
        

Citation for published version:
Monasterio Martinez, S & Di Lorenzo, M 2019, 'Electricity generation from untreated fresh digestate with a cost-
effective array of floating microbial fuel cells', Chemical Engineering Science, vol. 198, pp. 108-116.
https://doi.org/10.1016/j.ces.2018.12.039

DOI:
10.1016/j.ces.2018.12.039

Publication date:
2019

Document Version
Peer reviewed version

Link to publication

Publisher Rights
CC BY-NC-ND

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.ces.2018.12.039
https://doi.org/10.1016/j.ces.2018.12.039
https://researchportal.bath.ac.uk/en/publications/cd7e91c3-2313-4c3d-bd4c-33fded4c54d7


1 

 

Electricity generation from untreated fresh digestate with a cost-effective array of 
floating microbial fuel cells 

 

Sara Monasterio Martineza,b, Mirella Di Lorenzob,* 

 

aExergy Ltd., Office IV7 1st Floor, Coventry Innovation Village CUTP, Cheetah Road, 
Coventry CV1 2TL, UK 

bBiosensors, Bioelectronics and Biodevices Centre (C3Bio) and Department of 
Chemical Engineering, University of Bath, Bath BA2 7AY, UK 

 

*Corresponding author. E-mail address: m.di.lorenzo@bath.ac.uk  

mailto:m.di.lorenzo@bath.ac.uk


2 

 

Abstract 

Over one billion tons of food waste is generated every year worldwide. This waste 
represents a substantial part of municipal solid waste and is usually incinerated. The 
effective integration of the anaerobic digester process with the microbial fuel cell 
technology is an ecofriendly and promising solution for the treatment of food waste, 
which leads to clean energy generation and by-products of industrial interest. In this 
context, we here report the development of a floating air-cathode microbial fuel cell 
device and demonstrate electricity generation from fresh digestate, directly collected 
from an anaerobic digester effluent with no pre-treatment, used as the electrolyte, 
fuel and source of electroactive bacteria. The floating fuel cells are characterised by a 
simple yet innovative design. No metal catalyst is used at the cathode, and the use of 
a membrane is not required thanks to a natural vertical stratification of 
microorganisms in the digestate that prevents oxygen diffusion to the anode. Both the 
wettability and the surface area of the anode are enhanced with a two-step pre-
treatment, which enhances the electrochemical performance of the electrode, leading 
to an oxidation peak twice greater than the non-treated electrode. The individual 
microbial fuel cell unit generated a power peak of 0.043 ± 0.001 mW, which increased 
linearly by connecting several units electrically in parallel in a stack and reached the 
value of 0.43 mW (corresponding to 51 ± 2 mW m-3) with ten units. Considering the 
simplicity and affordability of the design proposed, which facilitates upscaling, this 
work paves the way for a promising and environmentally friendly alternative to 
current food waste incineration. 

 

Keywords: agri-food waste; fresh digestate; microbial fuel cells; stack; bioelectricity.  
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1 Introduction 

Worldwide, around 30% of food is wasted throughout the agri-food supply chain  
(FAO, 2018). In Europe alone, more than 88 million tons of food are wasted annually, 
at a cost estimated to be over €140 billion (Stenmark et al., 2016). These numbers are 
expected to increase in the following years, considering the forecasted one-third 
increase in world population by 2050 (World Resources Institute, 2013). Every day, 
food waste (FW) treatment systems pose consistent environmental, public and 
economic  issues, due to high energy/water demands, high emissions leading to 
climate change and increasing costs (Thyberg and Tonjes, 2016, Stenmark et al., 
2016)). The high moisture content of FW generally results in a lower heating value 
when compared with other materials. As such, waste to energy incineration (WTE) is 
considered an energetically unfavourable treatment for FW and it also produces 
harmful dioxins (Press and Academy, 2006). 

FW, however, can become an energy source if managed in landfills with methane 
collection systems, through composting or in anaerobic digesters (Karthikeyan et al., 
2017). Anaerobic digestion (AD) is widely used for FW management amongst other 
organic waste recycling approaches (i.e. gasification or pyrolysis) (De Baere, 2000; Gao 
et al., 2017). This technology reduces the generation of greenhouse gas emissions and 
the energy consumption related to WTE processes, as well as promoting bio-fertiliser 
recovery. In an AD-based treatment plant, the collected and accepted food is screened 
and fed into the pasteurisation process. Then, the pasteurised waste goes to the AD 
process where microorganisms break down the FW in an oxygen-free atmosphere. 
One of the obtained products is biogas, mainly consisting of a methane-rich biogas, 
which can be harvested and used as fuel (Holm-Nielsen et al., 2009). The high amounts 
of nutrient-rich slurry end-product of AD, known as fresh digestate, is widely 
employed by farmers as an organic bio-fertiliser (Costa et al., 2015). Fresh digestate, 
however, has great potential as bioenergy source, which should be further explored. 

