minimization:

minR,
Uapp

(%)

As can be seen from the comparison of Fig. 1A and B, which
were obtained during MEC-A and MEC-W operation on acetate
and sWW, respectively, the value of Uy, at which R,
approaches its minimum depends on the type of carbon
source, but it might also depend on a number of other factors,
such as influent concentration and composition, operating
temperature, pH, solution conductivity and microbial pop-
ulations. Therefore, a real-time algorithm for R, minimization
is required to track R, variations over time. The minimal
resistance tracking (MRT) method described in Materials and
Methods was developed using the perturbation and observa-
tion (P/0) algorithm.

The proposed approach for maximizing H, production
based on R, minimization was tested in two MECs operated at
different HRTs and different influent concentrations of the
carbon source (either acetate or sWW). As mentioned above,
both MECs were started at an Uy, 0f 1.0 Vand were operated at
this voltage until observing stable H, production. Then the
MRT algorithm was activated to control Ugyp. The startup of
real-time U,y control during the MEC-A test resulted in a slight
adjustment of U,pp, as the algorithm immediately converged to

Uapp = 1.09 £ 0.05 V (Fig. 2A). This suggested that the initial,
expertise — based, choice of U,p, Wwas quite reasonable, at least
for acetate as a source of carbon and the organic load used
during phase 1 of the experiment. H, production rate stabilized
at 2.8 + 0.3 L/Lg/day with a corresponding acetate removal rate
of 3.4 g/Lg/day. More details on process performance at
a steady state are provided in Table 2.

To test the MRT algorithm robustness, several perturba-
tions of operating conditions were imposed during MEC-A
operation, including variations of acetate influent concentra-
tion and HRT as indicated in Table 1. An increase of influent
acetate concentration from 1600 mgL™* to 3300 mg L~ " had the
most impact on optimal U, and H, production. When
acetate concentration in the influent was increased, Uapp Was
almost immediately increased by the MRT algorithm and
reached its upper limit set at 1.2 V (Fig. 3A). Accordingly, the
MEC-A current increased to 30 mA and H, production reached
4.0 + 0.2 L/Lg/day. Once the influent acetate concentration was
returned to its previous value, the MRT algorithm promptly
decreased the U,p, returning MEC-A performance to its
previous values (Fig. 3A and Table 1). At the same time,
a change of HRT from 9.5 h to 16 h had no significant impact
on MEC-A performance as can be seen from the results shown
in Fig. 4A, which shows the transition period. In addition to
the influent acetate concentration and HRT, the effect of
solution conductivity on MEC-A performance was tested by
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Fig. 2 — Current and voltage measurements in MEC-A (A) and MEC-W (B) before and after the startup of U,,, optimization.

The startup of real-time U, control is indicated by arrows.


http://dx.doi.org/10.1016/j.ijhydene.2011.05.162
http://dx.doi.org/10.1016/j.ijhydene.2011.05.162

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) I0557—10564

10561

Table 2 — The performance of acetate-fed MEC-A.

Phase  Uwpp(V)  Imec(mA) gasflow (LLx' d™') Hy(%) CHa(%) COD removal(glz' d™') Coulombic efficiency (%)
1 1.09 +£ 0.05 23.3 +1.07 3.6 £04 79 3 3.4 79.1
2 1.2+0.02 30.2+0.76 46+0.2 86 8 7.4 69.8
3 1.10 £ 0.04 24.7 £0.9 3.7 £03 79 13 4.2 81.5
4 1.10 £ 0.04 18.1+0.9 3.4 £0.2 72 20 3.7 71.5

reducing concentration of the phosphate buffer, which
reduced the conductivity of the effluent stream from 15 to
9 mS cm™™. This had only minor impact on MEC performance
as can be seen from the results presented in Table 1.

The MRT algorithm was also tested in MEC-W fed with
sWW. As might be expected for a MEC operated on a complex
carbon source requiring hydrolysis, at MEC-W startup both
current and H, production were lower than in MEC-A at
a comparable organic load (Table 2). Once the MRT algorithm
was activated, U,pp immediately decreased to 0.87 + 0.06 V
(Fig. 2B). This adjustment of U,p, did not change the average
current, which remained at 13.8 + 1.9 mA. Also, the average H,
production was unchanged. This signified the advantage of
real-time control of U,pp, which decreased power consump-
tion without affecting process performance.

Notably, we observed significant fluctuations of U,pp and,
accordingly, Iygc throughout the MEC-W test (Fig. 2B), which

was different from the trends observed in MEC-A. These
fluctuations were attributed to the changes in sSWW stock
solution composition over time. Significant fermentation of
sWW in the syringe was observed through changes in the
stock solution color and gas accumulation in the syringe. This
was confirmed through VFA and COD analysis. While total
COD content of the stock solution remained unchanged,
acetate and propionate concentrations of the stock solution
were measured to increase from near zero values to over
1000 mg L' after 4 days in the syringe indicating ongoing
hydrolysis and fermentation of the proteins. This change in
influent composition was reflected in decreased MEC perfor-
mance immediately after each replacement of the syringe,
when VFA concentration was low, followed by a progressive
increase of current corresponding to increased VFA concen-
tration (Fig. 2B). This behavior suggested that the hydrolysis
and fermentation of proteins in the fresh sSWW stock solution
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Fig. 3 — MEC performance response to an increase and decrease of influent concentration of (A) acetate in MEC-A and (B)
sWW in MEC-W. The U,;,, was controlled by the MRT algorithm. The influent concentration changes are indicated by

arrows.
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and (B) MEC-W operation when HRT was decreased from 17 h to 8.5 h. HRT changes are indicated by arrows.

limited the rate of carbon source consumption by the exoe-
lectricigenic microorganisms. Nevertheless, the MRT algo-
rithm was capable of accurately tracking the variations in the
carbon source properties by adjusting U,p,. The varying
composition of the stock solution due to protein hydrolysis
and fermentation might resemble variations in wastewater
composition during MEC operation on real wastewater.
Therefore the sWW tests with a varying stock composition
confirmed the excellent tracking performance of the algo-
rithm and its applicability for large scale MEC operation.

