
 Faculty of Science and Engineering  

Department of Chemical Engineering  

Modelling and Optimization of Combined Wastewater Treatment and 

CO2 Bio-fixation in a Batch Algal Photobioreactor 

Ahmed Majeed Daife Al Ketife 

 

 

 

 

 

 

 

This thesis is presented for the degree of 

 

Doctor of Philosophy  

 

of  

Curtin University 

 

 

 

 

 

 

May 2017 



 

ii 

Declaration 

I declare that, this thesis contains no material previously published any other person expect 

where due acknowledgment has been made.  

This thesis contains no material which has been accepted for the award of any other degree or 

diploma in any university.  

 

 

------------------------------------ 

Signature  

Date:  03 / 05 / 2017 

 

 

 



 

iii 

Acknowledgements 

I express my sincere thanks to my major supervisor, Dr. Hussein Znad who supported from 

very beginning and for his advice, patience and substantial supports during my PhD. I am also, 

thankful for co-supervisor A/Prof. Hari Vuthaluru for his support. I would like to extend my 

great thankful to Prof Moses Tade for his entourage and support. I would like to express about 

my warms thanks and appreciations to Prof. Simon Judd for his continuous support during my 

PhD research work.     

I would like to offer my special thanks to all Chemical Engineering Department technical 

staffs, Ms Karen Haynes, Mr. Jason Wright, Mr. Xiao Hua, Mr. Araya Abera, Dr. Roshanak 

Doroushi, Dr. Guanliang Zho, Ms Ann Carroll, Ms Ania Werner for their help and technical 

support in the lab. My special thanks for Mr. Andrew Chan and Mrs Melina Miralles for their 

extreme effort for helping students in the lab either technically or emotionally.  

I would like to thank my friends and family for their continuous support and encouragement.  

Finally, special thanks to Qatar foundation / Qatar National Research Fund (QNRF) I 

gratefully acknowledge the National Priorities Research Programme (NPRP) for their partial 

support financially during my Ph.D. study in the frame of the project NPRP - 6 - 1436 - 2- 

581. 

 



 

iv 

Dedication 

 

 

 

 

 

 

To my God, Allah 

To my Mother  

To my Family 

 

 



 

v 

Abstract 

Algal photobioreactors (PBRs) have attracted considerable attention as a biological method 

for combined removal of nutrients (nitrogen N and phosphorus P) from wastewaters and CO2 

fixation from flue gases. PBRs offer a more sustainable cost effective alternative method to 

the established biological nutrient removal (BNR) process that demands more energy.  

However, optimization of PBR cultivation conditions, to enhance the CO2 fixation, biomass 

production and nutrient removal, is critical for economic viability since the latter is dependent 

on generating a usable biofuel product at the lowest possible cost. There is thus a practical 

significance and potential economic benefit of combined nutrient abatement and CO2. 

The current aims to quantify the impact of the key process variables of CO2 concentration 

(Ccg), light intensity (I) and temperature (T), along with feed water (total) nitrogen ((T)N), 

(total) phosphorus ((T)P) and total carbon (TC) on the key performance parameters of biomass 

concentration (X), specific growth rate (µ), CO2 fixation rate (RC), nutrient removal efficiency 

(RE) and lipid productivity (Plipids). Different wastewater qualities (namely primary (PWW), 

secondary (SWW) and petroleum effluents (PE)) mixed with different volumetric ratios of 

standard medium (MLA) were used to cultivate the microalgae Chlorella vulgaris (C. 

vulgaris) for nutrient RE and biomass production. Box Behnken design (BBD) was used to 

identify the optimum cultivation condition, based on nutrient RE from wastewater with RC in 

a single practical experimental study. A mathematical model was developed for predicting the 

rate of algal biomass accumulation, nutrient RE and light intensity profile (Iav) against a range 

of nutrient concentrations, I and Ccg. Finally, microalgae cell cultivation for irradiation at 

different light wavelength (λmax) and I values was assessed, applying different coloured tape 

light filter (CT), namely, blue (CTB), green (CTG), red (CTR), yellow (CTY), and white (CTW), 

compared to unfiltered light.   

In the initial study, PWW, SWW and PE media were found to provide an appropriate nutrient 

concentration and balance for significantly promoting more rapid algal growth than MLA. The 

highest growth rate was attained for PWW alone, with both growth rate and TN removal 

decreasing with the PWW:MLA blends. Although P was almost quantitatively removed 

throughout under the test conditions employed, the lowest recorded µ and RE values related 

to PE. The results indicate municipal wastewater to be a more effective medium for promoting 

algal growth and nutrient removal than the MLA growth medium, and these properties vary 

between different wastewater types.   

Nutrient removal was investigated at different concentrations of TN (0-56 mg/L) and TP (0-

19 mg/L), equating to N/P ratios of 0.31-58, to establish any synergistic effects between N and 
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P with reference to C. vulgaris growth. The N/P ratio at which both the growth rate and nutrient 

removal were found to be greatest was within the range of 7-10. At N/P = 10, complete P and 

N removal was obtained at the end of the cultivation period. µ decreased by more than 75% 

when the medium TN content was below 2.5 mg L-1. Application of the BBD experimental 

programming combined with response surface methodology (RSM) was successful in 

identifying the optimum conditions, based on µ and nutrient RE, for the nutrient balance. 

Further investigation was conducted into the key influential process parameters of Cc,g, I, T 

and nutrient concentration on the µ, Rc and nutrient RE using based on the same BBD method. 

Results revealed the highest I and Cc,g to suppress biomass growth by up to an order of 

magnitude. BBD analysis revealed optimum values of 5% CO2, 100 µE and 22°C, to achieve 

the highest growth rate of 1.53 d-1, and 100% nutrient RE. Regression analysis indicated a 

good fit between experimental and statistical model data, and the statistically-derived 

outcomes were validated by further experimentation under the identified optimum condition. 

This further indicates the applicability of BBD for identifying the optimum condition, as well 

as permitting a wider range of determinants to be encompassed than those normally considered 

in similar published experimental MCT studies.  