Recently, microbial fuel cells (MFCs) have gained great attention as a promising 
renewable and environmentally friendly biomass-based technology for the treatment 
of organic matter in waste (Nastro et al., 2015). With respect to other treatment 
technologies, MFCs not only offer several environmental (low carbon footprint), 
economic (low operational costs) and operational (self-generation of microorganisms, 
mild operating conditions) advantages, but they also present the unique ability to 
directly generate useful energy (Rabaey and Verstraete, 2005). MFCs can be fed with 
a wide range of organic compounds thanks to the flexibility of bacteria metabolism 
and the ability to use several organic compounds for chemical energy recovery (Bose 
et al., 2018; Pham et al., 2006). Activated sludge has shown to be a good source of 
microorganisms for MFCs treating liquid wastes, proving effective for biological and 
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chemical oxygen demand reduction (Rodrigo et al., 2007; Singh et al., 2018). (Semi-
)solid/viscous wastes has also been explored as fuel source for MFCs. In particular, 
Mohan and Chandrasekhar (2011) demonstrated bioelectricity generation from 
composite food waste fermentation with a solid phase MFC. Examples in the literature 
on the MFC technology for agri-food waste treatment are summarised in Table 1. 

The integration of AD with MFC has been previously suggested as an effective way to 
further treat wastewaters and enhance the fuel efficiency of the system with greater 
energy generation (Kim et al., 2015). A recent review also suggests the use of microbial 
electrolysis cells to help balance pH and volatile fatty acids concentration in anaerobic 
digesters (Yu et al., 2018). Still, the use of fresh digestate (with no pre-treatment) as 
feedstock in MFCs has not been fully explored yet. 

In this context, we here report an innovative stack of floating air-cathode microbial 
fuel cells, and demonstrate energy harvesting from untreated fresh digestate, 
composed for a 50–60% of kerbside collection from city councils, and for the rest of 
supermarket FW. The digestate is used as fuel, electrolyte and bacteria source for the 
MFCs. Therefore, no external bacterial inoculum or carbon source is added to the 
system. The MFC unit has a simple yet effective design, which consists of two graphite 
felt electrodes (the anode and the cathode), with an immerged anode and a cathode 
floating onto the digestate surface. No membrane nor an expensive oxidation 
reduction reaction metal catalyst is used at the cathode. Consequently, the overall 
system is cost-effective and easy to scale-up. We first investigate the performance of 
a single MFC unit. Afterwards, to demonstrate power output scale-up in a practical 
application set-up, an array of up to ten floating MFCs, electrically connected in 
parallel, is built-up and tested. 
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Table 1. Summary of MFCs operated with food-based waste. 

Waste Source inoculum Electrode materials1 Catholyte Membrane 
Catalyst 
(cathode 
side) 

Pmax 

(mW m-2) 

imax 

(mA m-2) 
Ref. 

Kitchen 
garbage/bamboo 

Commercial 
micro-organisms 
(not further 
specified) 

Anode: carbon fibre 
Cathode: carbon fibre 

Atmospheric 
O2 

No No 58-60 N/A 
(Moqsud et al., 
2014) 

Dairy 
wastewater 

Anaerobic mixed 
consortia 

Anode: graphite plate 

Cathode: graphite plate 

Atmospheric 
O2 

Nafion® No 1-10 25-95 
(Venkata Mohan et 
al., 2010b) 

Swine 
wastewater 

No 
Anode: carbon paper 

Cathode: carbon paper 

Atmospheric 
O2 

No Pt 261 1400 (Min et al., 2005) 

Canteen-based 
composite 

Anaerobic 
sludge 

Anode: graphite plate 
Cathode: graphite plate 

Atmospheric 
O2 

Nafion® No 2.25-5 40-90 (Goud et al., 2011) 

Rice mill 
Anaerobic 
sludge 

Anode: stainless steel 
mesh 
Cathode: graphite plate 

Aerated tap 
water 

(a) Earthen 
pot 

(b) Nafion®  

No 
(a) 40 

(b) 7  

(a) 120 
(b) 35 

(Behera et al., 
2010) 

