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Scientific Progress

Introduction

Bioelectrochemical systems (BESs) have attracted a considerable amount of interest in the past decade in part because of
their potential to transform waste treatment into an energy-neutral or even producing endeavor. This technology would
therefore enable remote waste treatment without the need for energy provision, making it especially suitable for applications
such as wastewater treatment at forward base camps. Research on these systems has greatly advanced our understanding of
microbially catalyzed extracellular electron transfer, and design improvements have improved power densities by approximately
six orders of magnitude [1], from an early design that used a salt bridge for electrochemical continuity [2] to newer designs that
greatly reduce ohmic constraints and increase specific surface areas of the electrodes. The development of this technology is
just beginning to transition to pilot-scale testing, with three different designs field tested for treating brewery, winery, and
municipal wastewaters [3].

These dramatic improvements in system performance and the current initiatives in scaling up these systems have all
occurred in the absence of standard design and testing procedures. Each research group has its preferred designs, media,
inoculation and enrichment strategies, and performance evaluations. As a result, it is very difficult to properly compare the
results of different studies, as each research team uses entirely different conditions and analyses. This lack of standardization
hinders the pace of technology development. It is anticipated that the establishment of benchmarking conditions for BESs will
accelerate the commercialization of these systems, just as experienced by other technologies such as hydrogen fuel cells with
the development of the U.S. Fuel Cell Council (now the Fuel Cell and Hydrogen Energy Association).

On September 14 and 15, 2011, an Army-sponsored workshop was convened at The Pennsylvania State University in
University Park, Pennsylvania with the following goals: (1) identify BES design and performance parameters that can be
meaningfully standardized, (2) determine the best practices for reliable comparative testing of these parameters, and (3)
develop a benchmarking framework from which subsequent advancements can be uniformly compared. The workshop had 30
participants, including many of the leading BES researchers in academia from the United States, Canada, Australia, the
Netherlands, and Belgium; individuals from the Department of Defense; and representatives from five companies with existing
BES initiatives. The workshop was opened with a presentation from Jerry Miller, who provided an overview of ERDC and
ERDC investments that could benefit from standardization of BES technology. This was followed with invited presentations that
addressed microbial and biofilm characterizations and considerations, materials considerations, chemical and electrochemical
processes and monitoring, performance metrics and control, alternative applications, and system design and operation.
Following the technical content of the presentations, the workshop transitioned to group discussions on benchmark designs,
monitoring and characterization techniques, and reporting requirements. Appendix 1 shows the workshop agenda.

Microbial Considerations

BES research can be segregated into pure- and mixed-culture studies. Pure cultures are frequently used to investigate
fundamental processes involved in extracellular electron transfer, while mixed cultures enable the testing of system
performance in nonsterile environmental settings that involve cooperation and competition of exoelectrogenic and
nonexoelectrogenic microbial populations (Figure 1, see attachment), such as those encountered in wastewater- or
sediment-fed BESs. The discussion of microbial considerations begins with this segregation, as the relevant questions and
techniques are frequently distinct between these two types of studies.

In mixed-culture BES studies, the main microbial focus is typically related to characterizing the anode biofilm community
composition, and less frequently also including the suspended community. The intent of these studies is to identify the
predominant community members, with the presumption that this is related to the exoelectrogenic biofilm activity, and to
investigate whether the community structure is a function of design and operational parameters such as inoculum, substrate [4],
anode material [5], anode potential [6, 7], and operational mode [8]. There are numerous tools available for characterizing
microbial communities. The questions that were addressed include which tools are most suitable and informative for BES
research, and when and where should biofilm samples be collected?

The most prevalent methods of community characterization in BES studies have entailed phylogenetic characterization
based on 16S rRNA gene sequences. It is acknowledged that the interpretation of rRNA-inferred communities can be distorted
by the absence of function associated with this genetic marker, and in methods that involve polymerase chain reaction (PCR)
amplification the quantitative representation of community composition can be biased by factors such as differential DNA
extraction, different rRNA operon copy numbers [9], and primer bias. Nevertheless, given the diversity of mechanisms involved
in anode reduction, the lack of a universal molecular target to capture these mechanisms, the presence and contribution of
nonexoelectrogenic populations, and the likely presence of unknown and uncharacterized exoelectrogens in these
communities, the properly qualified use of phylogeny-targeted techniques offers a tractable approach to unravel this complexity
and has enabled significant progress in our understanding of these complex communities. (This issue is common among all
mixed-culture microbial ecology studies and is not at all unique to BESs.)

