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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The ammonium removal rate positively 
correlated to the feedstock 
concentration. 

• The organic removal rate negatively 
correlated to the feedstock 
concentration. 

• Ceramic based designs have higher 
conversion efficiency than membrane- 
less designs. 

• Membrane-less designs have higher 
performance than ceramic based 
designs. 

• The presence of membranes limits the 
impact of urine dilution.  

A B S T R A C T   

Recent advancements in the microbial fuel cell (MFC) field have led to the deployment of pilot-scale autonomous sanitation systems converting the organic content of 
urine into electricity to power lights in decentralised areas. Two designs have been deployed successfully, namely ceramic cylinder based MFCs (c-MFC) and 
membrane-less self-stratifying MFCs (s-MFC), but only one research has tested simultaneously these two designs under similar conditions. To complement this single 
study, the present work investigated the response of these two designs to the dilution of feedstock. Both designs were assembled as cascades, a configuration close to 
the conditions of implementation. The tested conditions were 100%, 75%, 50%, 25% urine diluted with tap water. Results have shown that under the 100% condition 
(neat urine), the s-MFC had a higher energy output (2.29 ± 0.04 kJ d− 1) and treatment (4.16 ± 0.15 gCOD.d− 1; 1.39 ± 0.15 gNH4.d− 1) than the c-MFC. Under the 25% 
condition, the c-MFC had a higher energy output (0.75 ± 0.04 kJ d− 1) but a lower treatment (0.40 ± 0.05 gCOD.d− 1; 0.01 ± 0.02 gNH4.d− 1) than the s-MFC. Both type of 
cascade designs could be fed a 75% concentration feedstock for a week without a significant performance decrease. Overall, the c-MFC cascade had higher energy 
conversion efficiency and the s-MFC had higher power generating performance.   

1. Introduction 

With the growing pressure of time to limit the world temperature 
increase to a maximum of 1.5 ◦C above the pre-industrial baseline (c.a. 
average over the years 1850–1900) by 2050, every sector is under high 

pressure to decease its carbon footprint. Because of the interfaces of 
water and sanitation domains, the wastewater treatment sector, which is 
key to our modern societies, is also under pressure to reduce its carbon 
balance. Moreover, safe sanitation for everyone is also a major challenge 
worldwide. The microbial fuel cell (MFC) technology, as one of the 
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potential solutions to these challenges, has received much attention. 
Although discovered in 1911 by M C. Potter [1], the technology has 
gained increasing interest since the years 2000 [2,3]. This interest has 
risen because the MFC technology can treat waste in an energy-neutral 
manner with the potential to be energy-positive depending on the 
implementation context. 

The MFC technology relies on the anaerobic respiration of microor-
ganisms able to employ an inert and conductive material as the end 
terminal electron acceptor of their heterotrophic respiration. When such 
material is connected to another spatially separated and conductive 
material that is able to transfer these electrons to an oxidised chemical 
element, an electrical current is generated. MFC reactors are energy 
transducers able to convert the energy contained in reduced organic 
matter into electrical energy. An MFC reactor comprises an anode, a 
cathode and typically a cation exchange membrane. In such reactors, the 
anaerobic electroactive microorganisms use the anode electrode as their 
electron acceptor when mineralising organic matter. The electrons pass 
through an external circuit, arrives at the cathode, and react with a 
compound of a higher redox potential (e.g. oxygen, ferricyanide) and 
cations (e.g. H3O+, NH3

+, Na+, K+)), thus producing a current. Over the 
last two decades, many MFC reactor designs have emerged, depending 
on the targeted end-applications [4–10]. 

Urine brings 10% of the COD (i.e chemical oxygen demand, an in-
direct measure of the dissolved organic carbon), 75–80% of nitrogen; 
45–50% of the phosphorous and 70% of the potassium found in 
municipal wastewater [11–13], whilst having a high electroconductivity 
comprised between 25 and 32 mS cm− 2. This latter aspect combined 
with its high concentration of dissolved organic carbon has make urine 
an ideal fuel to be treated by the technology [14] which led research 
focusing on the treatment of diverted urine. More specifically, on the 
development of autonomous sanitation system for decentralised areas 
[15–17]. During the progress and field testing of systems for this 
application, two main designs were developed, namely “two-chamber” 
ceramic based MFCs (c-MFC) [15,18] and “single-chamber” stratifying 
membrane-less MFCs (s-MFC) [19,20]. If both designs were developed 
to maximise the surface area of electroactive interfaces per volume of 
reactor, the key difference is the presence or absence of a membrane. 