Kerbside Food 
Anaerobic 
sludge 

Anode: carbon cloth 
Cathode: carbon cloth 

Atmospheric 
O2 

Zirfon® Pt 2 6 (Li et al., 2016) 
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Vegetable 
Anaerobic 
sludge 

Anode: graphite plate 

Cathode: graphite plate 

Atmospheric 
O2 

Nafion® No 15-27 120-125 
(Venkata Mohan et 
al., 2010a) 

Corn stover 
biomass 

Domestic 
wastewater 

Anode: plain carbon 
paper 

Cathode: carbon cloth 

Atmospheric 
O2 

ns2 Pt 300-400 1000 (Wang et al., 2009) 

Meat packing 
wastewater 
(MPW) 

MPW 

Anode: non-wet proofed 
Toray carbon paper 
Cathode: wet proofed 
Toray carbon paper 

Atmospheric 
O2 

No Pt 140 700 
(Heilmann and 
Logan, 2006) 

Gelatin Activated sludge 

Anode: carbon fiber veil 
with 30 g/m2 carbon 
loading 

Cathode: carbon fiber 
veil 

Atmospheric 
O2 

Terracotta 
Activated 
carbon 
with PTFE3 

235 532 
(Ieropoulos et al., 
2017) 

1 Unless specified in Table 1, the MFCs work in a single chamber configuration. 
2 ns=not specified. 
3 Polytetrafluoroethylene.
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2 Materials and methods 

2.1 Reagents and Digestate 

All reagents used were of analytical grade and used without further purification. They 
were all purchased from Alfa Aesar and Sigma-Aldrich, unless otherwise specified.  

Digestate from an anaerobic digester (Wessex Water Treatment Plant in Avonmouth, 
Bristol, UK), which processes food waste, was used as the feedstock, electrolyte and 
bacteria source in the MFCs, without undergoing any pre-treatment. Table 2 
summarises the physico-chemical properties of the digestate collected. 

The Chemical Oxygen Demand, COD, of the digestate was measured with a COD high 
range EPA approved dichromate method (Rice et al., 2017) (Hannah Instruments, COD 
reagents high range). The pH and conductivity of the digestate were measured by 
using a Thermo Scientific Orion Star A325 probe. The percentage in water content of 
digestate, WCdigestate, was determined from the weight difference before and after a 
drying process, according to Equation 1: 

𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(%) = �𝑊𝑊1−𝑊𝑊2
𝑊𝑊2

� ∙ 100%        1 

where, W1 is the weight of the digestate sample (g) and W2 is the weight of the 
digestate sample (g) respectively before and after being oven-dried overnight at 105°C 
(Reeb and Milota, 1999). 

The dry solids content was calculated as follows (Rice et al., 2017): 

𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (%) = 𝑊𝑊3
𝑊𝑊2
∙ 100%       2 

where, W3 is the weight (g) of the digestate sample after gasified at 550ºC, obtained 
by incubating overnight the sample in a thermostatically controlled muffle oven 
(Thermo Scientific Thermolyne Muffle Furnace). 

 

Table 2.2. Summary of the physico-chemical characteristics of the digestate used. 
Parameter Value 
COD (mg L-1) 9,932.42 ± 91.46 
pH 7.72 ± 0.51 
Conductivity (µS) 6.96 ± 0.53 
Water content (%) 55.39 ± 7.83 
Dry Solids (%) 3.65 ± 0.05 
Volatile Acids (mg L-1) 6615 ± 357 
Volatile Solids (mg L-1) 68.59 ± 0.41 
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2.2 MFC design 

A catalyst-free membrane-less air-cathode MFC design was used (Figure 1). The 
system consists of two electrodes held in place with nylon screws (RS components) at 
a fixed distance of 1.5 cm from each other. Both anode and cathode consisted of a 5 
x 5 cm2 rectangular piece of graphite felt, GF (0.7 cm thickness, Online Furnace 
Services Ltd). To increase the exposed area of the electrodes, nine holes of 4 mm 
diameter each, at a distance of ≈1 cm from each other, were pierced onto the GF, 
which led to a projected area of 22.73 cm2. 