A comprehensive mathematical model has been developed to evaluate the effects of nutrient 

concentration within the boundary conditions employed in the experimental studies. The 

model encompassed gas-to-liquid mass transfer, algal uptake of carbon dioxide (Cd), nutrient 

RE, and the growth biokinetics of C. vulgaris. The model was validated using experimental 

data on the C. vulgaris  species growth in an externally illuminated photobioreactor (PBR). 

The fitted parameters of the model were found to be in good agreement with experimental data 

obtained over the range of cultivation conditions explored, and the model accurately 

reproduced the dynamic profiles of the algal biomass and nutrient (TN and TP) concentrations, 

and light attenuation at different input Cc,g values. Whilst limited by semi-empiricism, the 

model nonetheless represents an advance on the state of the art by providing a basis for 

predictive dynamic performance of the PBR based on the key process inputs.  

Finally, CT-filtered light spectrum was characterized based on  λmax and I, with respect to µ, 

nutrient RE, and RC. The maximum growth rate, algal cell lipid content and nutrient RE values 

were recorded for CTW. By comparison, the normalised algal growth and Plipids parameters 

against I for unfiltered light were all lower - by up to 75% - than those for CTW with CTB 

yielding the lowest performance. Results suggest that optimizing both light intensity and 

wavelength by this simple process modification can enhance algal growth, with up to a 50% 

and an associated improvement in nutrient removal efficiency.  
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1.1 Background and Motivation 

Climate change and global warming are two major global challenges in the fields of 

environmental science and technology, and international economics and politics. Global 

warming is induced by a rapid increase of CO2 emissions of greenhouse gases (GHGs) in the 

atmosphere. Carbon dioxide (CO2) is one of the major constituents (68%) of the total GHG 

emissions [1].  The rapid increase in population and associated anthropogenic activities have 

further contributed to the freshwater scarcity partly through the discharge of excessive 

amounts of wastewater (with significant nutrient content, nitrogen N and phosphorus P) into 

the water bodies. Nutrient discharge produces eutrophication, the depletion of oxygen through 

algal growth, which is has been an pollution issue since the middle of the last century [2]. 

There has thus been increasing focus on energy-neutral and waste-free wastewater treatment. 

Various methods have been undertaken to mitigate GHG emissions through chemical, 

physical, geological and biological methods [3]. Chemical and physical methods are widely 

used in large-scale industrial processes. Whilst effective in mitigating atmospheric pollution, 

they are very costly and generate undesirable by-product that demand further treatment and 

management prior to their disposal. A potentially more sustainable approach is to 

biochemically convert CO2 into useful products. In this regard, carbon can potentially be 

captured by microalgae cells  and  used in the photosynthetic  process to generate useful 

biomass [4]. 

Discharged wastewater contains a substantial amount of organic matter, nutrients (macro and 

micro), toxins and heavy metals. Nitrogen arises as ammonia, urea or organic nitrogen, and 

phosphorus as phosphate or organic phosphorus. Biological nutrient removal (BNR) is used 

to remove nutrients from wastewater, but the process demands energy for aeration and the 

pumping of sludge between various tanks in the treatment scheme [5, 6]. In this process half 

of total energy demanded is used to supply oxygen to the bacteria consortium so as to oxidise 

the organic carbon and nitrogen to CO2 and nitrate, with the latter subsequently being 

converted to N2 by denitrification [7]. The gases are then released to the atmosphere [8]. 

The use of microalgae for biological treatment has been proposed as being a promising method 

for both nutrient and heavy metals removal for various wastewater sources [9]. The majority 

of the essential materials required to support algal growth are in the wastewater, although the 

composition varies according to the wastewater source [10]. Algae based treatment can 

potentially achieve cost effective and low-energy nutrient removal compared to the 

conventional BNR treatment [11], since the biomass aeration is obviated.  
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Algae are fast-growing, higher photosynthetic organisms that can effectively transform the 

inorganic nutrients, carbon dioxide, water and other substances into biomass in the presence 

of light through the photosynthesis process. Microalgae produce approximately half of the 

atmospheric oxygen on earth, while consuming significant amounts of the greenhouse gas 

(GHG) carbon dioxide [12] along with the bulk nutrients (N and P). The microalgae biomass 

generated has been extensively studied as a source for the production of different products, 

such as animal feeds, health products, pharmaceuticals and biofuel [13].  

Microalgae are considered as one of the most promising alternative sources for renewable 

energy  production [14]. However, algal biofuel production is still economically unfeasible, 

with higher production costs calculated as exceeding 10 €/kg in some studies [15, 16] if based 

on commercial sources of the raw materials: approximately 200 t of CO2, 5 t of N and 1 t of P 

are required to produce 100 t of microalgae biomass [17]. To offset biomass production costs 

fresh water and nutrient costs microalgae biofuel production can be coupled with wastewater 

treatment [18-20]. Further cost reduction may be possible from utilizing the flue gas as the 

CO2 source [15]. Microalgae, configured as photobioreactors (PBRs), have thus received 

considerable attention as the basis of combined biological method for removal of nutrients 

(nitrogen N and phosphorus P) from wastewaters and CO2 fixation from flue gases [21].  

In this regards, chlorella species are considered as promising candidates for CO2 fixation, with 

reported fixation rates between 0.73 and 1.79 g L-1 d-1 [22]. This species appears to be fairly 

robust, and has been shown to be largely unaffected by the volatile compounds present in the 

wasdte gas streams [23]. The microalgae Chlorella vulgaris (Cv) in particular has been 

extensively studied for CO2 mitigation under a range of operating conditions, including gas 

CO2 concentration [24-28], light intensity [29, 30] and temperature [30, 31]. 

Environmental factors such as temperature, nutrient load and especially light irradiation have 

a direct impact on PBR performance. Effective and efficient microalgae cultivation in 

monocultures relies on a number of fundamental system properties which include (i) 

distribution of light throughout the biomass, (ii) enhanced CO2 mass transfer from the gas to 

liquid phase, and (iii) enhanced CO2 assimilation by the algal biomass (largely achieved 

through (i) [13]). Light intensity, light wavelength and photoperiod cycle (i.e. the relative 

durations of the light and dark periods) are crucial factors in determining algal growth rate, 

especially for photoautotrophic cultures [32]. Inefficiencies arise when microalgae are 

exposed to light intensities above the saturation limits, as a result of photo-inhibition or 

overheating. Against this, at high algal cell densities commensurately higher light intensities 

are required to ensure light penetration through the bulk of the culture [33]. 
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Whilst algal microalgae culture technology (MCT) would appear to offer a viable alternative 

to non-renewable fossil fuels, the challenges associated with the requirement for effective light 

distribution and appropriate conditions for both nutrient and carbon dioxide assimilation 

effectively limit its economic viability. An examination of factors which may mitigate against 

such constraints is thus of obvious interest.  