The c-MFCs mounted with ceramic membranes were proved to be as 
efficient as MFC mounted with ion exchange membranes [21,22], which 
open the path of an economically viable implementation. The presence 
of a membrane enables a separation of the electrolyte into two types 
known as catholyte and anolyte. The produced catholyte (Fig. 1, “red” 
zone in the cylinder) has been proven to have bactericidal properties 
[23,24] and to concentrate certain elements such as potassium and so-
dium, a property that opens new potential applications as its can 

potentially enable the production of added-value products. In opposi-
tion, the s-MFCs do not enable the separation of the treated waste into 
two different electrolytes. But as s-MFC do not integrate membranes in 
their design, they have a higher surface area of electroactive interfaces 
per volume of reactor which results in simpler and cheaper bioreactors 
[19]. Although simpler, the s-MFC designs are amongst the most 
power-dense systems that have reached field testing [16,17]. A recent 
study performed a side-to-side investigation of urine-fed c-MFCs and 
s-MFCs with an identical design as the one used here and which shared a 
maximum of common parameters in their design (i.e. HRT, electrodes 
total surface areas; electronic loads) [25]. Results have shown that, 
independently from the hydraulic retention time (HRT), the c-MFCs had 
a relatively constant power output whilst s-MFCs had a relatively con-
stant energy conversion efficiency. Overall, results suggested that 
c-MFCs were more appropriate for longer HRT and s-MFCs for shorter 
HRT. 

In the context of autonomous sanitation in decentralised areas, 
waterless urinal technologies present the advantage of limiting the 
pressure on a scarce resource, water. However, hygiene requires intro-
ducing some water in such systems for flushing to maintain cleanliness. 
Following up on the previous investigation [25] and keeping the focus 
towards practical implementation, the present study aims at examining 
the impact of urine dilution on the performance of the two types of 
designs, c-MFC and s-MFC. Here, the MFCs were arranged in cascades, 
the configuration utilised when the MFC technology is deployed in field 
applications [15–17]. Moreover, these two MFC designs had roughly 
similar parameters and operating conditions. The objective was to 
measure the power output and the treatment performance of these two 
cascade designs when fed increasingly diluted urine. This enables a 
deeper understanding of the impact water addition has in systems 
designed for treating undiluted urine, regarding COD and ammonium 
removal rates. 

2. Experimental 

2.1. Microbial fuel cells 

The c-MFC and s-MFC modules employed here were of the same 
design as the ones used for the previous study [25]. Each c-MFC module 
comprised of 8 individual earthenware ceramic cylinders (Laufen, 
Switzerland) that were enclosed in a cylindrical PVC vessel (Fig. 1). Each 
s-MFC modules comprised 28 anode-cathode pairs enclosed in an 
identical cylindrical PVC vessel (Fig. 1). Most design parameters were 
similar with an anode surface area of 10,080 cm2 (10 g m− 2 carbon veil), 
a cathode surface area of 248 cm2 (c-MFC) and 263 cm2 (s-MFC), and a 
activated carbon loading on the anodes of 1.25 ± 0.1 mg cm− 2 (c-MFC) 
and 1.19 ± 0.2 mg cm− 2 (s-MFC). The main difference was that the 
c-MFC modules had a displacement volume of 435 ± 3 ml whilst the 
s-MFC modules had a displacement volume of 525 ± 4 ml. For more 
detail on the characteristic of each design, please refer to the previous 
study [25]. Three modules of each design were stacked one over the 
other to form a cascade taking the same footprint (Fig. 1), with a total 
displacement volume of 1.305 L for the c-MFC cascade and 1.575 L for 
the s-MFC cascade. A cascade is defined as a set of modules where the 
effluent of one module feeds into the next downstream module. A flow 
diverter was present at the bottom of each module to homogenise the 
feedstock distribution from the centre to the sides. The experiment 
consists of two cascades of three modules. The three modules within a 
cascade were electrically connected in parallel. 

2.2. Operating conditions 

Both cascades comprised modules that had been matured for more 
than a year and were fed urine that was collected daily from a tank 
pooling together the urine donated by anonymous individuals. The fed 
urine had gone through partial hydrolysis resulting in increased pH 

Fig. 1. Isometric and cross section view of the ceramic-based (c-MFC; left) and 
the membrane-less MFC (s-MFC; right) cascades, with both cascades comprising 
3 MFC modules. The yellow arrows indicate the flow direction of the feedstock. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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ranging between 8.2 and 8.9. Following results from the previous study 
on the impact of the hydraulic retention time [25], each module had an 
aimed HRT of 12h resulting in both cascade having a HRT of approx-
imatively 36h. Both cascades were connected to the same multichannel 
peristaltic pump giving the same flow rate of 0.66 mL min− 1. However, 
the modules (having a slightly different displacement volume) gave a 
different HRT for each cascade being 32.7h and 39.6h for the c-MFC and 
s-MFC, respectively. Both cascades had its own feedline, but each 
feedline was connected to a common feeding tank that was continuously 
replenished with the collected urine, at room temperature (22 ± 1 ◦C). 
The investigated conditions were 100% urine, 75% urine, 50% urine and 
25% urine. The dilution was made using tap water instead of distilled 
water to create conditions close to what could occur under real condi-
tions of use. The dilutions were made by volume. For example, the 75% 
condition has a feedstock comprising 75% urine and 25% tap water 
(v/v). 