During the operation, the anode was depth into the digestate, while the cathode was 
exposed to air (Figure 1). To prevent the cathode from soaking into the digestate and 
allow the system to float, a rectangular piece of styrene foam (8 cm length x 8 cm 
width x 0.4 cm height), was used as shown in Figure 1A and 1B. Titanium wire (0.25 
mm dia., Alfa Aesar) was used for electrical contacts. Insulation tubing (RS, 2:1, 1.6 
mm dia x 1.2 m) was used to protect the contacts from short-circuiting. 

 

 

1. PVC box
2. Digestate
3. MFC
Red wire: anode contact
Grey wire: cathode contact

: Rext

1
2

3

A

C

B

Nylon bolts

Anode

Styrene foam Cathode
Holders

Anode 
contact

Cathode 
contact
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Figure 1. A) Sketch to-scale and B) photograph of the MFC used in this study. C) 
Sketches to-scale of the experimental set up used in this study, corresponding to pond 
1 (P1) hosting two MFCs, and pond 2 (P2) hosting 10 MFCs. 

 
2.3 Anode pre-treatment 

Prior to being used as the anode, the graphite felt was pre-treated to enhance the 
hydrophilicity of the carbon nanofibers, with a procedure adapted from Feng et al. 
(2010). For this purpose, the electrode was soaked for 48 h at room temperature 
either in ethanol or acetone, as specified. Afterwards, the electrode was exposed to 
an aqueous solution of ammonium peroxydisulfate (0.87 M) and sulfuric acid (1.88 M) 
for 15 min and finally, thermally treated in a muffle furnace at 450◦C for 30 min in air 
atmosphere (temperature ramp: 10◦C min-1). After each pre-treatment step, the 
anodes were thoroughly washed five times for 5 min each with distilled water. The so-
treated electrodes were stored in Milli-Q water at room temperature until used. Cyclic 
voltammetry tests were performed using a PGSTAT 302 (Metrohm-Autolab, The 
Netherlands) to assess the electroactvity of the electrode at each stage of treatment. 
The tests were performed in a 10-4 M ferricyanide solution in 0.1 M KNO3, at a scan 
rate of 5 mV s-1, in a conventional three-electrode set up, with GF as the working 
electrode, Pt wire as the counter electrode (1.5 mm dia.) and saturated calomel 
electrode, SCE (CHI150, CH Instruments, Inc.), as the reference electrode.  

The electroactive surface area, ESA, of the treated and non-treated GF was 
determined by CV tests run at different scan rates (5, 10, 20, 30, 50, 100, 200, 300, 400 
and 600 mV s-1), in the three-electrode set-up described above. The ESA was estimated 
from the height of the oxidation current peak, Ipox, by using the Randles-Sevcik 
equation for reversible processes (Equation 3): 

𝐼𝐼𝑝𝑝𝑜𝑜𝑜𝑜 = (2.69 𝑥𝑥 105)  ∙  𝑛𝑛1 3�  ∙ 𝐴𝐴 ∙  𝐷𝐷1
2�  ∙ 𝑊𝑊 ∙  𝜐𝜐1 2�       3 

Where: n is the number of electrons transferred in the redox reaction (n=1); D is the 
diffusion coefficient of ferricyanide (7.60x10-6 cm2 s-1) (Stevens et al., 2001), C  is the 
bulk concentration of the redox probe (1x10-7 mol cm-3), and ν is the scan rate (V s-1). 

The hydrophobic nature of the GF was studied by the sessile drop technique (contact 
angle system, Dataphysics), by placing a drop of water (5 μL) onto the GF surface. The 
contact angle, θ, was then measured with the SCA 20 software. 

2.4 MFC operation 

Firstly, the performance of a single MFC unit was investigated. With this purpose, the 
fuel cell was fitted into a 500 mL beaker filled with digestate (Vdigestate=300 mL). To 
polarise the cell, the anode and the cathode were connected through an external load, 
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Rext, of 510 Ω. The cell voltage over time was monitored with a data acquisition system 
(ADC-24 Pico data logger, Pico technology, UK). Ohm’s law (I = V/Rext) was used to 
calculate the current, I, (where V indicates the cell voltage). This test was performed 
in replicates. 

Polarisation tests were performed by in situ linear sweep voltammetry (LSV) 
measurements, scanning the cell potential from the open circuit voltage (OCV) to zero 
at a scan rate of 5 mV s-1. Before the LSV test, the cells were left under open circuit for 
2 h. This time was required for the fuel cells to reach a pseudo-steady state and a 
stable OCV. The power and current densities were normalised to the projected anode 
surface area. The internal resistance was estimated from the slope of the ohmic region 
in the polarisation curve, as previously described (Logan et al., 2006). 

