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ABSTRACT 
 

With the burden of resource depletion and increasing pollution 
already causing climate change, the need for sustainable approaches to 
every aspect of life has increased the attractiveness of biological 
environmental monitoring (biosensing). Bioelectrochemical systems 
(BESs) such as microbial fuel cell (MFC) and microbial electrolysis cell 
(MEC) are now being explored for biosensing as they have the potential 
of achieving the desired sustainable operation. This thesis contributes to 
improving the use of BES-based sensors for environmental monitoring 
and also focuses on solving some of the current challenges that may 
prevent their practical and sustainable deployment.  

One of the primary needs for any sensor is to provide sufficient 
power for operation (including data transmission). Most of the available 
sources of power are non-renewable. The first study in this thesis 
addresses this challenge by the development of a MFC-based biobattery 
that is capable of providing long-term sustainable power. Broadly 
available biodegradable materials such as humus, cattle manure, peat 
moss, and sawdust were evaluated as carbon sources in an MFC. The 
initial comparison shows highest power production in the MFC operated 
using humus when compared to other solid anolytes. However, power 
production in the humus-based MFC was found to decline after two 
months of operation, while the sawdust MFC showed better consistency 
and a stable performance over the two months test period. Following this 
initial comparison, a combined humus - sawdust anolyte was developed to 
increase MFC lifespan. The optimized saMFC demonstrated stable power 
production for over nine months. Furthermore, power production in the 
MFC was maximized by using an intermittent connection to an electrical 
load (on/off operation) and optimizing the connection/disconnection times. 
The results from the first study demonstrated the feasibility of utilizing 
solid anolytes for developing inexpensive and long-lasting biobatteries 
operated on renewable carbon sources. 

Since the performance of the biobattery, like any other battery, 
will depend on its internal state as well as operating conditions, the need 
to be able to monitor the biobattery’s health in real time was addressed in 
the second study. To investigate biobattery internal changes with 
changing environmental conditions, it was operated at various 



temperatures, salinity levels, and carbon source concentrations. 
Furthermore, biobattery status monitoring was achieved by using a simple 
equivalent electrical circuit model for real-time estimation of internal 
resistance, capacitance and open circuit voltage. The tests demonstrated 
the resilience and fast performance recovery of the biobattery after 
exposure to various environmental disturbances, including complete 
freezing. Finally, biobattery lifespan was estimated using the 
degradability dynamics of the solid anolyte. Results of this study 
validated the hypothesis that a smart biobattery featuring a self-
diagnostics module and capable of long-term (e.g., several years) 
uninterrupted operation in remote locations to power environmental 
sensors can be successfully developed. 

Following the contributions towards resolving the challenge of 
sustainable power production, the third study in this thesis focused on 
selecting the best biosensor configuration by evaluating the biosensing 
performance of MFC-based and MEC-based sensors. Initial tests 
evaluated changes in MFC and MEC current after spikes of acetate, 
sulphates of NH4

+, Na+, Mg2+, Fe2+, and a fertilizer. Current measurements 
showed that the MFC sensor had a faster response time, higher sensitivity, 
and faster recovery time after a spike. Following the spike tests, the MFC 
and MEC were operated in a continuous flow mode at several influent 
concentrations of acetate, and sulphates of NH4

+, Na+, and Fe2+. The 
continuous flow tests confirmed better performance of the MFC sensor. 
Following this comparison, two MFC sensors were used for real-time (on-
line) COD measurements of brewery wastewater. Regression analysis 
showed strong correlation between the MFC power output and COD 
concentrations in the anode compartment with a coefficient of 
determination (R2) of 0.97. Overall, results of this study suggested that an 
MFC-based sensor can be successfully used as a simple and cost-efficient 
real-time monitoring tool.  

Subsequently, the fourth study of this thesis exploited the high 
sensitivity of an MFC biosensor to variations in concentrations of electron 
donors and acceptors to demonstrate possible practical usage for 
environmental monitoring. Fast biosensor response to changes in heavy 
metals concentration was observed in laboratory tests with acceptable 
repeatability and high coefficient of determination. To improve long-term 
stability during potential field application, a real-time optimization 



algorithm for biosensor operation was proposed and tested. This 
algorithm enabled continuous operation and was able to track changes in 
heavy metals concentration. The biosensor response was shown to be due 
to heavy metals toxicity and interference of electrigenic activity through 
an analysis of biosensor’s voltage profiles, capacitance dynamics and by 
comparison of biosensor’s results with rapid toxicity screening tests. Due 
to the heavy metals exposure, the anode microbial community structure 
had also changed with the establishment of new microbial populations on 
the anode. 

The final study in this thesis aimed at enhancing the autonomy of 
the MFC based biobattery and biosensor both in their design and 
operation. To aid the formulation of an anolyte that can improve 
biobattery power generation, organic matter release rate from high density 
organic matter such as agar, cellulose, polyhydroxybutane (PHB), humus-
sawdust mix were evaluated in a biomethane potential test (BMP). The 
results of the BMP test showed that although agar, cellulose and PHB 
offer the potential of the highest power production in a biobattery, the 
gellan and the humus-sawdust mix provide longer time of biobattery 
operation. Based on these results, an anolyte formulated with a mix of 
gellan-humus-sawdust mix was tested in a biobattery showing stable 
power production of approximately 2 mW. An improved biosensor design 
was also tested in the laboratory to detect changes in nitrate concentration 
and in the field for monitoring agricultural discharges from a subsurface 
drainage system.  

The findings presented in this thesis advance the development of 
a self-powered BES-based environmental monitoring system, comprising 
a solid anolyte MFC biobattery and an MFC or an MEC-based biosensor 
for real-time environmental monitoring. 
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