2.3. Data capture 

Throughout the duration of the experiment the cascades were con-
nected to purpose-built circuitry maintaining potentiostatic conditions 
at 400 mV. This electronic board converted the measured current into 
voltage, which was recorded by an Agilent Data Acquisition System 
(Agilent LXI 34972A; Farnell, UK). More details on the circuitry is re-
ported in a previous publication [26]. Measurements were recorded 
every 5 min. The current I in Amperes (A) was calculated using con-
version formula, I =(Vm)/19.8, where V is the measured voltage in Volts 
(Vm) and 19,8 the conversion factor measured for the electronic board. 
The power output P in Watts (W) was calculated as P = I × V, where V is 
the constant voltage (400 mV) in Volts (V) and I the measured current. 

At the end of each incubation conditions, the COD and ammonium 
concentrations were measured, prior to shifting towards a new condi-
tion. The COD analyses were performed through the potassium dichro-
mate oxidation method (COD HR test vials, Camlab, UK) with 0.2 mL of 
filtered (0.45 μm, Syringe Filter, Millipore) inlet and outlet samples. The 
ammonium concentration was determined by colorimetric analyses on 
diluted samples (1/20-1/100) using tablet reagents (Lovibond, UK) and 
an MD 500 colorimeter (Lovibond, UK). 

The duplicates samples of the inlet were taken from the inlet tubing 
that was feeding each cascade. Output samples were taken from the 
outlet of each cascade. Each duplicate measured was averaged and the 
error bars present in the results figures stand for the data range. The 
error bars for the current and power results were calculated from the 
data points that covered the entirety of run (Δt ≈ 140h; n ≈ 1,680). 

To have a better understanding of the cascade performance, the 
electrical output was converted in KJ.d− 1 and the organic carbon 
removed converted in the quantity removed per day (gCOD.d− 1). The 
electrical output of the last day of each incubation condition was used 
for these conversions. The normalised energy recovery (NER) [27,28] 
was also calculated to enable comparing the performance and behaviour 
of the two dissimilar systems tested here. The NER evaluates the pro-
portion of electrical energy recovered from the feedstock, either in 
relation to the amount of organic matter present (NERCOD, based on COD 
measures) or in relation to the volume of wastewater treated (NERV). 
The following equations were used to calculate both conversion factors: 

NERCOD
[
KWh.Kg− 1

COD

]
=

P [KW] × ttreatment [h]
VTreated during t[m3] × ΔCOD [KgCOD.m− 3]

eq. (1)  

NERV
[
KWh.m− 3]=

P [KW] × ttreatment [h]
VTreated during t[m3]

eq. (2) 

The power P corresponded to average power produced during the 
last 24h of each incubating condition, the time t corresponded to the 
HRT respective of each cascade, the volume V corresponded to the 
displacement volume of each cascade, and the amount of organic carbon 
removed ΔCOD corresponded to the difference of COD between the inlet 

and the outlet of each cascade and was measured at the end of each 
incubating condition. 

3. Results and discussions 

3.1. Electrical outputs 

The c-MFC and s-MFC cascades were electrically connected in par-
allel whilst the urine was sequentially treated through the three suc-
cessive modules of each cascade (Fig. 1). Overall, results indicate that 
both cascades displayed a similar behaviour towards urine dilution. The 
electrical outputs decreased with increasing dilution of the feedstock 
with the current outputs of the 100% > 75% > 50% > 25% (Fig. 2). Over 
the 140h of the experimental run, the variation of the current output was 
roughly 7-fold higher for the s-MFC cascade compared to the c-MFC. 
This result eches finding from the previous study on the behaviour of 
these two designs toward the variation of HRT [25]. 