The morphology of the anodic biofilm was visualised by Scanning Electron Microscopy, 
SEM, (Jeol JSM-6480LV). The biofilm was fixed as described in the Supplementary 
Information. All samples were coated with gold prior to imaging. 

To scale up the bioelectricity generation process, several MFC units were fitted into a 
PVC box to create a stack. As shown in Figure 1C, two configurations were used. Pond 
1 (P1, 25 cm length x 10 cm width x 10 cm height) consisted of a box hosting two MFCs, 
while Pond 2 (P2, 46 cm length x 30 cm width x 10 cm height) hosted 10 MFCs. In both 
configurations the fuel cells shared the digestate, which was filled out up to a volume 
of 0.9 L in P1 and of 8.2 L in P2. Each pond was topped up with fresh digestate on a 
weekly basis to counteract volume losses by evaporation. 

During the enrichment phase, the MFCs in the pond were individually connected to 
the external resistor (Rext=510 Ω). Once a steady state cell voltage value was observed, 
after approximately a week, the MFCs were electrically stacked in parallel to scale up 
the power output, as shown in Figure S1 in the Supplementary Information. 

All the experiments were performed in duplicates and conducted at room 
temperature, which was maintained at approximately 18  ̊C with an air conditioning 
system. 

3 Results and discussion 

3.1 Anode pre-treatment 

Prior to being used as the anode in the MFC, the GF was pre-treated with a two-step 
process to enhance the wettability and the surface area of the carbon fibres. GF has 
indeed a hydrophobic nature, with a contact angle of 150.77 ± 6.64° (Figure S2A). As 
such, if untreated, most of its surface area would not be reached by the electrolyte. 
The wettability is also important for both the electrochemical performance of the 
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electrode and the biofilm attachment (Artyushkova et al., 2015; Sarjit et al., 2015). For 
example, it has been recently demonstrated that by switching from a hydrophobic to 
a hydrophilic electrode the electron transfer activity of the electroactive bacterium 
Shewanella Ioihica PV-4 increased more than five times (Ding et al., 2015). This 
increase is a result of enhanced microdomain molecular interactions between 
positively charged polarities and hydrophilic surfaces at the microbe/electrode 
interface that facilitates biofilm formation and its conductivity (Ding et al., 2015). 

The wettability of the GF anode was enhanced through the use of a solvent, such as 
acetone or ethanol, followed by exposure to ammonium peroxydisulfate to remove 
any organic impurities (first step of the pre-treatment). Figure 2 compares the 
voltammetric behaviour of the GF electrode treated with ethanol (GFE) or acetone 
(GFA) with respect to the non-treated electrode (GF0). As shown, GF0 generates the 
lowest current density (oxidation current density peak=8.76 A m-2), while when the 
electrode was exposed to ethanol the peak increased up to 12.7 A m-2. The latter value 
was 14.41% higher than what observed for GFA, and 44.98% higher than the case of 
no treatment (GF0). The CV curve obtained with the GFE electrode is also characterised 
by much better defined redox peaks, which are almost identical and have a very small 
potential difference. On the basis of these results, ethanol was selected as the solvent 
for the first step of pre-treatment. Ethanol has recently demonstrated to successfully 
enhance the wettability of graphite felt and remove any trapped air within the fibres 
(Smith et al., 2015).The ethanol-treated GF, had a contact angle as low as 21.57 ± 3.92° 
(Figure S2B). 

The second step of the anode pre-treatment consisted of a thermal treatment to 
increase the electrode surface area (leading to GFE-T). This step further increased the 
oxidation current density generated, which was 60% larger than the value obtained 
with GFE, with no variation in the voltage difference. Several thermal treatments have 
been reported for the enhancement of the anode performance in MFCs. These include 
the addition of mediators and metals (Lowy et al., 2006; Park and Zeikus, 2003), or the 
modification of the carbon surface (Cheng and Logan, 2007; Feng et al., 2010). Cheng 
and Logan demonstrated a 20% enhancement in the power output when a carbon 
cloth electrode was treated at 700ºC with ammonia gas treatment (Cheng and Logan, 
2007). Feng et al. reported a 34% increase in the power output with a combined acid-
thermal treatment to a carbon electrode (Feng et al., 2010). 

