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ABSTRACT 

A biophotovoltaic (BPV) system is a developing renewable energy technology 

that promises carbon-free electricity generation from solar energy by utilizing 

photosynthetic exoelectrogenic microorganisms. However, further development of 

this novel technology is restricted by its relatively low power output. The problem 

could be solved by directly acquiring the bioelectricity from floating microalgae 

instead of forming thin biofilms on the anode surface. One technical concern is that 

previous studies emphasized the composition of anode materials and biofilm formation 

in the BPV devices, whereas there are limited studies regarding the bioelectricity 

generation of BPV devices with well-mixed microalgae cultivation medium. 

Therefore, the objectives of this research are to determine the effects of various anode 

materials on the bioelectricity generation of BPV devices in natural and aeration 

modes; and to determine the effects of aeration on bioelectricity generation in BPV 

devices with free surface and multiphase flow cultures. The methodology starts with 

voltage output measurement under gradually rising external load to form a polarization 

curve for each BPV device, with various anode materials of graphite, aluminium, 

indium tin oxide (ITO)-coated glass, and ITO-coated plastic in natural conditions and 

aeration mode. The result shows that graphite anode has poor absorption of electrons 

released by Spirulina (Arthrospira) platensis and aluminium anode dissolved into the 

culture medium and became an extra electron source. ITO-based BPV devices have 

comparable good performance among other electron materials. However, the devices 

experience significant power overshoot phenomena and have a low peak power output 

under natural conditions. In aeration mode, the peak power output of ITO-coated glass-

based BPV devices increased to 0.659±0.009 mW/m2 as compared with 0.118±0.003 

mW/m2 in natural conditions. In turbidity test, aeration prevented the formation of 

biofilms and sedimentation and produced a multiphase flow solution. In conclusion, 

aeration significantly alleviated the power overshoot phenomenon and enhanced the 

peak power output of ITO-coated glass-based and plastic-based BPV devices by 

458.47% and 244.65%, respectively. The findings are expected to contribute to further 

understanding of the correlation of the selected parameters with regards to power 

generation of the BPV devices. 
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ABSTRAK 

Sistem biofotovoltaik (BPV) adalah teknologi tenaga boleh diperbaharui yang 

sedang berkembang yang menjanjikan penjanaan elektrik bebas karbon daripada 

tenaga suria dengan menggunakan mikroorganisma eksoelektrogenik fotosintetik. 

Walau bagaimanapun, perkembangan selanjutnya teknologi baru ini dibatasi oleh 

pengeluaran kuasanya yang agak rendah. Masalahnya dapat diselesaikan dengan 

secara langsung dengan memperolehi bioelektrik dari mikroalga terapung dan 

bukannya membentuk biofilem nipis di permukaan anod. Satu kebimbangan teknikal 

adalah bahawa kajian sebelumnya menekankan komposisi bahan anod dan 

pembentukan biofilem dalam peranti BPV, sedangkan hanya terdapat kajian terhad 

mengenai penjanaan bioelektrik peranti BPV dengan medium penanaman mikroalga 

yang bercampur dengan baik. Oleh itu, objektif penyelidikan ini adalah untuk 

menentukan kesan pelbagai bahan anod pada penjanaan bioelektrik peranti BPV dalam 

mod semula jadi dan pengudaraan; dan untuk menentukan kesan pengudaraan terhadap 

penjanaan bioelektrik dalam peranti BPV dengan budaya aliran permukaan bebas dan 

pelbagai fasa. Metodologi bermula dengan pengukuran pengeluaran voltan di bawah 

beban luaran yang meningkat secara beransur-ansur untuk membentuk lengkung 

polarisasi untuk setiap peranti BPV, dengan pelbagai bahan anod seperti grafit, 

aluminium, kaca bersalut indium timah oksida (ITO), dan plastik bersalut ITO dalam 

keadaan semula jadi dan mod pengudaraan. Hasilnya menunjukkan bahawa anod 

seperti grafit mempunyai penyerapan elektron yang lemah yang dikeluarkan oleh 

Spirulina (Arthrospira) platensi dan anod aluminium yang terlarut ke dalam medium 

kultur dan menjadi sumber elektron tambahan. Peranti BPV berasaskan ITO 

mempunyai prestasi yang baik yang setanding dengan bahan elektron lain. Walau 

bagaimanapun, peranti mengalami fenomena lajakan kuasa yang ketara dan 

mempunyai output kuasa puncak yang rendah di bawah keadaan semula jadi. Dalam 

mod pengudaraan, pengeluaran kuasa puncak peranti BPV berasaskan kaca bersalut 

ITO meningkat kepada 0.659±0.009 mW/m2 berbanding 0.118±0.003 mW/m2 dalam 

keadaan semula jadi. Dalam ujian kekeruhan, pengudaraan menghalang pembentukan 

biofilem dan pemendapan serta menghasilkan penyelesaian aliran multifasa. 

Kesimpulannya, pengudaraan mengurangkan fenomena lajakan kuasa dengan ketara 

dan meningkatkan pengeluaran kuasa puncak peranti BPV berasaskan kaca dan 

berasaskan plastik bersalut ITO, masing-masing sebanyak 458.47% dan 244.65%. 

Penemuan ini dijangka menyumbang kepada pemahaman lanjut tentang korelasi 

parameter yang dipilih berkenaan dengan penjanaan kuasa peranti BPV. 
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background 

Elevating population growth and rapid urbanization have led to a rising 

demand for new energy resources. Global Energy and CO2 Status Report 2018 

reported that annual global energy consumption had increased by 2.3% because of 

continued economic growth of 3.7% in 2018 (IEA Publication., 2019). International 

Energy Outlook 2019 estimated there will be more than 50% increase in global energy 

consumption from 2018 to 2050 due to the continuous development of non-OECD 

(Organization for Economic Co-operation and Development) countries (U.S. Energy 

Information Administration., 2019). According to BP Statistical Review of World 

Energy 2021, the current reserves-to-production ratios of natural gas and crude oil 

reserves in 2020 would account for another 48.8 years and 50 years of current 

production, respectively (BP p.l.c.., 2021). Considering this prospect, it is necessary 

to discover new energy sources in order to support continuous human development 

and inhibit a foreseeable global energy crisis. 