As in the previous test with acetate, MEC-W was subjected
to several external perturbations, including changes in the
influent concentration (i.e. SWW strength) and HRT. Fig. 3B
shows the response of the MRT algorithm to increased COD
concentration in the influent. The response was significant
and similar to that observed in MEC-A. Once fresh sWW media
was added to the syringe, MEC performance at first declined,
but then rebounded as the media fermented, with U,p, and
current approaching 1 V and 35 mA, respectively (Fig. 3B) and
accordingly, H, production increased to 5.3 + 0.8 L Ly* d ™.
While MEC operation at a high organic load resulted in
increased H, production, the COD removal efficiency was
relatively low at 68%, although the COD removal rate was at
8.7 g Ly* d"*. This was indicative of organic overload. More
details are shown in Table 3.

MEC-W response to HRT changes was also similar to the
trends observed in MEC-A test. MEC-W operation was started
at an HRT of 17 h, which was greater than that of MEC-A, with
an HRT of 9.5 h. It was hypothesized that more time might be
required for protein hydrolysis when feeding sWW. On day
21.5 HRT was decreased to 8.5 h. No significant response to
this perturbation was observed, with current variations due to
syringe replacement having a more significant impact than
the change of HRT, as can be seen from Fig. 4B.

In addition to the tests described above, robustness of the
MRT algorithm was also shown in the accidental feed inter-
ruptions caused by syringe pump malfunctions or late
replacement of the syringe with the stock solution. In both
MEC-A and MEC-W such an event was followed by decreased
Uspp and current as the carbon source in the anodic
compartment became exhausted. The algorithm, however,
returned the U,p,, to its previous value once the feeding was
resumed (Fig. 5). Another interesting feature of the MRT
algorithm was that it appeared to reduce the presence of
methane in the cathodic gas stream. The presence of hydro-
genotrophic methanogens in MECs results in H, conversion to
methane. The amount of H, lost to methane production
appears to increase if a MEC is operated at low values of U,pp
[4,21,22]. In extreme cases more than 20% of the cathodic gas
stream is composed of methane in particular when operating
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Table 3 — The performance of sWW-fed MEG-W.

Phase  Uupp(V)  Iuec (mA) gasflow (LLx'd™") H, (%) CHy%) CODremovalglz'd ' Coulombic efficiency (%)
1 0.88 + 0.05 222 +22 23+0.8 91 3 5.1 53.9
2 1.02 + 0.05 332+17 53+0.8 92 2 8.7 52.5
3 0.98 + 0.04 20+ 1.4 23+04 92 3 5.0 59.5
4 0.99 + 0.06 20.2 £ 3.2 26+0.8 73 3 4.7 56.4

on wastewater [4,5]. In our tests, MEC-W was continuously
operated for 45 days. Although the methane percentage
appeared to be dependent on organic load with less methane
observed at the highest influent COD concentration, only
2—10% of methane were observed in the cathodic gas stream
(Table 3), while methane production in the anodic compart-
ment was negligible.

Voltage scans, which were performed at the end of each
phase of operation, also confirmed the MRT algorithm reli-
ability. After each test minimal apparent resistance was
estimated from R, vs U,pp, graphs as shown in Fig. 1 and the
corresponding value of optimal applied voltage was deter-
mined. Fig. 6 shows a comparison of the optimal applied
voltages (Uopy) estimated for both MECs based on the results
of the voltage scans with the average U,y values estimated
by the MRT algorithm during the 2 h preceding each voltage

scan. Good statistical agreement was obtained with R? equal
to 0.85.

The MEC tests were conducted with a potentiostat to
maintain a constant anode potential vs. a reference electrode.
The results showed the fastest biofilm growth and the highest
current density when the anodes were maintained at the
lowest potentials [23]. This is in agreement with the voltage
scans shown in Fig. 1, where the current reaches a plateau at
higher applied voltages corresponding to more negative anode
potentials. Importantly, the MRT algorithm presented in this
work did not require a reference electrode. For practical
purposes of wastewater treatment the anode potential
measurements against a reference electrode placed in the
anodic compartment would be troublesome due to biofilm
growth at the electrode surface. The MRT algorithm, which
only uses the two electrode (anode—cathode) setup, could be
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Fig. 5 — Examples of MRT algorithm response to feed interruptions in (A) MEC-A fed with acetate and in (B) MEC-W fed with

sWW.
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Fig. 6 — A comparison of optimal values of U, estimated
from the results of voltage scans in MEC-A and MEC-W
with the average U,p, values maintained by the MRT
algorithm during 2 h preceding each voltage scan.

used in a variety of MEC configurations, sizes, and with
various types of wastewater.

4, Conclusion

This work demonstrates the advantages of real-time control
of U,pp for maximizing H, production in a MEC. It is shown
that MEC performance can be optimized by minimizing the
apparent resistance (Ry = Uapp/Imec). Furthermore, a minimal
resistance tracking algorithm was proposed and tested in
laboratory-scale MECs. The tests performed using acetate or
sWW as a source of carbon confirmed the excellent robust-
ness of the proposed algorithm. The real-time control of Uyp,
demonstrated in this work might be an essential component
in the development of industrial MEC-based technologies for
simultaneous H, production and wastewater treatment.
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