 



12 

 

 
Figure 2. Cyclic voltammograms of the non-pre-treated (GF0) and pre-treated (GFA, GFE 
and GFE-T) anodes in 0.1 mM ferricyanide solution with 0.1 M KNO3, at a scan rate of 5 
mV s-1. GF0 refers to a GF electrode that has not been pre-treated (control). GFA and 
GFE refer to a GF electrode that has been soaked for 48 h in acetone and ethanol, 
respectively. GFE-T refers to a GF electrode that underwent the solvent and acid-heat 
treatment process. Current density refers to the electrode projected area: 1 cm2. 

 

SEM images of the GFE and GFE-T anodes (Figure 3) suggests that the second step of the 
pre-treatment increases the surface area of the graphite fibres by generating cracks 
in their structure. This increase favours the mass transfer/electron transfer 
mechanisms (Chouler et al., 2016; Di Lorenzo et al., 2010), which is demonstrated by 
the greater redox peaks obtained with GFE-T shown in Figure 2. The surface area 
enhancement also benefits the bacteria attachment in the MFC and, therefore, biofilm 
development, thus leading to better electrochemical performance (Guo et al., 2013). 

The electroactive surface area of the treated and non-treated graphite felt electrode 
was estimated as described in the Experimental Section. Figure S3 in the 
Supplementary Information shows a linear relationship between scan rate and the 
height of the oxidation current peaks obtained with each electrode. It resulted that 
after the second step of pre-treatment the ESA was 1.2 times larger than the electrode 
not treated, and 1.1 times larger than the electrode that underwent only the first step 
of treatment. 
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Figure 3. SEM images of the GFE (A) and (B) GFE-T electrodes. (SEM magnification: 
x10000). 

 
3.2 Testing the performance of the MFC unit 
 
A floating air-cathode MFC device was developed. A very simple and cost-effective 
design was implemented, with no metal catalyst at the cathode and no external 
membrane. Both the cathode catalyst and the membrane account for the largest cost 
in the MFC technology. Consequently, there is an increasing interest in exploring 
alternative materials (Chouler et al., 2017, 2016) and/or strategies to reduce the 
capital cost of MFCs and facilitate large scale applications. Particularly attractive are 
membrane-less devices, since they have also the advantage of reducing the internal 
ohmic resistance of the system, which is related to the resistance to the transfer of 
protons across the membrane (Liu and Logan, 2004). The MFC was tested in a non-
treated AD effluent (fresh digestate), which acted as bacteria source, fuel and 
electrolyte. 

Initially, the performance of individual MFC units was investigated. With this purpose, 
the MFCs were fitted into a beaker filled with 300 mL of digestate, enriched and 
operated individually. Since the cathode is directly exposed to digestate, both the 
anode and the cathode can be colonised by bacteria. It has been previously suggested 
that in membrane-less MFCs, the cathodic biofilm acts as a living membrane that 
prevents oxygen diffusion to the anode (Chouler et al., 2017). On the other hand, since 
no aeration nor agitation is implemented in the system, it is expected that a vertical 
stratification with different redox zones naturally occurs in the digestate. Only the 
surface layer of the digestate is aerobic, with microorganisms consuming oxygen 
faster than it can penetrate into the digestate. Below the aerobic layer, successive 
layers, where nitrate, iron and manganese, sulfate, and carbon dioxide respectively, 
are used as electron acceptors or oxidants. This energetic hierarchy of electron 
accepting processes has been defined as the thermodynamic ladder (Bethke et al., 
2011). This natural stratification removes the need for a membrane in the MFC, 
provided that the electrode spacing is large enough. On the other hand, if the 

A B

1 𝛍m1 𝛍m
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electrode spacing is too wide, the internal resistance of the system increases and 
consequently the power output is reduced (Ahn et al., 2014). In this work, a distance 
of 1.5 cm between the two electrodes was used, as preliminary tests showed that 
this was the best compromise for power generation (data not shown). Nevertheless, 
a more in-depth study on the optimal electrode spacing, along with an analysis of 
vertical microbial distribution in the digestate is required for the system 
optimisation. 
 

 

Figure 4. Enrichment of the anodic biofilm with digestate, under an external resistance 
of 510 Ω. Experimental data were interpolated with the Gompertz model. Error bars 
refer to two replicates. 