Malaysia possesses enormous tropical sunshine, a long coastline, an enormous 

diversity of algae, and sufficient infrastructure (Phang, 2018), all of which are suitable 

for the development of algal industry. Cyanobacteria, a type of algae, have gained 

much attention in recent years because of their economic value in agriculture, 

nutraceuticals, effluent treatment, biofuel production, and various secondary 

metabolite productions (Lau et al., 2015). The abundance of this natural resource is an 

opportunity to have a place in the global algae market. Malaysia is targeting to develop 

international-level seaweed industry, with 150 000 metric tons of annual production 

of high-quality seaweed industry, which is expected to bring in RM 1.45 billion of 

economic income by the year 2020 (Olanrewaju et al., 2016). The rapid development 

of the algae industry in Malaysia is proven by the opening of the world's largest 
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microalgae cultivation facility on August 27th, 2019, in Kuching, Sarawak, as shown 

in Figure 1.1. The facility is jointly organized by Chitose Group, Sarawak Biodiversity 

Centre, and Mitsubishi Corporation. 

 

Figure 1.1 World largest algal culturing facility 

A bioelectrochemical system (BES) is a developing bioelectric-generated 

technology that ensures sustainable energy supplements. BESs generate electricity 

either by acquiring power supply from wastewater, through the chemical reactions 

between exoelectrogenic microbes and solid electrodes, or by utilizing the electrons 

released by photosynthetic exoelectrogenic microorganisms, including microalgae and 

cyanobacteria. There are several types of BES, including but not limited to Microbial 

Fuel Cell (MFC), Biophotovoltaic (BPV), Microbial Electrolysis Cell (MEC), 

Microbial Electrosynthesis (MES), and Enzymatic Fuel Cell (EFC) (Bajracharya et al., 

2016). 

Biophotovoltaic (BPV) is an emerging renewable energy technology that 

utilizes natural photosynthesis of exoelectrogenic microorganisms for bioelectricity 

generation. During photosynthesis, exoelectrogens release electrons extracellularly to 

insoluble electron acceptors, such as electrode of the power plant (Patil et al., 2012). 

BPV device is one type of bioelectrochemical system other than microbial fuel cells 

(MFCs). MFCs utilize dark fermentation of anodic respiring bacteria to degrade the 

organic substances, in the presence of an external mediator (Chandra et al., 2017). 

Comparatively, BPV device simplifies the system by eliminating the need for 



 

3 

application of external microbes in the power generation process (Tschortner & 

Kromer, 2019), and still functions well due to the photolysis of water by 

photosynthetic exoelectrogenic microorganisms in the anode (Chandra et al., 2017). 

BPV device functions continuously under sustainable supplement of sunlight and 

water, which are the most popular natural resources, and offer negative carbon 

footprint (Thong et al., 2019). It makes BPV device a potentially new electrical energy 

source besides fossil fuels. Figure 1.2 illustrates the working mechanism of the BPV 

device (Soni et al., 2016). 

 

Figure 1.2 BPV system (Soni et al., 2016) 

Biofilm-BPV devices can provide considerable power output, but it needs a 

large surface area to grow thin electrically productive biofilms. In other words, it needs 

abundant land resources to support megawatt-scale power supplements of such a 

system. Therefore, it is not a good choice for large-scale application of BPV. 

Suspension-BPV devices obtain bioelectrical energy from well-mixed and multiphase 

flow microalgae culture directly, and it could be installed as a value-added product in 

algal cultivation facilities. It is a potential solution to minimize the requirement of BPV 

devices on land resources. The applicability of BPV devices can be further improved 

by installing the system on the ocean surface. Costello et al. (2010) declared that the 

ocean covered 70.55% of the Earth’s surface, which had a total area of 360.663 x 106 

km2. A floating BPV devices occupy spacious offshore area and utilizes microalgae 

culture as the power source, to minimize the acquisition of precious land resources.  
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1.2 Problem Statement 

A biophotovoltaic (BPV) system is an emerging photo-bio-electrochemical 

technology that promises bioelectricity generation through the photosynthesis of 

exoelectrogenic microorganisms. By referring to previous studies, most BPV devices 

produce a limited bioelectrical energy in a range of 10-3 W/m2 (Ng et al., 2014; Li et 

al., 2015; Liu et al., 2017; Ng et al., 2017; Bateson et al., 2018; Ng et al., 2018; 

Senthilkumar et al., 2018; Karthikeyan et al., 2020). The electrical power production 

of BPV devices, on the other hand, is relatively low, and this has become a significant 

challenge for this new technology. Sufficient supply would require large-scale BPV 

farms for megawatt applications, which may not be economically viable. A possible 

solution is to acquire bioelectricity from well-mixed microalgae culture, as it benefits 

the system in terms of volume. Moreover, it enables combination with an algae pool 

or floating photobioreactor. One technical concern is that previous studies focused on 

the absorption of electrons from cultivated biofilm, whereas bioelectricity generation 

by aerated microalgae culture under different anode materials still has research value. 