The observed variability of the current output under constant incu-
bating condition is hypothesised to result from the design of each type of 
cascade. Although the presence of a membrane adds resistance to the 
electrochemical reaction occurring in the dual compartment MFCs [29], 
which could explain the lower current output, the membrane brings 
stability by having separated reactive compartment (i.e. anodic and 
cathodic). Here, the porous ceramic membrane (≈16–22% of porosity; 
[30]) slows the diffusion of chemical elements from one side to the 
other, thus, delays the impact of the anolyte variations on the cathodic 
reactions. This is well illustrated by the current output of the c-MFC 
cascade which displays little current variation independently from the 
incubating conditions (Fig. 2a), implying that the difference of redox 
state between the compartments is maintained, along with the hypoth-
esis that the substrate for the electroactive microbial populations is not 
limiting. The current output variation for all incubating conditions 
ranges from ±1.0 mA to ±2.2 mA. Moreover, the overall impact of the 
urine dilution seems to have less impact on the c-MFC with roughly 23.4 
mA difference between the 100% and the 25% condition (Fig. 2a). 

Fig. 2. Temporal absolute current and power outputs of the c-MFC (a) and s- 
MFC (b) cascades depending on the dilution rate of the urine feed stock, from 
100% (no dilution) to 25% dilution (25% urine v/v). 
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Conversely to the c-MFC cascade, the s-MFC cascade displayed 
higher current output variation under each of the incubating condition, 
from ±1.3 mA to ±7.1 mA (Fig. 2b), similarly to previous results [25]. 
The specificity of the s-MFC employed here is that the design exploits the 
self-stratification phenomenon that occurs in undisturbed water column. 
In such environment, chemical gradients develop under the activity of 
biological populations and results in the division of the water column in 
horizontal layers, each characterised by specific bio-chemical conditions 
(i.e. redox state of chemical elements, type of dominating metabolic 
activity) [31,32]. Exploiting this phenomenon in the MFC technology 
results in development of an autogenic transient chemical membrane 
between two major and distinct biochemical environments, an oxic top 
layer (cathodic environment) and an anoxic bottom layer (anodic 
environment). In s-MFC the top layer comprises a plurality of partially 
submerged vertical cathodes whilst the bottom layer comprises a plu-
rality of submerged vertical anodes. In s-MFC the cathode and anode 
share the same electrolyte and are usually between 3 and 8 mm apart 
[20,26,33]. When considering that specific design feature, it is under-
standable that the performance of the s-MFC is directly linked to the 
stability of its bioelectrochemical stratification of the urine column. 
Hence, any variation of the electrolyte composition would impact the 
current output of the s-MFC. Results support this hypothesis as the urine 
dilution seems to have a high impact on the current output of the s-MFC 
with roughly a 55.3 mA difference between the 100% and the 25% 
condition (Fig. 2b). These results imply that in s-MFC, the gradients of 
diluted feedstocks are less efficient in maintaining an optimum redox 
difference between the anodic and cathodic layers, which results in 
lower electrical performance. 

In the previous study [25], these designs were single module run 
under different HRT (3h, 6h, 12h, 24h, 65) and fed undiluted artificial 
urine media. Following the linear section of the curve between the 24h 
and the 65h HRT from these previous results, under the 32.7h HRT seen 
by the cascade in the present study, a single c-MFC module would have 
continuously produced 6.45 mW, whilst a single s-MFC module 7.80 
mW under a 39.6h HRT. In the present study, a cascade of three modules 
under similar conditions produced 17.99 ± 0.10 mW and 26.45 ± 0.46 
mW for the c-MFC and the s-MFC, respectively. This correspond to 
roughly three times the power produced by a single module in the 
previous study, 19.36 mW and 23.43 mW for the c-MFC and the s-MFC 
respectively. This similitude suggests that projections of power outputs 
can be employed to evaluate the power output of a cascade, at least 
when the HRT between a single module and a cascade are matched. 

Depending on the incubating conditions, the current outputs ranged 
between 23.7 ± 2.1 mA and 47.1 ± 1.4 mA for the c-MFC cascade and 
8.9 ± 1.2 mA and 64.2 ± 2.6 mA for the s-MFC cascade. The level and 
the variation range of the current outputs are dictated by the bioreactor 
designs and prevent a direct comparison of the behaviours. Since the 
currents tend to decrease with increasing dilution, the current output of 
each cascade was converted in the percentage of its respective output 
when fed undiluted urine (Fig. 3). This to facilitate the identification of 
the trends specific to each design without being masked by the specific 
value of the current outputs. 