The significant majority of BES microbial community research has used either denaturing gradient gel electrophoresis
(DGGE) or clone libraries to analyze amplified 16S rRNA genes. Both of these techniques have strengths and weaknesses
that make them suitable for different types of characterization studies. As post-PCR methods, they both share the potential
introduction of biased population recovery for the reasons mentioned above. DGGE is most appropriately used for the
screening of community differences over time [10, 11] or from different treatments [7, 12]. The subjective comparison of DGGE
fingerprints can be addressed through methods such as principal component analysis, which can be automated and also
informative about the conditions that correlate with observed community differences [6]. Problems associated with this



technique include the comigration of distinct bands, thereby masking diversity; and the need for band excision to ascertain
identity, which involves the subjective process of band selection followed by the additional effort of cloning and sequencing. If
the primary interest is in identifying only those populations that change with different treatments, DGGE might be appropriate.
However, if broad community characterization is the goal [4, 8], the analysis of clone libraries makes more sense because the
use of DGGE for this purpose requires clone libraries anyway and constrains the sequences that can be recovered to those
that are in the visible and distinct DGGE bands. The main concern with clone libraries is the number of cloned sequences
necessary to adequately characterize the community. Rarefaction curves [13] and statistical metrics [14] are standard tools to
estimate the extent of community coverage, but there seems to be no general agreement in molecular microbial ecology on
what constitutes sufficient community characterization.

Pyrosequencing is a technique that addresses the issue of clone library coverage. Depending on the degree of sample
multiplexing, this technique generates thousands to tens of thousands of sequences per sample. Pyrosequencing has not been
used extensively in BES studies, but it is beginning to make inroads [15-17]. The initial introduction of this sequencing
technology only permitted very short reads that did not provide sufficient resolution in phylogenetic identification. This has been
overcome with technology advancements, which now enable several hundred basepairs of quality sequence per read. Cost
has also been a limiting factor, but it is comparable in cost to an extensive cloning and sequencing effort and is certainly less
expensive on a per sequence basis than cloning. Pyrosequencing offers a much deeper level of community coverage than
cloning, allowing the recovery of sequences from rare populations in the community that would likely go undetected in a clone
library or DGGE analysis. However, it is unknown whether those rare populations play a significant role in the community
ecology, and it is interesting to note that pyrosequencing-derived rarefaction curves generally do not show improved asymptotic
coverage of the community diversity.

Fluorescent in-situ hybridization (FISH) is a complementary technique that allows examination of specific subsets of a
community, but is not suitable for high-resolution community characterization. FISH has been used sparingly in BES studies [8,
18-20]. ltis particularly useful for examining issues related to localization within an aggregate or biofilm, which might be
relevant in BESs to investigate whether exoelectrogenic populations are stratified with respect to distance from the anode or
uniformly distributed across the biofilm thickness. Moreover, FISH does not introduce the quantitative bias associated with
PCR-based techniques, making it a good technique for confirming end point PCR-derived quantitation.

Two other issues related to BES biofilm community sampling are when and where to sample. If the primary interest is in
characterizing the stable community composition and not the acclimation dynamics, several studies reported anode biofilm
stability by approximately month two of closed-circuit system operation [10, 21, 22]. Regarding where to sample, there has
been very little reported on the potential spatial heterogeneity of biofilm communities in these systems, and most studies do not
even provide specifics on the sampling location. A recent study [23] looked into community heterogeneity in BES anodes,
using pyrosequencing to compare the communities in different locations on a planar carbon-cloth anode and throughout a
volumetric graphite-brush anode, in which one would expect to find gradients [24] of pH and perhaps substrate and dissolved
oxygen concentration. The data showed virtually identical communities in all locations of both systems, suggesting that
sampling location may not be critical, at least in smaller lab-scale reactors.