Hence, cell performance by well-mixed anodic microalgae culture under different 

anode materials is a crucial decision-making factor of suspension-BPV devices. In this 

study, the devices were aerated to create a well-mixed and multiphase flow microalgae 

culture. Therefore, the experiment was conducted to investigate the bioelectrical power 

generation of BPV devices in natural and aeration conditions from using four different 

anode materials, namely graphite, aluminium, indium tin oxide (ITO)-coated glass, 

and ITO-coated plastic.  
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1.3 Research Questions 

The questions of the research are : 

(a) What is the effect of key parameters on the bioelectricity generation of BPV 

devices? 

(b) What effect does aeration-induced fluid motion have on a BPV device from its 

static state? 

1.4 Research Objectives 

The objectives of the research are : 

(a) To determine the effects of various anode materials on the bioelectricity 

generation of BPV devices in natural and aeration modes. 

(b) To determine the effects of aeration on bioelectricity generation in BPV 

devices with free surface and multiphase flow cultures 

1.5 Scope of Study 

The scope of the study involves anode materials and aeration for the 

experiment to be completed. Four types of anode materials, including graphite, 

aluminium, ITO-coated glass, and ITO-coated plastic, will be applied in the 

experiment. The performance of different anode-based BPV devices under natural 

conditions and aeration mode will be determined. Environmental parameters, 

including temperature and light intensity, will be measured throughout the experiment. 

The duration of experiment will range from four days to fourteen days. The voltage 

output of BPV devices will be determined at different resistances. The current density 

and power density of the devices will be calculated and used to plot the polarization 
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curves. Researchers should know the effect of selected key parameters on the 

performance of BPV devices through the polarization curves. 

1.6 Significances of Study 

The research findings will be indispensable in assessing the effect of aeration 

on the bioelectricity generation of different anode-based BPV devices from their static 

state. This research studies aeration-induced multiphase flows in the cyanobacteria 

medium with free surface and its interaction effects with the bioelectricity generation 

of aerated-BPV devices. Most previous studies focus on the influence of biofilms or 

electrode materials on the bioelectricity generation of the BPV devices, and this is the 

first study providing a comparison between static and aerated BPV devices. It is 

hypothesized that indium tin oxide (ITO) films are suitable materials for electron 

transmission in both aerated and non-aerated BPV devices. Compared to natural 

conditions, aeration enhances the performance of BPV devices. 

 



 

131 

REFERENCES 

Álvarez-Fraga, L., Jiménez-Villacorta, F., Sánchez-Marcos, J., de Andrés, A., & 

Prieto, C. (2015). Indium-tin oxide thin films deposited at room temperature 

on glass and PET substrates: Optical and electrical properties variation with 

the H2–Ar sputtering gas mixture. Applied Surface Science, 344, 217–222. 

https://doi.org/10.1016/j.apsusc.2015.03.096 

An, J., Kim, T., & Chang, I. S. (2016). Concurrent Control of Power Overshoot and 

Voltage Reversal with Series Connection of Parallel-Connected Microbial Fuel 

Cells. Energy Technology, 4(6), 729–736. 

https://doi.org/10.1002/ente.201500466 

Angelaalincy, M. J., Navanietha Krishnaraj, R., Shakambari, G., Ashokkumar, B., 

Kathiresan, S., & Varalakshmi, P. (2018). Biofilm Engineering Approaches for 

Improving the Performance of Microbial Fuel Cells and Bioelectrochemical 

Systems. Frontiers in Energy Research, 6. 

https://doi.org/10.3389/fenrg.2018.00063 

Bajracharya, S., Sharma, M., Mohanakrishna, G., Dominguez Benneton, X., Strik, D. 

P., Sarma, P. M., & Pant, D. (2016). An overview on emerging 

bioelectrochemical systems (BESs): Technology for sustainable electricity, 

waste remediation, resource recovery, chemical production and beyond. 

Renewable Energy, 98, 153–170. https://doi.org/10.1016/j.renene.2016.03.002 

Balzani, V., Pacchioni, G., Prato, M., & Zecchina, A. (2019). Solar-driven chemistry: 

towards new catalytic solutions for a sustainable world. Rendiconti Lincei. 

Scienze Fisiche e Naturali, 30(3), 443–452. https://doi.org/10.1007/s12210-

019-00836-2 

 

Bateson, P., Fleet, J., Riseley, A., Janeva, E., Marcella, A., Farinea, C., Kuptsova, M., 

Conde Pueyo, N., Howe, C., Bombelli, P., & Parker, B. (2018). 

Electrochemical Characterisation of Bio-Bottle-Voltaic (BBV) Systems 

Operated with Algae and Built with Recycled Materials. Biology, 7(2), 26. 

https://doi.org/10.3390/biology7020026 



132 

Bombelli, P., Bradley, R. W., Scott, A. M., Philips, A. J., McCormick, A. J., Cruz, S. 

M., Anderson, A., Yunus, K., Bendall, D. S., Cameron, P. J., Davies, J. M., 

Smith, A. G., Howe, C. J., & Fisher, A. C. (2011). Quantitative analysis of the 

factors limiting solar power transduction by Synechocystis sp. PCC 6803 in 

biological photovoltaic devices. Energy & Environmental Science, 4(11), 

4690. https://doi.org/10.1039/c1ee02531g 

Bombelli, P., Zarrouati, M., Thorne, R. J., Schneider, K., Rowden, S. J. L., Ali, A., 

Yunus, K., Cameron, P. J., Fisher, A. C., Ian Wilson, D., Howe, C. J., & 

McCormick, A. J. (2012). Surface morphology and surface energy of anode 

materials influence power outputs in a multi-channel mediatorless bio-

photovoltaic (BPV) system. Physical Chemistry Chemical Physics, 14(35), 

12221. https://doi.org/10.1039/c2cp42526b 

BP p.l.c.. (2021). BP Statistical Review of World Energy 2021. 

https://www.bp.com/en/global/corporate/energy-economics/statistical-

review-of-world-energy.html 

Cereda, A., Hitchcock, A., Symes, M. D., Cronin, L., Bibby, T. S., & Jones, A. K. 

