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There has long been interest in using microorganisms to generate electricity directly, in biolog-
ically driven electrochemical systems. The first such systems were operated with heterotrophic
microorganisms and are known as microbial fuel cells. They rely on some of the electrons gen-
erated during metabolism being exported from the cell and collected by an anode. Microbial
fuel cells offer the attractive possibility of simultaneously breaking down waste material and
producing electricity, and have been used, for example, to produce power to illuminate lavato-
ries from urine harvested there [1]. More recently, systems have been described that use photo-
synthetic microorganisms, rather than heterotrophs, to generate electricity [2-5]. How do they
work and will they ever be useful?

Typical devices [2-4], referred to as “biophotovoltaic devices” or “BPVs” use oxygenic pho-
tosynthetic microorganisms (usually cyanobacteria, but eukaryotic algae can also be used).
These organisms utilise solar energy to oxidise water, producing electrons that are usually used
for carbon dioxide fixation within the cell, and oxygen as a waste product. However, some of
the electrons leave the cell (“exoelectrogenesis”). The route the electrons take and the reason(s)
why some electrons leave the cell are not clear. Exoelectrogenesis might help in metal mobilisa-
tion or in dealing with the effects of absorbing excess light energy. Nevertheless, the electrons
can be collected by an anode, pass round an external circuit and recombine at a catalytic cath-
ode with oxygen and protons to form water. During their passage round the external circuit,
the electrons do useful work. Unlike conventional photovoltaic cells, BPVs also produce power
in the dark (probably by metabolism of stored photosynthesis products), and unlike batteries,
they don’t inevitably run down as they are powered by sunlight rather than the depletable
redox couples of electrodes in batteries.

That is all very well in the lab, but will BPVs powered by photosynthetic microorganisms
ever have real-world applications, and how soon? Laboratory studies have shown maximum
power outputs in the region of 0.5 to 0.8 watts per square meter [5,6] and estimates suggest
that they would in principle be able to produce up to a few watts per square meter. This is less
than from a conventional photovoltaic installation, although by only a few-fold at most [3].
Experimental BPVs used in the lab so far are small, but have been able to power items
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Fig 1. Present and future domains for applications of BPV. The figure suggests a range of applications, from those
which could be powered by BPV at present (Stage 1, left), through to applications for which powering by BPV, even in
the future, is unlikely (Stage 4, right).

https://doi.org/10.1371/journal.pbio.3001970.g001

including LEDs or small environmental sensors, and we recently reported that a BPV approxi-
mately the size of an AA battery could drive an ARM Cortex M0+ microprocessor stably for
over 6 months [7]. This is a widely used low-power microprocessor and the power demand in
this example (to sum repeatedly a series of integers and confirm the total calculated) was less
than a microwatt.

With the power densities presently achieved, BPV's could in principle be used now to run
small devices with low power requirements (up to a mW or so) (Fig 1, Stage 1). They would be
particularly useful to run things that cannot readily be run from a local power supply and
might otherwise rely on batteries or solar cells. Examples might include small electronic gad-
gets in domestic environments, such as digital clocks, thermometers, and microprocessors in
the Internet of Things. Applications outside domestic environments might include environ-
mental sensors in remote locations, for example, in monitoring water quality [8]. BPVs would
have an advantage over solar cells if power were needed in the dark as well as the light. Scaling
up of devices to provide milliwatts or a watt or two also seems feasible in principle, although
scale-up may take a few years. This would open up applications such as running mobile phone
chargers or low-level lighting (Stage 2). These might be particularly attractive in rural areas of
low- or middle-income countries (LMICs) or in disaster relief, where small amounts of power,
and the ability to charge a phone, could be particularly useful. It’s worth noting that in many
LMICs, mobile phones are an increasingly important resource for healthcare delivery [9].

It might become feasible to run small domestic appliances such as laptops, especially in off-
grid locations (Stage 3), but this will require improvements in the performance of BPVs. We
think it is unlikely to be feasible to run larger domestic or industrial appliances with BPV's
(Stage 4), whether the power is generated locally or supplied by a grid, because of the large sur-
face area that would be needed for power generation. For the same reason, it is even less likely
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to be feasible to incorporate BPVs into transport vehicles to power them. The surface area
required and the resulting weight would be too great.

How can we improve the performance of BPVs? We need to optimise power output while
using sustainable materials. Highly structured anodes containing indium and tin are efficient
[2], but use of these in large quantities may not be sustainable. The BPV used to drive the
microprocessor [7] used an aluminium anode, and although the power density may be lower
than with structured anodes, aluminium anodes can be made from waste, such as drinks cans.
This makes them an attractive choice. (The rest of the BPV shell can also be made from waste
material such as plastic bottles [10].) Using optimised microbial strains will also enhance out-
put, though for many installations genetically modified organisms may be unacceptable. The
best strains will probably be isolated from the locations where the devices are to be used. We
also need to think about the cathode. Most BPVs at present use catalytic platinum. The amount
is small (less than 1 mg cm ™ of cathode, which is equivalent to only a few cents or pence for
the microprocessor BPV [7]) and it should be recyclable, but we should look for other materi-
als—or use microorganisms as biocathodes.