In addition to community composition, it is often necessary to measure total biomass concentration in the biofilm. It has
been demonstrated that biofilm architecture develops over the first several weeks of operation, with a corresponding
improvement in system performance [11]; that the biofilm architecture is a function of external resistance and anode potential
[7]; and that there is a direct correlation between biomass concentration and current production in Geobacter sulfurreducens
biofilms [25]. Therefore, total biomass is necessary to properly characterize this transient acclimation period.
Biomass-normalized specific rates of substrate utilization and current generation are also essential for a fair comparison of
different communities or pure cultures, where unmeasured differences in biomass density might give different apparent rates.
Several biomass measurement techniques have been used in BES research, including total protein, dry weight, quantitative
real-time PCR [6, 26], and total and viable cell counts following nucleic acid staining [11]. It is important to remember when
using microscopy-based techniques that porous anode materials can harbor cells within the anode matrix that will not be
visualized.

Pure-culture studies allow the investigation of exoelectrogenic and exoelectrotrophic activities without the complications
associated with the biofilm harboring microbial populations engaged in other metabolisms or with distinct physiological and
kinetic attributes. This opens up opportunities for comparing the relative performances of different exoelectrogenic cultures,
with the total biomass measurements such as protein, biovolume, and thickness only including biomass that is relevant to the
electrode reaction. Pure cultures also enable the isolation of the role of a specific gene product through the differential activities
of wild type and mutant strains, and looking at transcriptomic and proteomic responses to different conditions. These types of
studies with Geobacter have shown a significant upregulation in the pilin gene pilA and the outer membrane cytochrome genes
omcB and omcZ in current-generating biofilms, an order of magnitude lower current production in pilA- and omcZ- strains [27],
and changes in the spatial and temporal expression of omcZ during biofilm development. There are also a number of potential
exoelectrotrophic BES applications, such as bioreduction of nitrate, U(VI), and chlorinated compounds as well as microbial
electrosynthesis to convert carbon dioxide into organic products [28]. These reactions have been conclusively demonstrated in
pure-culture systems, with reductive dechlorination being demonstrated with Anaeromyxobacter dehalogenans [29] and
Geobacter lovleyi [30] and a comparative assessment of the exoelectrotrophic productivities of various acetogenic species [31].

There are two main strategies that have been used to examine heterogeneity in pure-culture exoelectrogenic biofiims,
destructive sampling followed by microtoming to physically section the biofilm layers [32] and in situ examination using a



mini-MFC system coupled with confocal microscopy [33]. In the former approach, which included a microarray analysis of
differential rRNA expression in the inner and outer layers of the biofilm, it was noted that the presentation of microarray data is
typically insufficient in review, and the functional inferences should be demonstrated throughout knockout and complementation
experiments. The in situ approach has been used to experimentally demonstrate acidification of the biofilm interior [33] and
spatial and temporal expression of omcZ and citrate synthase using a short half-life GFP reporter system. Another modified
BES design that incorporates a partitioned gold anode with a non-conductive gap has been used to measure biofilm
conductivity [34], with results showing the conductance of current-producing Geobacter biofilms being similar to conductive
polymers. Biofilm conductivity experiments should include temperature dependence to indicate the likely mechanism, as
tunneling, hopping, and metallic mechanisms all have different temperature responses.

Certain biofilm characterization techniques are amenable to either mixed- or pure-culture applications, though their
interpretation is always simplified in the latter case. Microelectrodes are extremely useful in measuring condition profiles within
and adjacent to biofilms in lab-scale systems, and they have been used by several BES researcher groups. Oxygen crossover
in air-cathode layered electrode assemblies was measured using oxygen microelectrodes to show that oxygen levels at the
anode were consistently below 0.3 mg/L [35]. Redox and pH profiles were measured in Shewanella oneidensis MR-1 biofilms
to show that anode reduction by this bacterium is not redox controlled [36]. Microelectrodes have also been developed and
demonstrated with S. oneidensis MR-1 biofilms for the quantification of the electron-transfer mediating flavins [37], though this
demonstration was not in a BES. Similarly, nuclear magnetic resonance has also been used with S. oneidensis MR-1 biofilms
to study heterogeneity in effective diffusivity [38], but this demonstration was not performed in a BES system. These tools allow
the inspection of chemical and physical gradients within biofilm systems, and not just the bulk conditions, to characterize
microenvironments that influence and define microbial communities and activities in BES biofilms.