(2014). A Bioelectrochemical Approach to Characterize Extracellular Electron 

Transfer by Synechocystis sp. PCC6803. PLoS ONE, 9(3), e91484. 

https://doi.org/10.1371/journal.pone.0091484 

Chandra, R., Venkata Mohan, S., Roberto, P. S., Ritmann, B. E., & Cornejo, R. A. S. 

(2017). Biophotovoltaics: Conversion of Light Energy to Bioelectricity 

Through Photosynthetic Microbial Fuel Cell Technology. Microbial Fuel Cell, 

373–387. https://doi.org/10.1007/978-3-319-66793-5_19 

Chauhan, R. N., Singh, C., Anand, R. S., & Kumar, J. (2012). Effect of Sheet 

Resistance and Morphology of ITO Thin Films on Polymer Solar Cell 

Characteristics. International Journal of Photoenergy, 2012, 1–6. 

https://doi.org/10.1155/2012/879261 

Costello, M. J., Cheung, A., & de Hauwere, N. (2010). Surface Area and the Seabed 

Area, Volume, Depth, Slope, and Topographic Variation for the World’s Seas, 

Oceans, and Countries. Environmental Science & Technology, 44(23), 8821–

8828. https://doi.org/10.1021/es1012752 

Darus, L., Sadakane, T., Ledezma, P., Tsujimura, S., Osadebe, I., Leech, D., Gorton, 

L., & Freguia, S. (2016). Redox-Polymers Enable Uninterrupted Day/Night 

Photo-Driven Electricity Generation in Biophotovoltaic Devices. Journal of 



 

133 

The Electrochemical Society, 164(3), H3037–H3040. 

https://doi.org/10.1149/2.0091703jes 

De Caprariis, B., De Filippis, P., Di Battista, A., Di Palma, L., & Scarsella, M. (2014). 

Exoelectrogenic activity of a green microalgae, chlorella vulgaris, in a bio-

photovoltaic cells (BPVs). Chemical Engineering Transactions, 38, 523-528. 

https://doi.org/10.3303/cet1438088 

Department of Environment Malaysia. (2006). Malaysia Environmental Quality 

Report 2006 (ISSN 0127-6433). Sasyaz Holdings Sdn. Bhd. 

Dineshkumar, R., Narendran, R., & Sampathkumar, P. (2016). Cultivation of Spirulina 

platensis in different selective media. Indian Journal of Geo Marine Sciences, 

45(12), 1749-1754. https://www.semanticscholar.org/paper/Cultivation-of-

Spirulina-platensis-in-different-Dineshkumar-

Narendran/892bf7ef5388b35c3ee6cb97ae470688b0b51f82 

Dorothy, K. N., Kewei, C., Alfred, M. M., Grace, W. K., Meilin, H., & Changhai, W. 

(2015). Growth performance and biochemical analysis of the genus Spirulina 

under different physical and chemical environmental factors. African Journal 

of Agricultural Research, 10(36), 3614–3624. 

https://doi.org/10.5897/ajar2015.10210 

El-Sheekh, M., El-Dalatony, M. M., Thakur, N., Zheng, Y., & Salama, E. S. (2021). 

Role of microalgae and cyanobacteria in wastewater treatment: genetic 

engineering and omics approaches. International Journal of Environmental 

Science and Technology, 19(3), 2173–2194. https://doi.org/10.1007/s13762-

021-03270-w 

IEA Publication. (2019). Global Energy and CO2 Status Report 2018. 

https://www.iea.org/reports/global-energy-co2-status-report-2019 

Fu, J., Huang, Y., Liao, Q., Xia, A., Fu, Q., & Zhu, X. (2019). Photo-bioreactor design 

for microalgae: A review from the aspect of CO2 transfer and conversion. 

Bioresource Technology, 292, 121947. 

https://doi.org/10.1016/j.biortech.2019.121947 

Gnana Kumar, G., Awan, Z., Suk Nahm, K., & Stanley Xavier, J. (2014). Nanotubular 

MnO2/graphene oxide composites for the application of open air-breathing 

cathode microbial fuel cells. Biosensors and Bioelectronics, 53, 528–534. 

https://doi.org/10.1016/j.bios.2013.10.012 



134 

Gostine, A., Gostine, D., Donohue, C., & Carlstrom, L. (2016). Evaluating the 

effectiveness of ultraviolet-C lamps for reducing keyboard contamination in 

the intensive care unit: A longitudinal analysis. American Journal of Infection 

Control, 44(10), 1089–1094. https://doi.org/10.1016/j.ajic.2016.06.012 

Habib, M. A. B., Parvin, M., Huntington, T. C., Hasan, M. R. (2008). A review on 

culture, production and use of spirulina as food for humans and feeds for 

domestic animals and fish. Food and Agriculture Organization of the United 

Nations. https://www.semanticscholar.org/paper/review-on-culture%2C-

production-and-use-of-Spirulina-

Habib/7ee63a3a709929a4b7d8023988dddd0fc74166cf 

Hasan, K. (2016). Microbial Electrochemical System: Extracellular Electron Transfer 

from Photosynthesis and Respiration to Electrode [Doctoral dissertation, Lund 

University]. Department of Chemistry, Lund University. 

Henriques, M., Silve, A., & Rocha, J. (2007). Extraction and quantification of 

pigments from a marine microalga: a simple and reproducible method. 

Communicating Current Research and Educational Topics and Trends in 

Applied Microbiology, 1, 586-593. 

https://www.semanticscholar.org/paper/Extraction-and-quantification-of-

pigments-from-a-a-Henriques-

Silva/8df0bc0596e3ef04447550a03238731f08ce6de0 

Hiegemann, H. D. (2019). Optimization and Scale Up of Microbial Fuel Cell 

Technology Towards Municipal Wastewater Treatment Plant Integration. 