 

Figure 4 shows the voltage versus time generated over a period of 31 days. As shown, 
after three days of acclimatisation, an exponential growth of anodic biofilm was 
observed, which corresponded to a 54.2% reduction in the COD value, starting from 
an initial value of 15,000 mg L-1 (Table S1 in the Supplementary Information). After 
eight days of enrichment, the system was topped up with fresh digestate on a weekly 
basis to counteract volume losses by evaporation. This might be one of the reasons 
why the COD value stabilised to 9,858 ± 121 mg L-1 after approximately four days. 
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After 11 days of operation, a pseudo-steady state was observed, with a constant 
current density of 104.76 ± 1.19 mA m-2, which corresponded to a power density 
output value of 25.02 ± 0.60 mW m-2. It was therefore assumed that after this period 
of time the biofilm enrichment onto the electrodes surface was completed (Babauta 
et al., 2012; Zhao et al., 2009). Polarisation tests, performed after four weeks of 
operation, show a maximum power output of 76.88 ± 16.61 mW m-2 (Figure S4).  

 

The modified Gompertz model (Equation 4) was used to derive the maximum specific 
growth rate, µmax, by considering that the limiting factor for electricity production 
during transient operations is the bacteria growth (Mateo et al., 2018): 

 

𝐸𝐸 = 𝐸𝐸𝑚𝑚𝑑𝑑𝑜𝑜 · exp �− exp �µ𝑚𝑚𝑚𝑚𝑚𝑚·𝑑𝑑
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

· (𝜆𝜆 − 𝑡𝑡) + 1��     4 

 
where: Emax is the maximum voltage achievable under close circuit conditions, λ is the 
lag time and e the Napier’s constant (2.71828). 

It resulted that the µmax was of 0.00575 d-1, considering the experimental values of 
Emax equal to 0.234 ± 0.008 V at 510 Ω and λ of 3 days (Figure 4). 

So far, only a few studies report the use of non-treated AD effluents as feedstock and 
electrolyte in MFCs. Premier et al. (2013) have reported the integration of a tubular 
air-cathode MFC with a methanogenesis treatment step to remove volatile fatty acids 
(VFAs) and the associated odours in digestate, as well as generating electricity. Fradler 
et al. (2014) have reported the generation of 5.5 W m-3 from anaerobic digester sludge 
with a tubular two-chambered four-module MFC reactor in continuous flow mode. 
Weld and Singh (2011) reported the integration of the MFC technology with an 
anaerobic digester, showing a maximum power density output of 0.13 W m-2. A direct 
comparison of performance between these systems and the MFC that we report here 
is, however, difficult, due to differences in design and working conditions. All these 
studies refer in fact to the use of Pt catalysts at the cathode and the use of a 
membrane, while our system is characterised by a much simpler and cost-effective 
design. Moreover, our MFC is operated under static (batch) conditions. 

The anodic biofilm after 30 days of operation was visualised by SEM (Figure 5). 

As shown, the GF fibres were covered with a dense network of filaments that 
interconnect the bacteria cells (dimensions: 1-2 µm of length and 0.5 of width), which 
are populated by spherical- and rod-shaped bacteria. This coverage demonstrates that 
the treated GF fibers are a good support for the anodic biofilm, also due to a better 
substrate accessibility within the fibers. Nonetheless, the cell density decreases 
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gradually with inward-depth. This trend is typically observed in 3D electrodes, typically 
characterized by denser biofilm onto the electrode surface (Chae et al., 2009). A 
further investigation by advanced DNA sequencing method, would allow the 
identification of the species developed in the biofilm and the species distribution 
within the electrode thickness. 

 

 
Figure 5. SEM images of the GF anodic surface before being in contact with fresh 
digestate (A), and after a month (B) of operation. (SEM magnifications: x200; and for 
the insets x10000). 
 

3.3 Scaling up the power output 

Taking into account the thermodynamic limitation of a single microbial fuel cell (1.1 V 
at OCV) (Zielke, 2006), the most promising strategy to scale up the power output 
generated with this technology is to arrange multiple MFC units into stacks 
(Ieropoulos et al., 2013). 

In this study, we have investigated two staking configurations, identified as P1 and P2, 
in which the MFC units were electrically connected in parallel and share the same 
electrolyte (digestate). Firstly, a system with only two MFC units was considered (P1). 
Subsequently, up to 10 units were connected together (P2). The performance of the 
resulting stacks was investigated in terms of overall power generation. Figure 6 shows 
the overall power and cell potential generated by the two stacks after 25 days of 
operation. Over the time, the current output was maintained constant as a 
consequence of a stable value in the COD of the digestate. As observed in Figure S5, 
after a 52% initial decay in the COD during the first five days of operation in batch, the 
COD of the digestate was maintained constant at 9945.81 ± 0.28 mg L-1 by topping up 
on a daily basis the system with fresh digestate. 