In studying microbial kinetics in BESs, there are a number of important system factors that can have a marked impact on
the results. Current productivity is typically expressed as an electrode surface area-specific current density. For comparative
studies on electrode materials, it may be necessary to use a projected surface area to calculate current density, at least in the
absence of an accepted method of measuring microbially accessible electrochemically active surface area. It has been shown
even with variably polished glassy carbon electrodes that the surface roughness of the electrode significantly influences the
current density [39]. Therefore, it is recommended that fundamental studies of biofilm kinetics use polished (> P1500) planar
electrodes and not porous electrodes as is often reported. Medium composition also affects biofilm kinetics, which is further
complicated by changes in concentration for some components during microbial growth. This has been repeatedly
demonstrated for pH [40], yet it is fairly common for the effluent pH to not be measured and reported. It is critical in BES
studies to report the medium composition and concentration, including the solution conductivity, as well as the effluent bulk pH.
Finally, the proper collection of anode kinetic data requires that the cathode not influence the rates. For example, oxygen
intrusion in an air-cathode system induces a current associated with the production of hydrogen peroxide. This can be
overcome by running the system as a three-electrode microbial electrolysis cell (MEC), with a two-chamber system to eliminate
hydrogen consumption and enable an electron balance.

Catalyst Binder and Polymer Research

Some of the principle objectives of material research in BESs include developing durable polymer materials that resist
biofouling and have low charge transfer and solution resistances. These materials must also have the potential to be produced
inexpensively in large quantities. Presently Nafion® stands as the benchmark among metal catalyst binders and should be
used as a reference system for new materials. Sulfonated cathode catalyst binders show increasing charge transfer resistance
and lower power production with increased degree of sulfonation [41]. Neutral hydrophilic binders show lower initial power
densities than Nafion® but they are stable and have comparable performance to Nafion® after over a month of operation [42].
With these results, and complemented by electrochemical impedance spectroscopy (EIS) analyses, a more rational design
basis for binders is beginning to emerge that balances oxygen diffusion to the cathode and fouling and wetting of the cathode
pore matrix.

Electrochemical Monitoring

A recurrent theme during the workshop was the importance of properly using and maintaining reference electrodes. One
common problem, particularly with Ag/AgCl electrodes, is that they drift over time. This can introduce considerable error for
long-term experiments. Drift should be corrected by using a reliable paired reference electrode in saturated KCI. The correct
conversion to SHE should also be reported for the electrolyte used in the experiments, with the caution that 0.197 V vs SHE is
only true for saturated KCI. This conversion can be determined for your experimental medium by comparing two Ag/AgCl
electrodes in a two-chamber cell separated by a membrane, with one chamber filled with the medium and the other filled with a
KCI solution having a reported conversion to SHE. Another consideration is accounting for the IR drop between the reference
electrode and the working electrode, which increases with increasing current density and separation distance and decreasing
solution conductivity. There are two effective ways to compensate for this ohmic loss. One is to use a Luggin capillary, which
can place the reference electrode sensing point immediately adjacent to the working electrode. Care should be taken to
position the capillary tip a little distance from the electrode to avoid shielding interference of the electrode current. The other
approach is to use EIS to measure the ohmic loss, and then correct the reported working electrode potential. The multimeter
should have a high impedance to prevent data collection from affecting the system.

The energy losses and resistances in BESs are often characterized to better understand the reaction rates occurring at the



electrodes and the mass and charge transfer processes needed to support those reactions. The internal resistance (Ri) can be
easily determined from the slope of the linear portion of the polarization curve, AE/Aj [43]. This property is critical to system
cost, with high Ri systems unable to break even on cost at any current density. It can also be used operationally to optimization
power, with the time-dependent Ri used to adjust the external resistance (Rext) for maximum power [44]. Irreversible energy
losses associated with different resistances in a BES [45] can be segregated into anode overpotential (nan), cathode
overpotential (ncat), ionic (Eionic), transport (ET), and pH gradient (EApH). The overpotentials can be calculated from
Equations 1 and 2 (see attachment), where Ean,measured and Ecat,measured are the measured anode and cathode potentials
and Ean and Ecat are the calculated potentials based on the Nernst equation. These calculated potentials are a function of the
electrolyte compositions such as buffer type and strength and oxygen concentration. The ionic loss can be calculated based on
the electrolyte conductivity. The pH gradient loss across a membrane can be calculated based on the difference between
anode and cathode pH. EIS can also be used to estimate resistances based on equivalent circuit analysis. The simplest circuit
includes one resistive element, which lumps all the contributions into one parameter. While mass transfer is typically
considered to be indicated in a Nyquist plot by a 45° angle in the low-frequency data, it is important to note that mass transfer
can be contributing to semicircle features in the plot, particularly in systems with flow. The equivalent circuit model should be
appropriate to the system, and the interpretation should be substantiated by other experiments because semicircles alone do
not reveal mechanisms.