[Doctoral dissertation, Ruhr-Universität Bochum]. Ruhr-Universität Bochum, 

Universitätsbibliothek. https://doi.org/10.13154/294-6570 

Hong, S.-H, Gorce, J.-B, Punzmann, H., Francois, N., Shats, M, & Hua, X. (2019). 

Wave-controlled bacterial attachment and formation of biofilms. arXiv: 

Applied Physics. https://www.semanticscholar.org/paper/Wave-controlled-

bacterial-attachment-and-formation-Hong-

Gorce/91bdc107e7ab6a6b8da40e33a86d4bd215dc6234 

Huang, I. W. (2016). Uniform Corrosion and General Dissolution of Aluminum Alloys 

2024-T3, 6061-T6, and 7075-T6 [Doctoral dissertation, Ohio State University]. 

Amsterdam University Press. 

https://etd.ohiolink.edu/apexprod/rws_etd/send_file/send?accession=osu1469

105977&disposition=inline 



 

135 

Huang, Q., Jiang, F., Wang, L., & Yang, C. (2017). Design of Photobioreactors for 

Mass Cultivation of Photosynthetic Organisms. Engineering, 3(3), 318–329. 

https://doi.org/10.1016/j.eng.2017.03.020 

Jeuken, L. J. (Ed.). (2016). Biophotoelectrochemistry: From Bioelectrochemistry to 

Biophotovoltaics. Advances in Biochemical Engineering/Biotechnology. 

https://doi.org/10.1007/978-3-319-50667-8 

Kanai, Y., & Suzukawa, K. (2017). Oscillations induced by bubble flow in a horizontal 

cylindrical vessel. Chemical Engineering Science, 170, 393–399. 

https://doi.org/10.1016/j.ces.2017.03.054 

Karthikeyan, C., Jenita Rani, G., Ng, F. L., Periasamy, V., Pappathi, M., Jothi Rajan, 

M., Al-Sehemi, A. G., Pannipara, M., Phang, S. M., Abdul Aziz, M., & Gnana 

Kumar, G. (2020). 3D Flower–Like FeWO4/CeO2 Hierarchical Architectures 

on rGO for Durable and High-Performance Microalgae Biophotovoltaic Fuel 

Cells. Applied Biochemistry and Biotechnology, 192(3), 751–769. 

https://doi.org/10.1007/s12010-020-03352-4 

Khor, W. H., Kang, H. S., Quen, L. K., Jiang, X., Ng, C. Y., Tan, L. K., & Tang, C. 

H. H. (2020). Hydrodynamic sloshing of microalgae in membrane type 

photobioreactor. IOP Conference Series: Earth and Environmental Science, 

463(1), 012162. https://doi.org/10.1088/1755-1315/463/1/012162 

Kim, B., An, J., & Chang, I. S. (2017). Elimination of Power Overshoot at Bioanode 

through Assistance Current in Microbial Fuel Cells. ChemSusChem, 10(3), 

612–617. https://doi.org/10.1002/cssc.201601412 

Kim, M. J., Bai, S. J., Youn, J. R., & Song, Y. S. (2019). Anomalous power 

enhancement of biophotovoltaic cell. Journal of Power Sources, 412, 301–310. 

https://doi.org/10.1016/j.jpowsour.2018.11.056 

Kirubaharan, C. J., Kumar, G. G., Sha, C., Zhou, D., Yang, H., Nahm, K. S., Raj, B. 

S., Zhang, Y., & Yong, Y. C. (2019b). Facile fabrication of Au@polyaniline 

core-shell nanocomposite as efficient anodic catalyst for microbial fuel cells. 

Electrochimica Acta, 328, 135136. 

https://doi.org/10.1016/j.electacta.2019.135136 

Kolukula, S. S., & Chellapandi, P. (2013). Dynamic Stability of Plane Free Surface of 

Liquid in Axisymmetric Tanks. Advances in Acoustics and Vibration, 2013, 1–

16. https://doi.org/10.1155/2013/298458 



136 

Kostarelos, K., & Novoselov, K. S. (2014). Exploring the Interface of Graphene and 

Biology. Science, 344(6181), 261–263. 

https://doi.org/10.1126/science.1246736 

Kumar, K., Mishra, S. K., Shrivastav, A., Park, M. S., & Yang, J. W. (2015b). Recent 

trends in the mass cultivation of algae in raceway ponds. Renewable and 

Sustainable Energy Reviews, 51, 875–885. 

https://doi.org/10.1016/j.rser.2015.06.033 

Lau, N. S., Matsui, M., & Abdullah, A. A. A. (2015). Cyanobacteria: Photoautotrophic 

Microbial Factories for the Sustainable Synthesis of Industrial Products. 

BioMed Research International, 2015, 1–9. 

https://doi.org/10.1155/2015/754934 

Lea-Smith, D. J., Bombelli, P., Vasudevan, R., & Howe, C. J. (2016). Photosynthetic, 

respiratory and extracellular electron transport pathways in cyanobacteria. 

Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1857(3), 247–255. 

https://doi.org/10.1016/j.bbabio.2015.10.007 

Li, X., Liu, T., Wang, K., & Waite, T. D. (2015). Light-Induced Extracellular Electron 

Transport by the Marine Raphidophyte Chattonella marina. Environmental 

Science & Technology, 49(3), 1392–1399. https://doi.org/10.1021/es503511m 

Liu, L., & Choi, S. (2017). Self-sustainable, high-power-density bio-solar cells for lab-

on-a-chip applications. Lab on a Chip, 17(22), 3817–3825. 

https://doi.org/10.1039/c7lc00941k 

Liu, X. (2017). Numerical modelling and simulation of floating oil storage tanks 

considering the sloshing effect [Master’s thesis: Norwegian University of 

Technology and Science]. Norwegian University of Technology and Science. 

https://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/2615015 

Liu, Z., Zheng, Y., Jia, L., & Zhang, Q. (2005). Study of bubble induced flow structure 

using PIV. Chemical Engineering Science, 60(13), 3537–3552. 

https://doi.org/10.1016/j.ces.2004.03.049 

Logan, B. E., Rossi, R., Ragab, A., & Saikaly, P. E. (2019). Electroactive 

microorganisms in bioelectrochemical systems. Nature Reviews Microbiology, 

17(5), 307–319. https://doi.org/10.1038/s41579-019-0173-x 

Madiraju, K. S., Lyew, D., Kok, R., & Raghavan, V. (2012). Carbon neutral electricity 

production by Synechocystis sp. PCC6803 in a microbial fuel cell. Bioresource 

Technology, 110, 214–218. https://doi.org/10.1016/j.biortech.2012.01.065 



 

137 

Mahadevan, A., Gunawardena, D. A., & Fernando, S. (2014). Biochemical and 

Electrochemical Perspectives of the Anode of a Microbial Fuel Cell. 

Technology and Application of Microbial Fuel Cells. 

https://doi.org/10.5772/58755 

McCormick, A. J., Bombelli, P., Bradley, R. W., Thorne, R., Wenzel, T., & Howe, C. 

J. (2015). Biophotovoltaics: oxygenic photosynthetic organisms in the world 

of bioelectrochemical systems. Energy & Environmental Science, 8(4), 1092–

1109. https://doi.org/10.1039/c4ee03875d 

McCormick, A. J., Bombelli, P., Scott, A. M., Philips, A. J., Smith, A. G., Fisher, A. 

C., & Howe, C. J. (2011). Photosynthetic biofilms in pure culture harness solar 

energy in a mediatorless bio-photovoltaic cell (BPV) system. Energy & 

Environmental Science, 4(11), 4699. https://doi.org/10.1039/c1ee01965a 

Meng, H., Zhang, W., Zhu, H., Yang, F., Zhang, Y., Zhou, J., & Li, Y. (2021). Over-

expression of an electron transport protein OmcS provides sufficient NADH 

for d-lactate production in cyanobacterium. Biotechnology for Biofuels, 14(1). 

https://doi.org/10.1186/s13068-021-01956-4 

Ng, F. L., Jaafar, M. M., Phang, S. M., Chan, Z., Salleh, N. A., Azmi, S. Z., Yunus, 

K., Fisher, A. C., & Periasamy, V. (2014). Reduced Graphene Oxide Anodes 

for Potential Application in Algae Biophotovoltaic Platforms. Scientific 

Reports, 4(1). https://doi.org/10.1038/srep07562 

Ng, F. L., Phang, S. M., Iwamoto, M., Manaka, T., Thong, C. H., Shimosawa, K., 

Periasamy, V., Kumar, G. G., Yunus, K., & Fisher, A. C. (2020). Algal 

Biophotovoltaic Devices: Surface Potential Studies. ACS Sustainable 

Chemistry & Engineering, 8(28), 10511–10520. 

https://doi.org/10.1021/acssuschemeng.0c02831 

Ng, F. L., Phang, S. M., Periasamy, V., Beardall, J., Yunus, K., & Fisher, A. C. (2018). 

Algal biophotovoltaic (BPV) device for generation of bioelectricity using 

Synechococcus elongatus (Cyanophyta). Journal of Applied Phycology, 30(6), 

2981–2988. https://doi.org/10.1007/s10811-018-1515-1 

Ng, F. L., Phang, S. M., Periasamy, V., Yunus, K., & Fisher, A. C. (2014). Evaluation 

of Algal Biofilms on Indium Tin Oxide (ITO) for Use in Biophotovoltaic 

Platforms Based on Photosynthetic Performance. PLoS ONE, 9(5), e97643. 

https://doi.org/10.1371/journal.pone.0097643 



138 

Ng, F. L., Phang, S. M., Periasamy, V., Yunus, K., & Fisher, A. C. (2017). 

Enhancement of Power Output by using Alginate Immobilized Algae in 

Biophotovoltaic Devices. Scientific Reports, 7(1). 

https://doi.org/10.1038/s41598-017-16530-y 

Ng, F. L., Phang, S. M., Thong, C. H., Periasamy, V., Pindah, J., Yunus, K., & Fisher, 

A. C. (2021). Integration of bioelectricity generation from algal 

biophotovoltaic (BPV) devices with remediation of palm oil mill effluent 

(POME) as substrate for algal growth. Environmental Technology & 

Innovation, 21, 101280. https://doi.org/10.1016/j.eti.2020.101280 

Nwoba, E. G., Parlevliet, D. A., Laird, D. W., Alameh, K., & Moheimani, N. R. (2019). 

Light management technologies for increasing algal photobioreactor 

efficiency. Algal Research, 39, 101433. 

https://doi.org/10.1016/j.algal.2019.101433 

Oguz Koroglu, E., Civelek Yoruklu, H., Demir, A., & Ozkaya, B. (2019). Scale-Up 

and Commercialization Issues of the MFCs. Microbial Electrochemical 

Technology, 565–583. https://doi.org/10.1016/b978-0-444-64052-9.00023-6 

Olanrewaju, S., Magee, A., Kader, A., & Tee, K. (2016). Simulation of offshore 

aquaculture system for macro algae (seaweed) oceanic farming. Ships and 

Offshore Structures, 12(4), 553–562. 

https://doi.org/10.1080/17445302.2016.1186861 

Papacek, S., Jablonsky, J., & Petera, K. (2018). Advanced integration of fluid 

dynamics and photosynthetic reaction kinetics for microalgae culture systems. 