The average current output of the c-MFC cascade decreased by 19 ±
2% under the 75% incubating condition compared to the undiluted 
condition (Fig. 3). At 50% urine, the current output decreased by 29 ±
5%, and at 25% urine the decrease was of 49 ± 5%. Although the urine 
composition changes between each incubating conditions due to the 
unknown donation patterns, the relation between the current output and 
the feedstock dilution are negatively correlated (R2 = 0.9866). In 
comparison the average current output of the s-MFC cascade decreased 
much more than the c-MFC (Fig. 3). As for the c-MFC cascade, the s-MFC 
cascade current output was negatively correlated to the feedstock dilu-
tion (R2 = 0.9822). The decrease of the s-MFC cascade was roughly 
twice higher (trendline a ≈ 120) than the one of the c-MFC cascade 
(trendline a ≈ 63). Overall, the results have shown that the current 
output of the s-MFC cascade was higher than the c-MFC cascade with 

undiluted urine, but due to the presence of a membrane, the c-MFC 
cascade had a more stable output (Figs. 2 and 3). Moreover, the level of 
current output of the c-MFC cascade was less affected by the dilution of 
the feedstock compared to the s-MFC (Figs. 2 and 3). This is likely 
because of the presence of the separator between the anodic and 
cathodic compartments that limited the ingress of oxygen in the 
anaerobic anodic compartment. Overall, such decrease in electrical 
output was to be expected from MFC cascades acclimated to high 
strength feedstock. The decrease of the electrical output can be attrib-
uted to the decrease of both the electroconductivity (e.g. 28.3 mS cm− 2 

at 100% and 9.65 mS cm− 2 at 25%) and the lower COD concentration. 

3.2. Treatment performance 

Both the c-MFC and s-MFC cascades were fed urine from the undi-
luted condition to the 25% dilution conditions. After running the cas-
cades under the four investigated conditions (i.e. 100%, 75%, 50%, 
25%), both cascades were run under a 100% condition for 2 days and the 
effluent analyse, as a control, to compare results to the initial undiluted 
run (i.e. 100%). The analyses focused on the ammonium and chemical 
oxygen demand (COD). The effluents were sampled at the end of each 
run of the investigated conditions. 

Between the two 100% runs, the partially hydrolysed urine feedstock 
contained an average of 5,085 ± 254 mgCOD.L− 1. Compared to this 
average, the diluted feedstocks contained 66%, 53% and 25% COD for 
the 75%, 50%, and 25% conditions, respectively. Conversely to the 
organic loading, the ammonium loading showed higher variation be-
tween the first and second run under the 100% condition with an 
average concentration of 5,727 ± 664 mgNH4.L− 1. For the c-MFC 
cascade, the ammonium and organic removal rates were of 12% and 
17% for the first run at 100% (Fig. 4a), 10% and 16% for the second run 
at 100%, respectively (data not shown). The s-MFC cascade displayed an 
ammonium and an organic removal rate of 23% and 63% for the first run 
at 100% (Figs. 4a), 17% and 68% for the second run at 100%, respec-
tively (data not shown). These results indicate that the ammonium and 
organic loading removal rates were in the same range under replicated 
incubating conditions (i.e. undiluted urine), thus, supporting the results 
of the other incubating conditions that were only run once. 

Although the ammonium and COD concentration of the inlets are in 
the same range, the measurements indicate that both cascade designs 
had organic carbon removal rates higher than their respective ammo-
nium removal rates. An observation valid for all incubating conditions 
(Fig. 4). For the c-MFC cascade, the ammonium removal rate decreases 
as the feedstock concentration decreases (Fig. 4). Although the s-MFC 
cascade displayed higher ammonium removal rates, the same trend was 
observed (Fig. 4). Conversely to the ammonium removal, the c-MFC 
cascade displayed higher COD removal rate as the feedstock concen-
tration decreased (Fig. 4). Similarly, the COD removal rates of the s-MFC 

Fig. 3. Relative current output of the c-MFC (black) and s-MFC (brown) 
cascades depending on the dilution rate of the urine feed stock. The relative 
current output is calculated in percentage of the current produced when there is 
no dilution of the urine (100%). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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cascade were higher for feedstock with lower concentrations, (Fig. 4). 
These responses are indicative that both the ammonium and COD con-
centrations of the feedstock are correlated to the removal rates displayed 
by the cascades. In the previous study [25] these designs were single 
module run under different HRT (3h, 6h, 12h, 24h, 65) and fed artificial 
urine media. Projections from these previous results indicated that 
under a 32.7h HRT and a 39.6h HRT, a c-MFC and a s-MFC modules 
would have removed 7.61% and 34.36% COD, respectively. Compared 
to the 100% condition, results demonstrate that under the similar HRT 
the cascade configuration enables a higher treatment efficiency with 
COD removal rates of 17% and 63% for the c-MFC and s-MFC cascades, 
respectively. 