When conducting BES research, it is important to be mindful of the implications associated with the interdependence
between voltage and current and the significance of iR loss. When using a fixed external resistance (Rext), Ean can vary and
influence reaction kinetics and possibly microbial competition and community composition. Ean is particularly dynamic in
fed-batch systems that are allowed to experience dramatic changes in substrate concentration. Potentiostatic (or galvanostatic)
operation remedies this two-variable situation and is recommended for characterizing fundamental BES reactions [46]. In a
single-chamber cell with idealized anode and cathode, the relationship between the catalytic current (icat) and the limiting
current (iL) is described by Equation 3 (see attachment), where n is the number of electrons involved in the reaction, F is the
Faraday’s constant, EM is the midpoint potential of the reaction, R is the ideal gas constant, and T is the temperature. In a
two-chamber cell, this must be corrected to account for iR loss as shown in Equation 4 (see attachment). From Eq. 4, as iR
drop increases the power density curve approaches a parabola, a behavior that is often observed and reported for BES
performance. While this describes the system performance, an iR-dominated system masks the electrode behavior. For
experiments intended to show differences in electrode performance, this influence can be greatly reduced by using a very small
working electrode relative to the counter electrode and membrane. For example, small anodes coupled with large cathodes
and membranes were used to compare the performance of different G. sulfurreducens variants [47] and to demonstrate the
exoelectrogenic contributions of outer membrane cytochromes and pili [48] in anode-limited conditions.

Cyclic voltammetry (CV) is often used to characterize electrochemically active species, such as mediators or biofilms.
Steady-state kinetics should show an overlap in the forward and reverse CV curves. Unlike with electrochemical reactions
involving soluble electrode-reactive compounds, reactions in biofilms can take seconds to minutes to achieve steady state due
to concentration and potential gradients. Therefore, to characterize steady-state biofilm performance, CV should be performed
with a sufficiently slow scan rate as demonstrated by overlapping profiles. Richter et al. [48] observed this behavior with G.
sulfurreducens biofilms at 0.002 V/s. The hysteresis observed at higher CV scan rates can reveal additional information about
the mechanisms and relative rates of electron transfer from the non-electrode-reactive substrate through the biofilm to the
electrode [48, 49].

There are several methods reported in the BES literature to generate polarization data, from which power density curves are
constructed. The most common approach has been the stepwise change of Rext and the collection of the stable voltage at
each Rext. In fed-batch systems, this can be done within a single cycle, typically waiting at least 20 minutes at each Rext. This
method requires sufficient initial substrate concentration and buffer intensity to avoid substrate- or pH-limited conditions in the
latter Rext readings. Batch profiles often do not show steady performance, which becomes problematic with respect to when to
collect measurements during the cycle. Also, “power overshoot” is often evident in data collected with this method, when the
cell voltage drops rapidly at lower Rext and sometimes even supports a lower current density [50]. This signature power
overshoot is called Type D, and the cell voltage change is caused by a rapid increase in Ean. It can be solved by allowing the
biofilm longer acclimation times to the low Rext conditions, such as running multiple cycles at each condition [51]. Even when
Type D power overshoot is evident, all of the polarization data should be reported including the points at which the power
doubles back. Another form of power overshoot, called Type M, occurs when the maximum power density is exaggerated due
to an overestimation of Ecat. This is observed when the system is not given sufficient time to stabilize, such as when linear
sweep voltammetry (LSV) is used at too high a rate to collect polarization data. Type M overshoot can be remedied by slowing
down the scan rate until there is no scan-rate dependency of the polarization response, or simply by performing the single- or
multiple-cycle varied resistance method [52]. The common experience of the workshop participants to eliminate Type M
overshoot was to use an LSV scan rate of 0.1 mV/s, but this should be demonstrated for the specific system of interest.