1.2 Scope and Objectives  

The scope of the work encompasses the experimental examination and modelling of combined 

wastewater treatment with CO2 bio-fixation by algal biomass. The impact of nutrient and 

carbon load on biomass production is examined using a series of batch bubble column PBRs 

under various cultivation conditions. Other system facets examined include light intensity and 

wavelength, as well as feedwater quality. The detailed objectives of this study are to:  

1. Investigate the influence of wastewater quality, based on both synthetic and real 

municipal and industrial wastewaters, on the nutrient removal (P, N, and macro/micro 

nutrients) and CO2 fixation of algal biomass;   

2. Investigate and quantify the synergistic effects of different initial N and P relative 

concentrations on the nutrient removal and algal growth;   

3. Investigate and quantify the impacts of the key operating parameters of light, CO2 gas 

concentration, and temperature on the algal growth rate, CO2 bio-fixation rate, and 

nutrient removal;    

4. Establish a comprehensive mathematical model to quantify the influence of nutrient 

concentration, light intensity, and feed CO2 gas concentration on the algal biokinetic 

parameters, CO2 uptake rate and nutrient removal; 

5. Investigate PBR performance, with reference to biomass growth rate, CO2 bio-fixation 

rate, nutrient removal and lipids production, using a simple, low-cost method to modify 

and filter a light source to attenuate the light intensity and adjust the wavelength range. 

The work has all been based on batch experiments conducted at the bench scale using a bubble 

column configuration for the PBR and a Cv algal species; one of the most extensively studied 

and widely applied algal species in MCT system. 
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1.3 Research significance 

The work addresses a number of research needs in the area: 

1. Wastewater quality is an important factor affecting PBR performance for CO2 fixation, 

nutrients removal (macro and micro), and biomass production. Most existing studies 

investigating the influence of individual macro-and micro nutrients have not considered 

their synergistic impacts, and the nutrient balance (N:P) specifically, for a single water 

source. In the current study statistical experimental programming has been conducted to 

address this, both for analogue waters (Chapters 5-6) and real wastewaters (Chapter 4).  

2. The use of statistical experimental programming generally, and Box Behken design 

(BBD) specifically, has been very limited in the MCT research space despite its generally 

increased use across the environmental technology research area generally. The work 

conducted has sought to validate the BBD method both with respect to nutrient removal 

(Chaoter 5) and MCT process optimisation with reference to the key process variables of 

light intensity, gas CO2 concentration, and temperature (Chapter 6). The use of BBD 

results in the generation of empirically-derived algorithms quantifying the impact of the 

various process operating parameters and feedwater quality on process performance 

according to the output from a limited set of experiments conducted under controlled 

conditions. BBD greatly reduced the number of tests, as well as providing the synergistic 

relationships, compared with classic testing based on n-factorial experimental planning. 

3. All three of the key process performance determinant attributes most germane to 

combined CO2 and nutrient mitigation, these being of algal growth rate, CO2 fixation,  

and nutrient removal, have been encompassed in the study. This has not necessarily been 

the case in all studies conducted within this research space, which have tended to be 

exclusive to either algal growth (predominantly for biofuel production) or nutrient 

removal from wastewater rather than these two objectives combined. 

4. Despite of the large number of mathematical method that have been published in the 

literature within the MCT area, no models have been focused on the combined influences 

of CO2 gas concentration, medium composition, and light intensity with reference to both 

biomass production and nutrient removal from wastewater as with the current work 

(Chapter 7).   

5. Whilst one or two other studies have been focused on the impact of light wavelength on 

algal growth, the use of a practical, low-cost method for modifying the light source for 

improving algal growth and fatty acid production – this being an essential precursor for 
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biofuel, has not previously been considered. The current work includes the application of 

coloured tape for light attenuation and wavelength modification (Chapter 8).  

 

1.4 Thesis Structure  

The thesis comprises nine chapters (Fig. 1.1), linked with the stated objectives:  

 Chapter 1 provides an introduction and background to the thesis.  

 

 Chapter 2 presents and appraises the recent literature on microalgae applications to 

wastewater treatment, CO2 bio-fixation, and nutrient removal. The key parameters 

defining and influencing the algal cultivation process are outlined, and mathematical 

modelling studies for describing the algal growth parameters identified. This section 

includes a consideration of the influence of light intensity and wavelength on the algal 

growth, nutrient removal and lipids production.  

 

 Chapter 3 provides an overview on the methodology employed, including a detailed 

description on the sample preparation, experimental setup and analytical methods 

involved. 

 

 Chapter 4 reports the results of the characterization and influence of wastewater quality 

(primary wastewater (PWW), secondary wastewater (SWW), and petroleum effluent (PE) - 

both as discrete streams and mixed at different volumetric ratios with the standard 

medium MLA) blended with different ratios of standard medium (MLA) on the algal 

growth, nitrogen N and phosphorus P nutrients removal.    

 

 Chapter 5 reports the results of the study of the effects of different initial nutrient 

concentrations and ratios on algal growth and nutrient removal efficiency, using statistical 

experimental design. 

 

 Chapter 6 reports the results of the study of the impact of light intensity, feed gas CO2 

and temperature on the algal growth parameters, N, P removal efficiencies and CO2 

fixation rate, again using statistical experimental design. 
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 Chapter 7 offers a comprehensive mathematical model to simulate the algal growth, 

nutrient removal, and light profile under different cultivation conditions of light intensity, 

CO2 gas concentration and initial nutrient concentration in a batch or semi-batch system.  

 

 Chapter 8 reports the results of the study of the influence on the algal growth parameters, 

nutrients removal efficiencies and lipids productivity using light filtering to modify the 

light intensity and wavelength. 

 

 Chapter 9 provides conclusions and recommendations for tfuture work based on the 

outcomes of the study. 