The removal rates for each incubating condition were plotted against 
the feedstock concentration to better visualise a potential correlation 
between concentrations and treatment performance (Fig. 5). Overall, 
the s-MFC has on average a three-fold higher ammonium and COD 
removal rates compared to the c-MFC cascade. Interestingly, the 
trendline’s slope of both cascades are very similar with values of 0.0035 
(s-MFC) and 0.0025 (c-MFC) for the ammonium and of − 0.0052 (s- 
MFC) and − 0.0044 (c-MFC) for the COD. The correlation test performed 
on the ammonium data indicates a p(two-tailed) of 0.0021 and 0.0005 
and a R2 of 0.8159 and 0.8814 for the c-MFC and s-MFC cascades, 

respectively (Fig. 5a). The correlation test performed on the COD data 
indicates a p(two-tailed) of 0.0025 and < 0.0001 and a R2 of 0.8060 and 
0.9976 for the c-MFC and s-MFC cascades, respectively (Fig. 5b). These 
results clearly indicate that there is a correlation between the feedstock 
concentration and the treatment performance of the cascades, a positive 
correlation in the case of the ammonium and negative correlation in the 
case of the COD. 

Previous research on c-MFC have shown that the catholyte produc-
tion and ammonium removal in a ceramic based microbial fuel cell was 
linked to the transport of the positive charge into the cathode and an 
electro-osmotic drag phenomenon [34]. This results in the ammonium 
ion migrating towards the cathode dragging molecules of water, where it 
exits the reactor as ammonia due to the alkaline pH of catholyte 
(Ammonia–Ammonium pKa = 9.25) generated by oxygen reduction 
reaction (ORR). Since the continuous cathodic ORR reaction increases 
the catholyte pH to a level that was higher than the ammonia pKa value, 
the concentration of free ammonia in the catholyte increased enabling 
ammonia volatilising from the liquid phase to the gaseous phase [35]. 
The catholyte pH increases with higher ceramic thickness and higher 
current, which leads to higher ammonium removal [34,36]. Therefore, 
the lower ammonium removal rate observed in c-MFC under diluted 
conditions could be attributed to lower conductivity of the electrolyte 
and lower COD concentration that resulted in lower power (Fig. 5a). 
Regarding s-MFC, there are very little data available on the biological 
and electrochemical reactions occurring within such reactors, especially 
regarding the nitrogen cycle. The only reported understanding are that 
the cathodic biofilm are essential for s-MFC to operate [20], and that 
there is an anaerobic ammonium abstraction occurring in the cathodic 
bottom layer, just above the redoxcline separating cathodes and anodes 
[19]. Hence, it is difficult to explain why the ammonium removal rates 
decrease under diluted conditions (Fig. 5a). If the removal was to be 
biological, a potential cause for lower removal rate could relate to the 
microorganisms having a low affinity for the substratum. Another pos-
sibility would be that the reaction is purely electrochemical, thus, 
depending on the concentration and the electrochemical activity of the 
cells, where the separation process uses the advantage of current pro-
duction by the MFC, which drives ammonium transport from the anodic 
to the cathodic environment. However, it should be considered that the 
pH of the electrolyte in the cathodic layer in s-MFC is relatively low (pH 
≈ 8.3–9.0) compared to c-MFC (9.5–10.8). Hence, it can be postulated 
that ammonium stripping due to the pH is less marked for s-MFC 
because of the lower pH. 

Conversely to the positive correlation between the ammonium con-
centration and the removal rates, the COD removal rate is negatively 
correlated to the COD concentration (Fig. 5b). These results show that 
the treatment was more efficient at a lower substrate concentration, a 
behaviour observed in previous studies [37,38]. The reported rates are 
the percentage decrease in relation to the input concentration. This in-
crease indicates that a higher proportion of a more diluted feedstock was 
removed. In addition to the lower COD concentration, the other ele-
ments are also in lower concentration and ammonium is known to 

Fig. 4. Ammonium and COD concentrations of the feed stock (white) and the effluent of the c-MFC (black) and s-MFC (brown) cascades depending on the dilution 
rate of the urine feed stock: 100% urine (a), 75% urine (b), 50% urine (c), and 25% urine (d). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 5. Correlation between the feedstock concentration and the observed 
removal rates for the ammonium (a) and the COD (b). Red stands for the c-MFC 
and yellow for the s-MFC. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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inhibit the activity of some electroactive microorganisms [39]. Both 
cascades were matured under high-strength feedstock, thus, they 
comprised ammonium tolerant population. However, results suggest 
that the enriched microbial populations also contained heterotrophic 
communities that were inhibited by the high ammonium concentration. 
The increasing COD removal rates with increasingly diluted feedstock 
support the hypothesis that as the ammonium concentration decreased, 
microbial communities with higher affinity for their substrate were 
greater in number and/or more active. 