Standard Reporting of Performance Metrics for Comparative Evaluations

Power density is one of the main performance metrics used to compare different BESs. Measurements should be
conducted to avoid power overshoot artifacts, as mentioned above. In addition, there are a number of ways to normalize the
power from a system to allow comparisons among different design platforms. It is best to report power density with respect to



both rate-limiting electrode area and empty-bed reactor volume, or equivalently to provide the area to volume ratio, since this
ratio does not necessary remain constant during system modifications or scale up. For example, in the standard 28-ml
air-cathode cubic MFC with 4 cm separation between electrodes [53], the electrode area to volume ratio is 25 m2/m3. The 2
-cm design doubles this ratio to 50 m2/m3. A mini-reactor design that allows inexpensive parallel testing of many reactors has
ratios of 92 m2 anode/m3 and 86 m2 cathode/m3 [54]. Clearly the details on reactor geometry must be fully reported to allow
equivalent comparisons. Another suggestion was to report the energy produced or consumed normalized by the substrate
concentration (e.g. kd/g COD (chemical oxygen demand) or kWh/g COD) to capture system performance within the context of
the substrate addition.

Many BES studies are conducted with fed-batch systems, which often show irregular voltage or current profiles during a
cycle that lack a clear performance plateau or stable condition. This non-steady-state batch condition complicates the
meaningful characterization of performance, as the peak voltage or current in the cycle may be very transient and
uncharacteristic of the average. One approach for handling this situation and allowing the comparison of very dissimilar profiles
is to report the total coulomb recovery. Coulombic efficiency (CE) can be calculated based on the input COD, which does not
account for the residual substrate that was not degraded, or the change in COD during a cycle, which captures the fraction of
electrons that the microbes extracted from the substrate. The suggestion was to refer to these two metrics differently, using the
term CE when dividing by the change in COD and the term Coulombic recovery when using the total input COD.

As mentioned above, solution chemistry can have a strong impact on system performance. One parameter that has a
marked impact on performance and must always be reported is solution conductivity [55]. This is not only critical for the
comparison of results from different studies, but also to allow proper comparison of different treatments within a single study. It
is not uncommon for papers to compare the performances of different treatments, for example diluted wastewater or different
pH, without reporting the conductivity effects of the treatments. A preferable approach is to adjust all treatments to a common
conductivity, to eliminate that effect [56]. Also, while acetate makes a great simple substrate for testing and perhaps even
benchmarking the performance of different reactor designs, it should never be discussed as a wastewater surrogate as the
performance is marked different [57]. Oxygen intrusion is another solution chemistry issue that can significantly affect
performance. For example, microaerophilic conditions have been shown to cause increased current production in
Pseudomonas aeruginosa PA14 through a quorum sensing regulatory cascade [58]. However, this issue is rarely accounted
for or acknowledged. Strictly anaerobic conditions can be maintained by using an overpressure of nitrogen.

Replication of BES performance is another issue that is inconsistent and often lacking in the literature. This can be
achieved by running replicate parallel systems (biological replicates) and replicate monitoring of a single system (technical
replicates). Continuous-flow reactors can sometimes show better reproducibility than replicate fed-batch systems.

Alternative Applications

There are numerous BES applications being developed that incorporate some additional functionality into a BES. The
performance metrics of this addition feature will be dependent on the application. For example, hydrogen production in a
microbial electrolysis cell (MEC) would be characterized by a specific production rate, such as m3 H2/m3/d. In microbial
desalination cells (MDCs), which couple the function of desalination to the microbe-induced current of a BES, it is insufficient to
just report the percent total dissolved solids (TDS) removal. The removal needs to be expressed as a rate (g TDS/L/d) to allow
a more meaningful performance comparison. In all BES variants, the unifying feature is current density, so this is proposed as
the metric that crosses application and design platforms.

It becomes more difficult to identify meaningful and equivalent metrics that allow comparison of BESs with their more
traditional technology counterpart. For example, BESs designed for wastewater treatment should be compared to aerobic
processes such as activated sludge, with the need to achieve the treatment performance constraints. BESs for energy
production could be compared with anaerobic digestion. MDCs should be compared with reverse osmosis systems.
Bioremediation applications of BESs could be compared with direct electron donor or electron acceptor additions. One possible
tool for comparing BESs with alternate technologies is the use of life cycle analysis.