Chapters 1, 2, and 3 have all been published in peer journals (see page vii of publication 

section). Sections of Chapters 1, 2, and 3 have been drawn from the same portfolio of published 

work by the author, and the pertinent papers have been cited accordingly in the text [335-338]. 
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Chapter 1

 Introduction 

 

Chapter 4 

Microalgae cultivation in various 

wastewater quality (PWW, SWW and PE) and 

diluted with different MLA ratios. Macro a 

micro nutrients were characterized and 

nutrient removal; biomass production were 

assessed    

 

Chapter 9 
Conclusion and recommendation    

  

Chapter 2

Literature Review

 

Chapter 3

Experimental methods 

 

Chapter 5 

The capability of Chlorella vulgaris   to be 

cultivated under different initial N, P and 

N/P ratios in MLA for P and N removal 

simultaneously with biomass production 

and RSM; BBD were applied to optimize 

TN, TP and TC towards specific growth 

rate and nutrients removal        
 

 

Chapter 6 

Optimization and investigation of  

Chlorella Vulgaris ability to combine CO2 

fixation and nutrients removal using RSM 

and BBD. The investigated conditions 

were; light intensity, CO2 gas and 

temperature.    

 

 Chapter 7 

Comprehensive mathematical modelling  

to assess the influence of various nutrients 

concentration (N, P), light intensity and 

CO2 gas concentrations. Algal growth, 

nutrients removal , CO2 fixation and 

biokinetic were assed     

 

 

Chapter 8 

Cultivated Chlorella Vulgaris under 

different light wavelength and intensities   

were assessed for biomass production, 

nutrient removal and biofuel production  

 

 

 

Figure 1.1 Thesis structure 
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Chapter 2. 
  

Background and literature 
review 
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2.1 Introduction 

The worldwide energy demand is estimated to increase by 49% between 2007-2035 roughly 

in accordance with the expanding world population and associated industrialisation and human 

activity and consumption [34]. The associated global petroleum consumption increased by 6.3 

% from 2009 to 2013, according to United States Energy Information Administration (EIA). 

Partly as a result, the associated average atmospheric CO2 concentration has risen from 400 to 

407.7 mg L-1 [35]. Several strategies have been suggested for reversing the trend by either 

fixing CO2 gas or limiting its release, including the development of biofuels to displace mineral 

fuel sources, the expansion of nuclear power and the capturing and fixing of the emitted CO2 

[36]. The signing of the Kyoto Protocol in December 1997 was a historic step forward in 

attempting to reverse the trend in CO2 emissions, the first regulation implemented to control 

atmospheric pollutant, targeting a 5% reduction in emissions against the 1990 level [37].    

Also associated with human activity is the inexorable increase in the volumes of wastewater 

generated from freshwater sources, estimated to be 3908 billion m3 in 2009 [38]. Wastewater 

requires treatment prior to discharge, since excessive concentrations of nutrients (nitrogen (N) 

and phosphorus (P)) in the wastewater cause problems of eutrophication affecting the balance 

of the ecosystem. Nutrients must therefore be removed to acceptable limits (N average 

concentration of 8 to 10 mg L-1 and P of 1 to 3 mg L-1) before discharge to the waterbody [39].  

Microalgae have been identified as a promising alternative for CO2 bio-fixation and 

wastewater treatment due to their high photosynthetic efficiency, high biomass production 

rate, high levels of useful organic product (lipids and carbohydrates) accumulated, tolerance 

to diverse environmental conditions, and high resistance to contaminents [34, 40, 41], compare 

with territorial plant. However, commercialization of the algal cultivation process remains 

challenging because the cost of the extracted useful products generated remains relatively 

high. 

Microalgae are single-celled (unicellular), highly diverse microorganisms which can survive 

individually or in chains or clusters [42], and are highly diverse in size and appearance. They 

are found in freshwater of all kinds, barks, soil, rocks and marine habitats group of 

photosynthetic organisms. The first use of microalgae by humans dates back 2000 years to the 

Chinese, who used the strain Nostoc as a food source during a famine [12]. There are estimated 

to be 200,000-800,000 species in total, of which only about 35,000 species have been 

identified and described [42]. Microalgae species exist in both suspended and attached forms, 

the latter adhere to a submerged surface. Microalgae produce approximately half of the 

atmospheric oxygen on earth, while consuming significant amounts of carbon dioxide [12]. 
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An indication of the relative scientific importance of microalgae can be attained through the 

use of search engines for examining scientific publication database, such as SCOPUS. 

Searches of keywords appearing in the databases for search terms based on algae/microalgae, 

and either wastewater with Chlorella vulgaris/Cv (wastewater ∩ Chlorella vulgaris/Cv), and 

carbon dioxide with Chlorella vulgaris/Cv (carbon dioxide ∩ Chlorella vulgaris) can be used 

to specify the number of publications directly relevant to the use of Chlorella vulgaris for 

wastewater treatment and carbon dioxide fixation. A consideration of all research papers 

dating back to the mid-1970s reveals research articles encompassing wastewater and Chlorella 

vulgaris/Cv to be about 1.37-fold higher those based on carbon dioxide and Chlorella vulgaris 

(Fig. 2.1 a).  

The application of Chlorella vulgaris for carbon capture appears to be a relatively recent area 

of study with considerable increase research effort only evident from 2006 onwards. Against 

this, the number of research articles whose keywords encompass all topics in algae is 

significantly higher compared to those for the combined topics sets, with the rate rapidly 

increasing. On this evidence, Chlorella vulgaris presents itself as a good candidate for 

simultaneous nutrient removal and CO2 fixation, in that has been extensively studied recently 

is a number of different fields within environmental science (Fig. 2.1 b). This is it because it 

meets most of the recognized criteria for MCT, these being [43]: 

(i) high CO2 fixation ability,  

(ii) (high algal growth rate, 

(iii) low operational cost, 

(iv) low contamination risk, 

(v) ease of harvesting, 

(vi) rich in valuable product (including lipids content), 

(vii) toleration of high light intensity,  

(viii) adjustment to the natural light/dark cycle, and  

(ix) appropriate for outdoor cultivation. 