3.3. Conversion efficiency and energy recovery 

The s-MFC cascade displayed higher performance than c-MFC 
cascade in terms of treatment for all incubating conditions (Figs. 4–6), 
and in terms of energy output for the 100% and 75% conditions (Figs. 2 
and 6). However, the energy output of the s-MFC cascade under the 50% 
and 25% were lower than c-MFC cascade, although their treatment was 
2.75-fold higher. These raw data on the performance were normalised to 
better appreciate the efficiency of both designs. The first data conversion 
focused on the relation between the quantity of energy generated in 24h 
and the quantity of COD removed within the same time interval, 
considering their specific HRT and displacement volume (Fig. 6a). This 
normalisation was performed using the data from the last 24h of each 
incubating conditions, when the COD and Ammonium concentrations 
were measured. The c-MFC displayed a narrow variation of its daily 
energy production with a 0.80 ± 0.01 kJ d− 1 difference. Conversely, the 
s-MFC cascade had a wider variation gap with a difference of 2.02 ±
0.08 kJ d− 1 in its daily energy production. The daily energy production 
reflect the results shown in Fig. 2 with a delta of 0.80 kJ d− 1 for c-MFC 

and a delta of 2.02 KJ.d− 1for the s-MFC cascade (Fig. 6a). Similarly, the 
s-MFC cascade displayed a wide variation in the quantity of COD daily 
removed with a delta of 2.95 ± 0.15 gCOD.d− 1. Comparatively the c-MFC 
cascade displayed a delta of 0.41 ± 0.15 gCOD.d− 1. (Fig. 6a). The con-
version ratio between the daily energy and quantity of COD removed are 
of 1.90 KJ.gCOD

− 1 and 0.55 KJ.gCOD
− 1 for the c-MFC and s-MFC cascades 

under the 100% condition, respectively. Although the ratios are lower 
compared to the previous investigation [25], they similarly indicate that 
the c-MFC cascade has a higher conversion efficiency than the s-MFC 
cascade. The lower conversion efficiency of the s-MFC cascade, together 
with its higher COD removal rate (Fig. 6a) indicates that part of the 
organic matter is not mineralised by the electroactive communities. This 
observation supports the hypothesis that part of this organic matter 
mineralisation could result from the design having a higher surface 
exposed to air, and in particular the fact that the waste stream is in 
contact with the cathodic compartment half of the time. These results 
indicate that if the s-MFC design has 3-fold higher performance (i.e. 
quantity of energy produced and/or of COD removed) it is 3-fold less 
efficient than the c-MFC design in converting the available organic 
matter into electrical current. 

To continue evaluating the efficiency of the energy conversion, the 
Normalised Energy Recovery factors (NER) were calculated according to 
Refs. [27,28] (Fig. 6b and c). Again, these normalisations were per-
formed using the last 24h of each incubating conditions, when the COD 
and ammonium concentrations were measured. The average NERCOD for 
the c-MFC cascade was of 0.570 ± 0.004 KWh.KgCOD

− 1 whilst the s-MFC 
cascade displayed an average NERCOD of 0.147 ± 0.065 KWh.KgCOD

− 1 

(Fig. 6b). If NERCOD of the c-MFC cascade do not appear to be correlated 
to the incubating condition (Fig. 6b), the NERCOD of the s-MFC cascade 
appears to be correlated to the feedstock dilution: the higher the urine 
dilution, the lower the conversion efficiency. Compared to the previous 
study, the NERCOD of the c-MFC under the 100% condition is here 3-fold 
lower (1.23 KWh.KgCOD

− 1 , [25]) and the NERCOD of the s-MFC cascade is 
1.3-fold lower (0.309 KWh.KgCOD

− 1 , [25]). This difference could be due to 
the nature of the feedstock between the two experiments. The previous 
study was carried out with artificial urine with peptone and yeast extract 
as the carbon source (artificial urine media), whereas here the carbon 
source was much more complex (undiluted human urine). Also, the 
previous results reported that the s-MFC design had a stable NERCOD 
over the range of tested HRT conditions [25]. Here, NERCOD of the 
s-MFC could be grouped into two categories of similar values, the 100% 
and 75% conditions with an average of 0.201 ± 0.023 KWh.KgCOD

− 1 , and 
the 50% and 25% conditions with an average of 0.092 ± 0.024 KWh. 
KgCOD

− 1 (Fig. 6b). Due to the nature of this design exploiting the natural 
stratification of the urine column, these results indicate that the s-MFC 
cascade shifted from one equilibrium to another. The second equilib-
rium being marked by half the NERCOD, whilst having a higher COD 
removal rate, could be indicative of a decreasing activity of electroactive 
microorganisms but an increasing activity of the none electroactive 
heterotrophic species (Fig. 6a and b). 