What other hurdles are there? There is a tendency among researchers to judge BPV's against
conventional photovoltaics purely in terms of their power generation when operating. How-
ever, comparisons are more complicated than that. One needs to assess the whole life cycle—
building, decommissioning and recycling the components of the devices. The reliance of BPV's
on self-replicating organisms (ideally isolated from the environment where they will be used)
rather than energy-intensive photovoltaic materials is a particular attraction. Once we have a
better idea of how BPV's will be built for use in the real world (and this will be informed by
studies on the initial applications suggested above), we can carry out the life cycle assessments
that will help us judge objectively the benefits of BPVs. It will also be essential to understand
the needs of local communities where BPVs are to be installed, especially in LMICs, and to
involve the communities closely. A third challenge will be to persuade stakeholders (including
research funders) to switch to a novel technology like BPVs. In spite of all these challenges, we
believe that successful applications of BPVs in the lab suggest they can contribute to energy
provision in the near future, especially for situations requiring small amounts of power with-
out a direct supply.

References

1.  Walter XA, You J, Winfield J, Bajarunas U, Greenman J, leropoulos |IA. From the lab to the field: Self-
stratifying microbial fuel cells stacks directly powering lights. Appl Energy. 2020; 277:115514. https:/
doi.org/10.1016/j.apenergy.2020.115514 PMID: 33144751

2. Wey LT, Bombelli P, Chen X, Lawrence JM, Rabideau CM, Rowden SJL, et al. The development of bio-
photovoltaic systems for power generation and biological analysis. ChemElectroChem. 2019; 6:5375—
5386. https://doi.org/10.1002/celc.201900997 PMID: 31867153

3. McCormick AJ, Bombelli P, Bradley RW, Thorne R, Wenzel T, Howe CJ. Biophotovoltaics: oxygenic
photosynthetic organisms in the world of bioelectrochemical systems. Energy Environ Sci. 2015;
8:1092-1109. https://doi.org/doi.org/10.1039/C4EE03875D

4. McCormick AJ, Bombelli P, Scott AM, Philips AJ, Smith AG, Fisher AC, et al. Photosynthetic biofilms in
pure culture harness solar energy in a mediatorless bio-photovoltaic (BPV) cell system. Energy Environ
Sci. 2011; 4:4699-4709. https://doi.org/doi.org/10.1039/C1EE01965A

5. SaarKL, Bombelli P, Lea-Smith DJ, Call TP, Aro EM, Muller T, et al. Enhancing power density of bio-
photovoltaics by decoupling storage and power delivery. Nat Energy. 2018; 3:75-81. https://doi.org/10.
1038/s41560-017-0073-0

6. Kim MJ, Bai SJ, Youn JR, Song YS. Anomalous power enhancement of biophotovoltaic cell. J Power
Sources. 2019; 412:301-310. https://doi.org/doi.org/10.1016/j.jpowsour.2018.11.056

7. Bombelli P, Savanth A, Scarampi A, Rowden SJL, Green DH, Erbe A, et al. Powering a Microprocessor
by Photosynthesis. Energy Environ Sci. 2022; 15:2529-2536. https://doi.org/doi.org/10.1039/
d2ee00233g

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001970 March 2, 2023 3/4


https://doi.org/10.1016/j.apenergy.2020.115514
https://doi.org/10.1016/j.apenergy.2020.115514
http://www.ncbi.nlm.nih.gov/pubmed/33144751
https://doi.org/10.1002/celc.201900997
http://www.ncbi.nlm.nih.gov/pubmed/31867153
https://doi.org/doi.org/10.1039/C4EE03875D
https://doi.org/doi.org/10.1039/C1EE01965A
https://doi.org/10.1038/s41560-017-0073-0
https://doi.org/10.1038/s41560-017-0073-0
https://doi.org/doi.org/10.1016/j.jpowsour.2018.11.056
https://doi.org/doi.org/10.1039/d2ee00233g
https://doi.org/doi.org/10.1039/d2ee00233g
https://doi.org/10.1371/journal.pbio.3001970

PLOS BIOLOGY

8. Tucci M, Bombelli P, Howe CJ, Vignolini S, Bocchi S, Schievano A. A storable mediatorless electro-
chemical biosensor for herbicide detection. Microorganisms. 2019; 7:630. https://doi.org/10.3390/
microorganisms7120630 PMID: 31795453

9. Kumm AJ, Viljoen M, de Vries PJ. The digital divide in technologies for autism: feasibility considerations
for low- and middle-income countries. J Autism Dev Disord. 2022; 52:2300-2313. https://doi.org/10.
1007/s10803-021-05084-8 PMID: 34121159

10. Bateson P, Fleet JEH, Riseley AS, Janeva E, Marcella AS, Farinea C, et al. Electrochemical characteri-
sation of Bio-Bottle-Voltaic (BBV) systems operated with algae and built with recycled materials. Biol-
ogy. 2018; 7:26. https://doi.org/10.3390/biology7020026 PMID: 29673222

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001970 March 2, 2023 4/4


https://doi.org/10.3390/microorganisms7120630
https://doi.org/10.3390/microorganisms7120630
http://www.ncbi.nlm.nih.gov/pubmed/31795453
https://doi.org/10.1007/s10803-021-05084-8
https://doi.org/10.1007/s10803-021-05084-8
http://www.ncbi.nlm.nih.gov/pubmed/34121159
https://doi.org/10.3390/biology7020026
http://www.ncbi.nlm.nih.gov/pubmed/29673222
https://doi.org/10.1371/journal.pbio.3001970