The lipid content of Cv has reported to be as high as 58% [14] and tolerant to CO2 

concentrations as high as 15% and temperatures of 30℃ or more [301], and can grow under 

both heterotrophic and mixotrophic as well as the typical autotrophic conditions. These 

properties underpin the widespread study of this species as well as its application to pilot/full-

scale installations.   
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Figure 2.1  Summary of research articles in key subject area according to 

SCOPUS, based on the search of term algae (a) including microalgae, 

Chlorella vulgaris and wastewater, Chlorella vulgaris and CO2, (b) 

Chlorella vulgaris and subjected area. 

2.2 Mechanism of photosynthesis 

Photoautotrophic microorganisms such as eukaryotic green microalgae, process chlorophyll 

and other pigments to fix sunlight energy and utilize photosynthetic systems (PSII and PSI) to 

implement plant-like oxygenic photosynthesis [43]. The pigments in PSII (P680) absorb the 
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photons with a wavelength shorter than 680 nm, generating strong oxidant capable of splitting 

water into protons (𝐇+), electrons (𝒆ˉ) and O2 (Fig.2.2).  

The electrons or reducing equivalents are transferred through a series of electron carriers and 

cytochrome complexes to PSI. The pigments in PSI (P700) adsorb the photons at a wavelength 

under 700 nm causing an increase in the energy level of the electrons which then convert 

ferredoxin (Fd) and nicotinamide adenine dinucleotide phosphate (NADP+) to their reduced 

forms. The proton gradient formed across the cellular (or thylakoid) membrane drives adensine 

triphosphate (ATP) production via ATP synthase. CO2 is reduced with ATP and NADPH via 

a reductive pentose phosphate pathway or Calvin cycle to create cell growth. The excess 

reduced carbon is stored inside the cells as carbohydrate and/or lipids. The types of 

carbohydrate product produced rely on the type of strain being used. The reducing power (Fd) 

may also be directed to hydrogenase (Hase) for hydrogen evolution [42]. 

 

Figure 2.2 Schematic mechanisms of photosynthesis and bio-photolysis of 

photoautotrophic microbes[42] 

2.2.1 Photosynthesis in microalgae 

Microalgae can assimilate dissolved CO2 gas in the form of inorganic carbon as substrates, 

resulting in CO2 fixation [44], through carbon concentration mechanisms (CCMs). The carbon 

is utilized by microalgae cells is passively diffused across the cytoplasmic membrane. It is 

subsequently actively transported through the plasma membrane and chloroplast envelope via 
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carrier proteins [44]. In order to complete the formation of carbohydrate (CH2O) from the 

photosynthesis process, light (as energy and electron source) and water are needed [45]: 

2222 )( OOCHLightOnHnCO n

lChlorophyl  
         

2.1) 
 

In the presence of microalgae cells, light oxdizes the water and O2 produced simultaneously 

with the formation of adenine dinucleotide phosphate reduced form (NADPH), Adenosine 

Triphosphate (AT) and nicotinamide (Fig. 2.3). CCMs ultilization of the energy depends on 

active inorganic carbon transport to increase the intracellular CO2 concentration at the site of 

ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), the key enzyme in the net carbon 

assimilation, to facilitate photosynthetic CO2 fixation rates even at low inorganic 

concentrations [46] in Calvin Cycle. Practically, ATP and NADPH must be consumed before 

the actual carbon fixation is implemented in the Calvin Cycle. Interchange between various 

dissolved carbon forms occurs in the periplasmic space, catalyzed by carbonic anhydrase (CA) 

[44] through the supply of CO2 to Rubisco by dehydration of accumulated bicarbonate [47].   

 

Figure 2.3 Photosynthesis in algal cell [39] 

The CO2 uptake rate depends on many different parameters, such algal strain, medium pH, 

light availability, temperature and CO2 gas concertation. Photosynthesis converts 

approximately 27% of solar energy into chemical energy, producing 467 kJ of energy per mole 

of carbohydrate (CH2O), whilst 1744 kJ mole-1 energy is required to complete the 

photosynthesis process [45]. 
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2.3 Algal cultivation conditions  

Algal cells may be cultivated with different sources of energy and carbon which then influence 

the growth characteristics and algal cells composition [48]. They can grow under a number of 

different conditions relating to energy and food sources, specifically photoautotrophic, 

heterotrophic, mixotrophic, and photoheterotrophic cultivation. 

2.3.1 Photoautotrophic cultivation   

Photoautotrophic cultivation implies that light is the only the energy source for algal cell 

generation from inorganic carbon (e.g. carbon dioxide), and is converted to chemical energy 

via photosynthesis reactions. Autotrophic cultivation is associated with high algal growth 

rates, lipids productivity and nutrients removal. Moreover, it is economically feasible, 

environmentally sustainable and can be used for outdoor cultivation systems. However, the 

amounts of biomass and lipids vary widely - between 1% to 70% for lipids content according 

to the algal species [14, 49-51]. 

2.3.2 Heterotrophic cultivation   

Heterotrophic cultivation employs organic carbon e.g. acetate, glucose and glycerol) for food 

and energy, similar to bacteria. This implies that light limitation does not constrain growth, as 

with photoautotrophic cultivation, and cultivation thus occurs under the full dark cycle. A high 

lipids content can be obtained and accumulation faster than for photoautotrophic conditions. 

For instance, Chorella protothecoides has been shown to generate a 40% higher lipids content 

when cultivation conditions changed from phototrophic to heterotrophic [52]. However, 

heterotrophic conditions create a higher risk of contamination, increased expense, and reduced 

nutrient removal and growth rate [52-54].  

2.3.3 Mixotrophic cultivation 

For mixotrophic conditions organic compounds and CO2 can both be used as an energy source 

for algal growth through photosynthesis. This means the algal cells can survive under either 

heterotrophic or phototrophic cultivation or both. The CO2 generated from the organic 

compounds consumption during respiration can be reused in phototrophic cultivation. Slightly 

lower growth rate and higher biomass accumulation can be obtained compared to the 

phototrophic process [14].   
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2.3.4 Photoheterotrophic cultivation  

Photoheterotrophic cultivation can also be termed photoorganotrophic, photoassimilation or 

photometabolism cultivation. Algal cells require light to use organic compounds as a carbon 

source. Hence, this cultivation condition demands both light and an organic compound. This 

technique is rarely used for biodiesel production [55]. 