BMC Systems Biology, 12(S5). https://doi.org/10.1186/s12918-018-0611-9 

Patil, S. A., Hägerhäll, C., & Gorton, L. (2012). Electron transfer mechanisms between 

microorganisms and electrodes in bioelectrochemical systems. Bioanalytical 

Reviews, 4(2–4), 159–192. https://doi.org/10.1007/s12566-012-0033-x 

Phang, S. M. (2018). Development of phycology in Malaysia. Journal of Applied 

Phycology, 30(6), 2967–2979. https://doi.org/10.1007/s10811-018-1463-9 

Pisciotta, J. M., Zou, Y., & Baskakov, I. V. (2011). Role of the photosynthetic electron 

transfer chain in electrogenic activity of cyanobacteria. Applied Microbiology 

and Biotechnology, 91(2), 377–385. https://doi.org/10.1007/s00253-011-

3239-x 



 

139 

Plumeré, N., & Nowaczyk, M. M. (2016). Biophotoelectrochemistry of Photosynthetic 

Proteins. Biophotoelectrochemistry: From Bioelectrochemistry to 

Biophotovoltaics, 111–136. https://doi.org/10.1007/10_2016_7 

Ritchie, R. J. (2008). Universal chlorophyll equations for estimating chlorophylls a, b, 

c, and d and total chlorophylls in natural assemblages of photosynthetic 

organisms using acetone, methanol, or ethanol solvents. Photosynthetica, 

46(1), 115–126. https://doi.org/10.1007/s11099-008-0019-7 

Ronda, S. R., Bokka, C. S., Ketineni, C., Rijal, B., & Allu, P. R. (2012). Aeration effect 

on Spirulina platensis growth and γ-linolenic acid production. Brazilian 

Journal of Microbiology, 43(1), 12–20. https://doi.org/10.1590/s1517-

83822012000100002 

Rosenbaum, M., He, Z., & Angenent, L. T. (2010). Light energy to bioelectricity: 

photosynthetic microbial fuel cells. Current Opinion in Biotechnology, 21(3), 

259–264. https://doi.org/10.1016/j.copbio.2010.03.010 

Saar, K. L., Bombelli, P., Lea-Smith, D. J., Call, T., Aro, E. M., Müller, T., Howe, C. 

J., & Knowles, T. P. J. (2018). Enhancing power density of biophotovoltaics 

by decoupling storage and power delivery. Nature Energy, 3(1), 75–81. 

https://doi.org/10.1038/s41560-017-0073-0 

Sarma, M. K., Kaushik, S., & Goswami, P. (2016). Cyanobacteria: A metabolic power 

house for harvesting solar energy to produce bio-electricity and biofuels. 

Biomass and Bioenergy, 90, 187–201. 

https://doi.org/10.1016/j.biombioe.2016.03.043 

Schneider, K., Thorne, R. J., & Cameron, P. J. (2016). An investigation of anode and 

cathode materials in photomicrobial fuel cells. Philosophical Transactions of 

the Royal Society A: Mathematical, Physical and Engineering Sciences, 

374(2061), 20150080. https://doi.org/10.1098/rsta.2015.0080 

Senthilkumar, N., Sheet, S., Sathishkumar, Y., Lee, Y. S., Phang, S. M., Periasamy, 

V., & Gnana Kumar, G. (2018b). Titania/reduced graphene oxide composite 

nanofibers for the direct extraction of photosynthetic electrons from 

microalgae for biophotovoltaic cell applications. Applied Physics A, 124(11). 

https://doi.org/10.1007/s00339-018-2159-3 

Solanki, C. S. (2013). Solar Photovoltaic Technology and Systems: A Manual for 

Technicians, Trains and Engineers. PHL Learning Limited. 

https://en.my1lib.org/book/16901456/284a14 



140 

Soni, R. A., Sudhakar, K., & Rana, R. (2016). Biophotovoltaics and Biohydrogen 

through artificial photosynthesis: an overview. International Journal of 

Environment and Sustainable Development, 15(3), 313. 

https://doi.org/10.1504/ijesd.2016.077391 

Spiegel, C. (2007). Designing and Building Fuel Cells (1st ed.). McGraw Hill. 

Tarko, T., Duda-Chodak, A., & Kobus, M. (2012). Influence of growth medium 

composition on synthesis of bioactive compounds and antioxidant properties 

of selected strains of Arthrospira cyanobacteria. Czech Journal of Food 

Sciences, 30(No. 3), 258–267. https://doi.org/10.17221/46/2011-cjfs 

Thong, C. H., Phang, S., Ng, F., Periasamy, V., Ling, T., Yunus, K., & Fisher, A. C. 

(2019). Effect of different irradiance levels on bioelectricity generation from 

algal biophotovoltaic (BPV) devices. Energy Science & Engineering, 7(5), 

2086–2097. https://doi.org/10.1002/ese3.414 

Thong, C. H., Priyanga, N., Ng, F. L., Pappathi, M., Periasamy, V., Phang, S. M., & 

Gnana Kumar, G. (2021). Metal organic frameworks (MOFs) as potential 

anode materials for improving power generation from algal biophotovoltaic 

(BPV) platforms. Catalysis Today. 

https://doi.org/10.1016/j.cattod.2021.07.020 

Tschörtner, J., Lai, B., & Krömer, J. O. (2019). Biophotovoltaics: Green Power 

Generation From Sunlight and Water. Frontiers in Microbiology, 10. 

https://doi.org/10.3389/fmicb.2019.00866 

U.S. Energy Information Administration. (2019). International Energy Outlook 2019. 

https://www.eia.gov/outlooks/ieo/pdf/ieo2019.pdf 

Venkateswari, R., & Sreejith, S. (2019). Factors influencing the efficiency of 

photovoltaic system. Renewable and Sustainable Energy Reviews, 101, 376–

394. https://doi.org/10.1016/j.rser.2018.11.012 

Wang, L., Tian, L., Deng, X., Zhang, M., Sun, S., Zhang, W., & Zhao, L. (2014). 