For BES applications that generate a product (e.g., hydrogen, 1,3-propanediol, caustic soda [59], or hydrogen peroxide
[60]), the assessment of economic feasibility requires a comparison of inputs (e.g., substrate, energy if necessary, and capital
costs) and outputs (e.g., product quantity and quality). If the product value is less than the input costs, BESs are not suitable
for this application. In terms of substrate input, the energy of wastewater is very difficult to determine, and in the context of
product generation the treatment efficiency is probably not the focus of performance. In this case, CE is the relevant measure
of input substrate utilization. For capital costs, a membrane electrode assembly (MEA) configuration has equivalent projected
surface areas for the anode, membrane, and cathode, and they are sold per area. Hence, the primary electrochemical
performance metric is the current density expressed per MEA area. For product output, one could calculate the energy content
of the product (kJ/mol), but more functionally useful metrics would be the CE of product recovery and the specific energy input
(kJ/kg product). The quality and quantity of the product are also critical parameters, as they affect downstream processing and
utilization. Quality should be expressed in terms of product concentration (or titer) and purity. Quantity is the production rate in
g product/L/hr. The electron efficiency, which is the electrons from the substrate that are recovered in the product, is a
particularly useful metric in that it allows an easy comparison of different substrates, products, and costs.

Workshop Outcomes
The primary outcomes of the workshop were the cumulative recommendations for benchmarking, monitoring, and reporting



BES system performance that were developed during the open discussions (Appendix 2). Given the diversity of BES
applications and various foci in BES studies, and in some cases an inability to come to full agreement due to the need for
continued research, it was not possible to develop a fixed set of conditions that could be applied to all BES studies and
demonstrations. Rather, a list was developed with appropriate qualifiers to acknowledge and account for these different
considerations.

A second indirect outcome of the workshop, derived from bringing many of the leading BES researchers together, was the
development of a professional society called the International Society of Microbial Electrochemical Technologies (ISMET).
Since the workshop, the board of directors has developed and approved bylaws, started the development of a website, and
begun to advertise this professional organization for those interested in BESs. The society has sections for North America
(NA-ISMET), Europe (EU-ISMET), and Asia-Pacific (AP-ISMET).
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Figure 1. Ecology in mixed-culture air-cathode microbial fuel cell and several influencing factors.
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Appendix 1. Workshop agenda

Wednesday, September 14"

8:45 AM Jerry Miller, ERDC's Assistant to the Technical Director for Military
Environmental Engineering and Sciences, US Army Corps of Engineers,

9:00 AM Jay Regan, Penn State University
Microbial community characterizations

9:20 AM Ashley Franks, University of Massachusetts / Latrobe University - Melbourne
Microbial considerations

9:40 AM Haluk Beyenal, Washington State University

Biofilm characterization using microelectrodes and microscale processes in
biofilms

10:00 AM Mike Hickner, Penn State University
Characterizing electrode binders and polymers for MFCs

10:20 AM Break

10:40 AM César Torres, Arizona State University
Anode kinetics and potentials

11:00 AM Bert Hamelers, Wageningen University
Mass/charge transfer

11:20 AM Lenny Tender, US Naval Research Laboratory
Analytical electrochemistry

11:40 AM Hong Liu, Oregon State University
Evaluation of MFC performance using linear sweep voltammetry

12:00 PM Lunch

1:00 PM  Zhen He, University of Wisconsin — Milwaukee
Determining power and efficiency

1:20 PM Boris Tartakovsky, Canadian Research Council
Real-time control and modeling techniques in standardizing/ benchmarking BESs

1:40 PM Korneel Rabaey, University of Queensland / Ghent University
Expressing product formation in relevant terms for the (bio)production industry
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2:00 PM

2:20 PM

2:40 PM

3:00 PM

3:20 PM

3:30 PM

Zhiyong Ren, University of Colorado — Denver
Different functions in BESs

Bruce Logan, Penn State University
Reactor architecture and stacks

Largus Angenent, Cornell University
Replicates, O, influence, continuous vs batch

Jim Sumner, US Army Research Laboratory
Standardization in the ARL, pros and cons

Break

Group discussions
Topics: (1) Benchmark designs
(2) Monitoring/characterization techniques
- microbiology
- materials
- electrochemistry
- solution/gas chemistry