2.4 Algal cultivation systems 

The microalgae culturing systems can be classified into open system (open or raceway ponds 

RW) and closed system (photobioreactor, PBR) (Table 2.1), with various configurations of the 

latter (Fig. 2.4). A comparison between open and close systems (Table. 2.1) indicates open 

systems as being cost effective, particularly at large scale process and low land costs, and 

simple in implementation. Against this, these system incur a higher contamination risk, lower 

CO2 fixation and concomitantly a lower biomass productivity. PBRs offer a higher biomass 

productivity, CO2 fixation, lower contamination risks and are fully controllable system, but 

are most costly and complicated in design. They are thus most suited to small-scale 

applications.     

Table 2.1 Comparison between open and closed cultivation systems [56, 57]. 

Parameter Raceway systems, 

RW 

Closed systems, 

PBR 

Contamination risk High Low 

Space required High Low 

Water losses High Almost none 

CO2- losses  High Almost none 

CO2 bio-fixation  Lower Higher 

Temperature variation High controlled 

Oxygen inhibition  High Almost none 

Maintenance requirements Low High 

Produced Biomass  Low, approx. 0.1 – 0.2 g L-1 High, approx. 0.82 – 6 g L-1 

Control ability  Poor Higher 

Autoclaving and Sterilization   Not necessary Required 

Nutrients removal  Lower High 

Harvesting efficiency  Low High 

Design complexity  Simple Complex 

Capital investment Small High 

Process descriptions  Industrial scale, continuous Lab and pilot scales, batch, 

semi continuous 

HRT Lower Higher 

HRT= hydrodynamic retention time.  
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Figure 2.4 Algal PBRs system configuration 

 

2.5 Photobioreactors (PBRs) 

A photobioreactor (PBR) can be defined as an enclosed, illuminated culture vessel designed 

to control biomass production through adjustment of the operating parameters. The PBRs may 

tbe operated in either batch or continuous mode, with retained algal biomass providing a useful 

final product. Various types of PBRs have been designed and developed for algal biomass 

production. The reactor can be configured with tubular or  flat plate geometry either as vertical 

bubble or air-lift columns or as a serpentine horizontal path, and may either use sedimentation 

or membrane separation for retaining the algal biomass [58]. The key system parameters 

governing microalgae growth, nutrient removal efficiency, and CO2 capture are: light 

penetration and distribution within the PBR, CO2 loading level, control of the photo-

synthetically-produced oxygen, gas transfer, mixing, temperature, pH and nutrient availability, 

cultivation media compositions [59] and hydrodynamic residence time (HRT). No single 

configuration can provide the optimum conditions for all these parameters. The literature 

suggests that airlift and bubble column photo-bioreactors are among the most used reactors 

used for algal cultivation because of the advantages offered, which include good mixing, well-

defined fluid flow pattern, relatively high gas liquid mass transfer rate and relatively low 

operating costs [60]. 

2.5.1 Bubble column PBRs 

Bubble column bioreactors are vertical columns either cylindrical or rectangular shape through 

which gas is bubbled through sparger fixed at the column base. They offer minimum shear 

stress for the mixing attained with lower associated energy consumption and higher mass 

transfer and gas hold up rate. They are also relatively low in cost, simple to operate, have lower 

photoinhibition and photo-oxidation risks and are effective for immobilization of algae. This 

system is thus preferred to other PBR cultivation systems [61, 62]. However, the illumination 

area offered by this configuration is relatively small [63].  

 
Algal Cultivation Technology 
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Tubular  Flat plate Airlift 
Bubble 

column Raceway Pond 
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2.5.2 Airlift PBRs 

Airlift PBRs consist of interconnected zones using baffles or draft tubes. Gas is bubbled 

through one side of the partition causing a fluid current pattern to develop with air bubbles 

rising in the “riser” and fluid falling in “downcomer” [64]. The airlift PBR offers similar 

advantages to the bubble column PBR. It can achieve high biomass concentrations, and 

provides low shear stress and good mixing with relatively low associated energy consumption. 

It is also easily sterilized and achieves effective immobilization of algae with reduced 

photoinhibition risk. As with the bubble column, the illumination surface area is small and 

which significantly decreases with scale up[64]. 

2.5.3 Flat plate PBRs 

Flat pate reactors are characterized by higher illumination surface area with an associated high 

photosynthesis efficiency and subsequent biomass productivity compared with the bubble 

column and air-lift configurations. However, the parallel flow channel is more expensive in 

construction and more difficult to control with respect to the temperature, and incurs higher 

hydrodynamic stress [65]. 

2.5.4 Tubular PBRs   

The tubular PBR consists of an array of horizontal transparent tubes which are interconnected 

to form a long serpentine path. The arrangement permits a large illumination surface area and 

high biomass productivity. However, the tubes are more prone to fouling than the vertical 

configurations of the bubble column and air lift reactors, and the required area for cultivation 

to achieve the illumination depends on tube arrangement. They are also subject to poor mass 

transfer and high O2 accumulation, with an associated photoinhibition risk, with reduced 

temperature control and a high hydrodynamics stress [66]. 

2.6 Factors effecting microalgae cultivation process 

As already stated, algal cultivation in PBRs depends on several critical operating conditions, 

such as CO2 loading, pH, light intensity and wavelength, medium composition and 

contamination by other microorganisms [67].  

2.6.1 Light Intensity 

Generally, light intensity decreases exponentially with the distance from the reactor wall due 

to the increase of the algal cells concentration:   
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where IL represents the light intensity at distance L, Io is the incident light intensity, and X is 

algal cells concentration. The light intensity tends to rapidly decrease due to the light shading 

from the algal cells [68]. However, at short light path lengths and at an appropriate light 

intensity sufficient light penetration into the algal culture can be achieved giving a high light 

utilization efficiency. Against this, at excessive light intensities a considerable amount of heat 

may be generated causing algal cell growth inhibition. The interaction between light intensity 

and other factors, such as temperature, and feed CO2 gas concentration, is critical in optimising 

the microalgae production rate (along with CO2 fixation and nutrient assimilation) and lipids 

content [69]. In addition to light intensity, the light-dark cycle has to found also significantly 

influence microalgae growth [70]. Continuous illumination is employed in many studies, 

although for some microalgae species this is not the favoured mode for promoting growth [70]. 