Photosensitizers from Spirulina for Solar Cell. Journal of Chemistry, 2014, 1–

5. https://doi.org/10.1155/2014/430806 

Wei, W. & Deng, J. (2022). Free surface aeration and development dependence in 

chute flows. Scientific Reports, 12(1). https://doi.org/10.1038/s41598-022-

05588-y 

Wey, L. T., Bombelli, P., Chen, X., Lawrence, J. M., Rabideau, C. M., Rowden, S. J. 

L., Zhang, J. Z., & Howe, C. J. (2019). The Development of Biophotovoltaic 



 

141 

Systems for Power Generation and Biological Analysis. ChemElectroChem, 

6(21), 5375–5386. https://doi.org/10.1002/celc.201900997 

Yang, J. H., Wu, U. I., Tai, H. M., & Sheng, W. H. (2019). Effectiveness of an 

ultraviolet-C disinfection system for reduction of healthcare-associated 

pathogens. Journal of Microbiology, Immunology and Infection, 52(3), 487–

493. https://doi.org/10.1016/j.jmii.2017.08.017 

Yang, Z., del Ninno, M., Wen, Z., & Hu, H. (2014). An experimental investigation on 

the multiphase flows and turbulent mixing in a flat-panel photobioreactor for 

algae cultivation. Journal of Applied Phycology, 26(5), 2097–2107. 

https://doi.org/10.1007/s10811-014-0239-0 

Young, I. R. (2017). Regular, Irregular Waves and the Wave Spectrum. Encyclopedia 

of Maritime and Offshore Engineering, 1–10. 

https://doi.org/10.1002/9781118476406.emoe078 

Yu, Z., Perera, I. R., Daeneke, T., Makuta, S., Tachibana, Y., Jasieniak, J. J., Mishra, 

A., Bäuerle, P., Spiccia, L., & Bach, U. (2016). Indium tin oxide as a 

semiconductor material in efficient p-type dye-sensitized solar cells. NPG Asia 

Materials, 8(9), e305. https://doi.org/10.1038/am.2016.89 

Zhang, J. Z., Bombelli, P., Sokol, K. P., Fantuzzi, A., Rutherford, A. W., Howe, C. J., 

& Reisner, E. (2017). Photoelectrochemistry of Photosystem II in Vitro vs in 

Vivo. Journal of the American Chemical Society, 140(1), 6–9. 

https://doi.org/10.1021/jacs.7b08563 

Zhao, L., Brouwer, J., Naviaux, J., & Hochbaum, A. (2014). Modeling of Polarization 

Losses of a Microbial Fuel Cell. ASME 2014 12th International Conference on 

Fuel Cell Science, Engineering and Technology. 

https://doi.org/10.1115/fuelcell2014-6388 

Zhu, C., Chi, Z., Bi, C., Zhao, Y., & Cai, H. (2019). Hydrodynamic performance of 

floating photobioreactors driven by wave energy. Biotechnology for Biofuels, 

12(1). https://doi.org/10.1186/s13068-019-1396-9 

Zhao, L., Lv, M., Tang, Z., Tang, T., Shan, Y., Pan, Z., & Sun, Y. (2018). Enhanced 

photo bio-reaction by multiscale bubbles. Chemical Engineering Journal, 354, 

304–313. https://doi.org/10.1016/j.cej.2018.06.019 

Zhu, C., Xi, Y., Zhai, X., Wang, J., Kong, F., & Chi, Z. (2021). Pilot outdoor 

cultivation of an extreme alkalihalophilic Trebouxiophyte in a floating 



142 

photobioreactor using bicarbonate as carbon source. Journal of Cleaner 

Production, 283, 124648. https://doi.org/10.1016/j.jclepro.2020.124648 

Zhu, C., Zhai, X., Xi, Y., Wang, J., Kong, F., Zhao, Y., & Chi, Z. (2019). Progress on 

the development of floating photobioreactor for microalgae cultivation and its 

application potential. World Journal of Microbiology and Biotechnology, 

35(12). https://doi.org/10.1007/s11274-019-2767-x 



 

193 

LIST OF PUBLICATIONS 

Indexed Conference Proceedings 

1. Chin, J. C., Chong, W. W. F., Lee, K. Q., Ng, C. Y., Lee, K. M., Tey, W. Y., 

& Kang, H. S. (2021). Interaction of Wave-Induced Motion and Bioelectricity 

Generation for Floating Microalgal Biophotovoltaic System. Lecture Notes in 

Civil Engineering, 266–273. https://doi.org/10.1007/978-981-33-6311-3_31 

(Indexed by Scopus) 

 

2. Chin, J. C., Khor, W. H., Chong, W. W. F., Wu, Y. T., & Kang, H. S. (2022a). 

Effects of anode materials in electricity generation of microalgal-

biophotovoltaic system - part I: Natural biofilm from floating microalgal 

aggregation. Materials Today: Proceedings. 

https://doi.org/10.1016/j.matpr.2022.03.138 (Indexed by Scopus) 

 

3. Chin, J. C., Khor, W. H., Ng, F. L., Chong, W. W. F., Wu, Y. T., & Kang, H. 

S. (2022b). Effects of anode materials in electricity generation of microalgal-

biophotovoltaic system – part II: Free-floating microalgae in aeration mode. 

Materials Today: Proceedings. https://doi.org/10.1016/j.matpr.2022.03.576 

(Indexed by Scopus) 