1 𝛍m

A B

100 𝛍m100 𝛍m
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Figure 6. Power (A) and polarization (B) curves of the two MFC stacks studied, P1 and 
P2, obtained by electrically connecting in parallel two (P1) and 10 (P2) MFC units in 
digestate after 25 days of operation. 

 

As observed from Figure 6A, P2 reached a maximum power of 0.43 mW at a current 
of 2.5 mA, while P1 produced 0.089 mW as maximum power at a current of 0.58 mA. 
The overall maximum power output generated by P2 was, therefore, approximately 
five times larger than the one generated by P1 and, nearly 10 times larger than what 
generated by a single unit (0.045 mW). Successful power scale-up by arranging 
multiple MFCs in stack has been already demonstrated (Ieropoulos et al., 2008; 
Ledezma et al., 2013). Figure 7 shows that the power output (calculated from the 
recorded voltage at the steady state) increase is linear with the number of MFC units 
connected in parallel. This is the result of a functional increase in the electrode surface 
area per volume ratio, resulting from stacking together the MFC units, with 
consequently larger surface available for the electrochemical reactions and a higher 
volumetric power density. 
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Figure 7. Effect of stacking several MFC units in parallel on the overall power 
generated. The first dot refers to the stacking of two cells to up to 10 cells stacked. 

 

From the polarisation tests, it results that activation and ohmic losses dominate in 
both P1 and P2 (Figure 6B). Activation losses are associated with slow reaction rates 
taking place at the electrode surface, while ohmic losses are related to the internal 
resistance, Rint, which might result from ions-flow resistance trough the digestate and 
from any electrical resistance in the system (i.e. electrodes and connections).  

When the MFC units are operated in a parallel configuration, the MFC stack tends 
towards the lowest Rint (Chouler et al., 2016). In P1, the internal resistance, RintP1, is 
reduced to 307.6 Ω, compared to 624.5 ± 50.8 Ω obtained with a single cell. For the 
case of P2, RintP2 is further reduced to 65.5 Ω.  

Since the focus of the study was on energy generation only, the ability of the MFC 
arrays to further treat the digestate was not investigated. Moreover, except for the 
first five days, during which the arrays were operated in batch, a fed-batch operation 
was considered. To counteract volume losses by evaporation, the pond hosting the 
array was in fact topped-up on a daily basis with fresh digestate as reported in the 
Methods section. The COD of the digested in the pond is the only parameter that has 
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been regularly measured during operation, and, as shown in Figure S5, it was kept 
constant during the fed-batch operation. 

 

4 Conclusions 

We report an innovative floating microbial fuel cell system, characterised by a simple 
and cost-effective design and we demonstrate bioelectricity generation from fresh 
digestate without the addition of an external carbon source or bacterial inoculum. 
Prior to being used in the MFC, the anode electrode underwent a two-stage treatment 
to enhance the wettability of the carbon fibers (stage 1) and the specific surface area 
(stage 2). It resulted that stage 1 decreased the contact angle of 85.7% and enhanced 
the electroactivity of 4%. Further electroactivity increase of 9% was obtained after 
stage 2. The performance of the MFC unit was first tested individually and then in a 
stack of up to 10 MFCs, sharing the same electrolyte and electrically connected in 
parallel. A linear power output increase was observed with the sequential additions 
of MFC units in the stack, reaching a peak value of 0.43 mW (corresponding to a power 
density of 51 ± 2 mW m-3) at a current of 2.5 mA. 

Over a billion tons of food is wasted every year worldwide. This waste is typically 
incinerated or dumped in open area, posing severe issues to public health and to the 
environment. An appropriate management of food waste could include the integrated 
use of anaerobic digestion and microbial fuel cells for waste treatment while 
generating products of interest, such as fertilisers and bioenergy. The simplicity of the 
design implemented in this study overcomes the cost limitations of many MFC devices 
previously reported that use either expensive membrane and/or Pt or other expensive 
catalysts at the cathode. As such, not only the manufacturing process and the system 
scale-up is drastically simplified, but also the proposed stack of MFCs can pave the 
way for sustainable and environmentally-friendly food waste treatment affordable 
also to the poorest areas in the world.  
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