PBR performance is thus limited by light availability for microalgae cells to perform the 

photosynthesis process. Light availability depends on the cell concentration, which is inversely 

proportional to light penetration distance inside the PBR. The selection or development of the 

different PBR configurations has in part been based on improving light penetration within the 

reactor PBR to enhance algal growth [71-73].  

CO2 fixation as a function of I appears to follow no recognisable pattern across either different 

species or different investigations for the same species [21] (Table 2.2). Against this, for 

individual studies subject to the same standardized conditions fixation and biomass 

productivity both these parameters increase with I as expected to some maximum governed by 

light saturation [25, 74, 75]. Batch experiments on four different algal species (C. vulgaris, P. 

subcapitata, S. salina, and M. aeruginosa) indicate that an approximate trebling of light 

intensity (from 36 µmol m-2 s-1) yields a 70-90% and 35-45% increase in biomass productivity 

and CO2 uptake respectively [76]. Further increases in I may then inhibit and diminish Rc and 

µ [77]. 

2.6.2 Light wavelength, λmax 

Light is crucial in microalgae cultivation systems and can significantly enhance or inhibit algal 

growth. The two light components of light intensity (I) and wavelength number (λmax) are 

known to significantly influence the cell growth rate [78-80]. Generally, limited light intensity 

can inhibit the algal growth whereas excessive light can lead to photo-oxidative and damage 

the algal cells, since the photosynthetic rate is directly affected by both I and λmax.  
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Table 2.2 Reported CO2 fixation rates for various algae species, light intesity 

batch systems unless otherwise stated. 

Light 

intensit

y, μmol 

m-2 s-1 

CO2 

fixn. 

rate, 

Rc 

g L-1d-1 

HRT, 

d 

Max. 

biomass 

concn, 

Xmax, g L-1 

Inlet CO2  

Cc,g, 

%v/v 

Flow 

rate Qg, 

vvm 

Rc’, g 

CO2 g 

biomas

s-1 d-1 

Specific 

growth 

rate µ, 

d-1 

Refs 

Botryococcus braunii 

62.5 0.496 53 3.11 5 -- 0.15 0.24  

87.5-538 0.089 2.5 1.9 0.03a -- 0.047 -- [82] 

570 0.024 1b 0.92 1 -- 0.026 0.052 [83] 

Scenedesmus obliquus 

107 0.097 0.8-

0.2 

1.39 0.03a -35 2.1-8.3 0.06 0.64 [27] 

180 0.28 -- 1.84 0.03a -50 0.25 0.15 0.94 [84] 

135-200s -- 1 -- 0.03a -- -- 0.28 [85] 

60 0.549 -- 3.5 10 0.003 0.15 1.19 [22] 

40-50 0.08** 33 0.3 15 2 0.26 1.14 [86] 

40 0.049** -- 0.53 0.03a -- 0.098 -- [87] 

Anabaena sp. 

900 1.45 2-3b 3 0.03a 0.2 0.48 -- [88] 

0-460 0.43 3.3b 0.76 10.6 ~3 x 10-4 0.56 -- [17] 

250 0.65-

0.8 

5 0.58-1.2 5-15, 10 0.04 0.66-1.12 -- [25] 

650 0.16-

0.58 

0.7-6b 0.35-0.95 0.03a 0.13-0.75 0.45-0.61 -- [74] 

975 0.25-

0.65 

0.7-6b 0.45-1.35 0.03a 0.13-0.75 0.55-0.48 -- 

1625 0.36-1 0.7-6b 0.5-2 0.03a 0.13-0.75 0.72-0.5 -- 

Chlorella vulgaris 

180 0.47 100 1.34 0.03a -- 0.35 1.19 [75] 

62.5  0.25 53 1.94 5 -- 0.12 0.29 [81] 

126 0.30 -- 0.821  0.03a -- 0.36 0.73 [76] 

(60-70) 0.162 -- 0.75 (0.03a-5) -- 0.21 0.28 [26] 

(40-50) 0.062** 33 0.29 15 2 0.21 1.37 [86] 

40 0.046** -- 0.49 0.03a -- 0.094 -- [87] 

142 0.12** 2b 1.37 4 0.014 0.09 -- [89] 

aAtmospheric level; HRT = hydraulic residence time; vvm = volume gas per volume liquid per minute. 
bContinuous system otherwise Batch system and s for semi continuous. 
**Rc estimated from Chisti ratio: CO0.48H1.83N0.11P0.01; Rc = 1.88 × Poverall, Poverall = ΔX/Δt.  
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At low light intensity, microalgae can achieve up to 80% of the theoretical maximum 

photosynthesis efficiency (PE) of 0.125 mol CO2 fixed per mol photos absorbed [90-93]. 

Therefore, a steep light gradient may be expected to proceed at a high I level applied to the 

cultivation medium, since it is practically impossible to obtain the maximum photosynthetic 

efficiency (PE) at higher I. In a high cell density culture, most of the light energy is absorbed 

in small volume fraction of the photobioreactor (PBR) at the side exposed to light. In this case 

algal cells are subject to more light energy than the amount that can be converted to 

biochemical energy by photosynthesis. This causes oversaturation, which is consequently 

dissipated as heat [94] resulting in a lower PE than that attainable at low I. Therefore, 

optimising the physiological state of cells by manipulating the light conditions, through 

providing a better balance between light capture and the photochemical process [95-97], can 

significantly enhance the photosynthesis efficiency. There are various studies investigating the 

influence of λmax or different LED transmitters on algal growth efficiency (Table 2.3).  

Table 2.3 Reported light wavelength influence on microalgae growth 

LF  Source 

Microalgae 

species 
Wavelength 
λ, nm Xmax , g L-1 Cd, Cells mL-1 μ, d-1 Refs. 

LED  

Nannochloropsis 

Sp.  

λB nr nr 0.64 

[98] 

λW nr nr 0.66 

λG nr nr 0.54 

λR nr nr 0.51 

LED  

Nannochloropsis 

Sp. 

λB, 457 nr 1.45 × 107 1.64 

[99] 

λR, 660 nr 1.11 ×  107 1.61 

λW nr 0.93 ×  107 1.59 

Teraselmis  

λB, 457 nr 0.25 ×  107 1.47 

λR, 660 nr 0.20 ×  107 1.43 

λW nr 0.24 ×  107 1.44 

Fluorescent 

Paint Chorella sp.  