5:00 PM Adjourn

Thursday, September 15"

8:30 AM Continue group discussions

Topics:  (3) Reporting requirements
(4) Unique considerations for non-MFC systems
(5) What are we not ready to standardize?
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Appendix 2. Recommendations for benchmarking, monitoring, and reporting*

Benchmarks:
- Nafion binder
Temperature (not specified)
Electrodes
0 Glassy carbon
o 0.5 mg/cm? Pt with Nafion cathode
- Microbial benchmark
0 Geobacter - caution of reactor effects and O intrusion
o Shewanella (O, tolerance, mediator)
- Medium
O acetate
0 conductivity
- Reactor (single chamber)
- 2-electrode reactors
- Single 3-electrode cells
- Performance compared to conventional technology (e.g., anaerobic digestion for
microbial fuel cell or microbial electrolysis cell, and reverse osmosis for microbial
desalination cell), KW/KJ consumed

Monitoring / characterization /operational techniques:
Biological
- Community analysis — caution with quantitative comments, statistical analysis needed,
appropriate electrode for the objectives
- Pure culture confirmation — PCR, plate
- Frozen stocks for each test (pure and mixed cultures, spin/wash glycerol/resuspend)
- Concentration and activity (ATP, BactiQuant, BacLight [caution on applicability],
protein, DNA)

Materials
- Surface area (ferricyanide, BET, Ar — non exactly capture microbially accessible
electrochemically active surface area)
- Membranes (IEC, water content) <- requires materials science input

Feedstocks — no consensus here, too application dependent

Electrochemistry

- Reference electrode — Ag/AgCl conversion, calculate drift for your medium, caution
about variable distance from working electrode and non-standard geometry, procedure to
correct for ohmic resistance, correction for temperature

- Cyclic voltammetry (CV) — use for demonstrating chemical steady state

- Linear sweep voltammetry (LSV) — scan rate (slow, confirm response is independent of
scan rate if chemical steady state is the goal)

- Chronoamperometry
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- Polarization — show all the data and approaching imax, high-to-low R, overcome overshoot
by acclimating at low Ry, include Ea, and Ecat, time considerations (10-30 min, minimal
drift), low R requires good resistor box and meter

- For batch systems, need confirmation of minimal change in S

- Rint — electrochemical impedance spectroscopy (EIS) at polarization curve midpotential,
linear portion of polarization curve (define!). Current interrupt not recommended based
on insufficient validation

- EIS — Nyquist, Bode, show model fit

- Statistics/replication

Solution/gas chemistry

- Coulombic efficiency (CE) — Respirometric CE (current/consumed COD), Capture CE
(current/total COD), Efficiency is (in — out), Recovery is in

- Energy efficiency, energy recovery, specific energy (J/g), specific rate (J/g/d), specific
energy loading rate (e.g., g CODjn/m?/d)

- Account for energy quality

- Concentration/purity of product (e.g., H,, CHy4, other product, desalinated water) should
be characterized

Reporting:
Chemistry/conditions
- Alkalinity
- Salts (Ca, Mg, )
- Trace metals
- Medium composition
- Sterility
- Buffer composition/capacity
- Conductivity
- TOC, DOC
- COD (influent, effluent) - total, soluble
- BOD
- pH (initial and final)
- Temperature
- Rf
- DO
- TDS
- CHgy, Hy, CO;, (concentration, production rate)
- Redox solution
- Ean/Ecat

Operation
- Continuous versus batch

- Retention time

- Re

- Flow rate

- Anaerobic conditions... feed prep, degassed, etc.
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- Duration

- Demonstration of steady state
Design

- Area (electrodes, membrane)

- Volume (empty bed)

- Electrode spacing (other dimensions, shape?)

- Electrode preparation

- Materials (electrode/membrane)

- Number of chambers
Performance

-

- Rint

- CE

Feedstock
- Wastewater characterizations (VFAs, TKN, NOs3', SOy, ...)

Biomass
- Concentration (e.g., protein)
- Inoculum (acclimated or unacclimated, antecedent conditions, electrode potential)
- Strategy (multiple, volume %)

Community composition — no consensus on method, but multiple methods preferred

! The workshop did not have electrical engineers and material scientists represented, so power

conditioning and materials considerations are not adequately addressed in
recommendations.
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