Interestingly, the NERV of both cascades were very similar to the 
ones of the previous study [25]. Here, the c-MFC cascade had a NERV of 
0.451 ± 0.003 KWh.m− 3 (i.e. previously ≈0.454 KWh.m− 3) and the 
s-MFC cascade had a NERV of 0.665 ± 0.012 KWh.m− 3 (i.e. previously 
≈0.551 KWh.m− 3) (Fig. 6c). Conversely, to the NERCOD the NERV 
display a positive correlation with the feedstock concentration for both 
cascade designs. Under the 100% and 75% condition the NERV of the 
s-MFC cascade was higher than the c-MFC cascade, whilst under the 
50% and 25% condition the c-MFC cascade was higher than the s-MFC 
cascade. The slopes of the NERV correlation to the incubating condition 
was similar to the current output behaviour (Fig. 3) with the s-MFC 
having a higher slope than the c-MFC, indicating that the c-MFC was 
more resilient towards high feedstock dilutions. Compared to other 
studies [27,40], both the c-MFC and s-MFC cascades showed, under the 
100% condition, lower NERCOD (max reported: 1.35 KWh.KgCOD

− 1 , [40]; 
2.092 KWh.KgCOD

− 1 , [25]) but much higher NERV (max reported: 0.380 

Fig. 6. (a) Correlation between the energy produced and the quantity of COD 
removed in 24h. Red stands for the c-MFC and yellow for the s-MFC. (b, c) 
Normalised energy recovery rates depending on the incubating condition: (b) 
NERCOD, and (c) NERV. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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KWh.m− 3, [40]). 

4. Conclusion 

This study investigates the response of two different MFC designs to 
the dilution of feedstock by tap water from 100%, 75%, 50%–25% urine. 
Both the c-MFC and s-MFC displayed a decreasing current output with 
increasing dilution. The c-MFC had a lower current output but was less 
impacted by increasing dilutions. The s-MFC cascade had a higher 
output but showed up to 86 ± 2% decrease in output under the 25% 
condition. These results indicate that the presence of a membrane 
increased the resilience toward dilution. Both the c-MFC and s-MFC 
displayed an ammonium removal rate positively correlated to the con-
centration. The s-MFC displayed ammonium removal rates roughly 3- 
fold higher than the c-MFC for all the tested conditions. These results 
suggest that the ammonium removal is mainly linked to an electro-
chemical reaction in c-MFC, whereas it could only account for part of the 
ammonium removal observed in s-MFC. Both the c-MFC and s-MFC 
displayed a COD removal rate negatively correlated to the concentra-
tion. The s-MFC displayed COD removal rates roughly 4-fold higher than 
the c-MFC. These results suggest that the ammonium concentration 
decrease favour the activity of heterotrophic microorganisms with a 
high affinity for their substrate. 

The s-MFC displayed roughly 3-fold higher daily COD removal rates 
than the c-MFC under the 50% and 25% conditions, but at the same time 
displayed roughly 2-fold lower daily energy production compared to the 
c-MFC. The c-MFC displayed 3- to 7-fold higher energy conversion ef-
ficiency (NERCOD, KWh.KgCOD

− 1 ) under all tested conditions. Under the 
100% and 75% conditions, the s-MFC exhibited a 47% and 35% higher 
volumetric energy recovery (NERV, KWh.m− 3), respectively. Under the 
100% and 75% conditions, the c-MFC exhibited a 35% and 178% higher 
volumetric energy recovery. These results demonstrate that overall, the 
c-MFC have a higher energy conversion efficiency than the s-MFC. 
Moreover, these results suggest that the presence of a membrane opti-
mises the enrichment of electroactive heterotrophs, whereas self- 
stratifying setup have a more diverse population of heterotrophs with 
some not being electroactive. However, results suggest that the absence 
of membrane, and subsequent potential diversity of heterotrophs, lead 
to higher performance in normal conditions whilst being more sensitive 
to perturbation. 

The Technology Readiness Level (TRL) and potential for commerci-
alisation of MFC are of particular interest since the major challenges in 
scaling-up the technology are related to the factors governing 
manufacturing processes. Most elements, materials and processes are 
expensive therefore the efforts of using alternative solutions such as use 
of ceramic membranes or a membrane-less solutions is being presented 
in this work as one way towards field applicable MFC systems. Because 
of an alternative approach, this work has the potential to support the 
technology higher TRL (7–9) and real-world implementation feasibility. 
Indeed, both design concepts (i.e. ceramic cylindrical membrane with 
internal cathode; and membrane less self-stratifying setups) have been 
successfully tested in pilot-scale trials illustrating a potential pragmatic 
route for implementation [15–17,41]. However, to fully validate these 
development routes, a life cycle assessment study should be performed 
along with an economical analysis of the production, the deployment, 
and the operation of large systems. 

Overall and in regard of hygiene in the maintenance of waterless 
urinal, results indicate that both designs can handle a dilution up to 75% 
urine without a significant performance decrease. 
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