λR,  1.7 nr nr 

[100] 

λB, 1.45 nr nr 

λG 1 nr nr 

λY 1 nr nr 
λ= wavelength number, B=blue, R= Red, G= green, O=Orange, V= violate, Y= Yellow, W= white, LED= light emitting diode, 

nr= not reported,  LF= light filter. 

2.6.3 Macro and micro-nutrients 

Microalgae have attracted much attention in wastewater treatment for N and P removal as the 

primary nutrients, simultaneously with CO2 fixation during the cultivation process, with other 

macronutrients such as sulphur, potassium, calcium and magnesium also receiving attention 

[101]. Oxygen is consequently generated by photosynthesis as the algal biomass develops,  

providing a potential source of renewable energy for biofuel production [102]. Approximate 
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of 3726 kg water, 0.33 kg nitrogen and 0.71 kg phosphate are need to produce 1 kg of 

microalgae cells, when using the freshwater without recycling[103]. The influence of macro-

nutrients on a single algal cells growth has been extensively studied in the literature (Table 

2.4). However, micro-nutrients are also needed to support the algal growth in smaller amounts, 

and these include manganese, molybdenum, copper, iron, zinc, boron, chloride and nickel. In 

addition, some other elements can be essential for certain algal species, like sodium, silicon, 

cobalt, iodine, vanadine and selenium. To prevent growth limitation by micro-nutrient, these 

are often added to commercial algal cultures together with a chelating agent such as EDTA 

[104]. 

Low concentrations of essential micronutrients results in very efficient uptake in microalgae.  

Studies on micro-nutrients have focused on the roles of essential and other elemental nutrients. 

Some micronutrients may be absorbed at levels exceeding the biostoichimetrically-determined 

concentrations, or else may be absorbed by microalgae but not required for growth [105]. For 

instance, the most important micronutrients in the microalgae are those in redox reactions (e.g. 

Fe3+, Mn2+, Cu2+), and acid-base catalysis (e.g. Zn2+, Ni2+). It is evident, from various published 

studies [110-119], that these micro-nutrients exert an influence on microalgae cell physiology 

which might then be expected to be reflected in the biomass production and CO2 fixation rates 

(Table 2.5).   

Whilst nutrient removal from wastewater using microalgae cultivation technology has been 

widely investigated, few until recently have addressed the coupling macro and micro-nutrients 

and the possible impact of different wastewater sources on biomass production in this regard 

[85, 87, 89, 106-113]. A variety of microalgae species (Ourococcus multisporus, Nitzschia cf 

pusilla, Chlamydomonas mexicana, Scenedesmus obliquus, Chlorella vulgaris and 

Micractinium resseri) have been examined using municipal, agricultural, and industrial 

wastewater sources [22], providing a range of nutrient concentrations. Chlorella vulgaris has 

been cultivated in different wastewaters, including artificial, piggery, domestic and secondary 

wastewater sources [111, 112]. However, these studies have largely focused on the influence 

of N and P, ignoring other macro and micro-nutrients. 
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Table 2.4 Reported macro – nutrient influence on algal growth 

Macro – 

nutrient 

Ion 

used by cells 

Type of 

reaction  

Biological function  Limitation influence Location in 

cells structure 

Nutrient 

Importance  

Refs 

Sulphur Sulphide, S2- 

Sulfate, SO4
-2 

Redox, 

oxidized  

Maintain cells viability 

functions for transport proteins 

and enzymes 

 

Reduction in sulphate uptake Membrane sulfolipids 

cells walls, vacuoles 

Chloroplasts and  

plastids   

High  [114] 

 

Sodium Na+ Osmotic  Control of nitrate reductase 

through protein factor(s) 

Constitutes ~70% of total positive 

charge on major osmotic solute 

Nitrite toxicity, chlorophyll 

loss chlorosis, Increase the 

enzyme nitrate reductase  

Cytoplasm, and 

vesicles   

 

High [115] 

Potassium,  K+ Osmotic See Sodium 

 

Changes in protein level 

reduce the algal growth               

Cytoplasm, and 

vesicles  

High [116] 

Magnesium

,  

Mg2+ Photosynthetic  Critical component of chlorophyll 

Increase the cells division rate 

Effects on RNA synthesis 

andincrease the protein. 

Increase the cell size 

decrease the cells volume 

Inhibited growth 

Inhibited the cells division 

Chlorotic cells   

Ground cytoplasm, 

and     

 Vesicles 

                

High [117] 

Calcium Ca2+ Alkalinity  Active ATPase. 

Quantity of pectic substances 

produced in cells walls 

Reduction of medium alkalinity  

Reduce the rate of 

photosynthesis 

Endoplasmic drops 

Low algal rate 

Ground cytoplasm    

 Vesicles 

                

High [118, 

119] 
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Table 2.5 Reported micro – nutrient influence on algal growth. 

2.7 pH  

According to the microalgae carbon concentration mechanisms (CCMs), the most important 

forms of dissolved inorganic carbon (CO2 and HCO3
-) are closely related to the pH value of 

the algal medium [130, 131] (see Sections 2.2.1). The variation of pH value in the cultivation 

medium depends on the hydrolysis of CO2 and the chemical properties of the cultivation 

medium. The influence of pH on the algal carbon fixation and biomass production is mainly 

related to the CO2 gas concentration. 

There is no significant change in pH value of the cultivation medium when aerated with 

atmospheric CO2. The pH range is about 7.9-8.3 for marine algae and between 6 and 8 for 

freshwater algae. Algal cells assimilate the carbon, escalating the pH value to 9-10 with an 

extremely low (0.038%) associated CO2 concentration. Against this, a high CO2 concentration 

Macro – 

nutrie

nt 

Influence on algal cells Refs 

Mn2+  Mn2+ deficiency in the cultivation medium can cause chlorotic microalgae 

which effects directly on the chlorophyll formation of microalgae and PSII.    

[120]  

Zn2+ Essential micronutrient element exist in the nucleic apparatuses such as, 

eoxyribonucleic acid (DNA) and ribonucleic Acid (RNA), finding the RNA 

content was low in Zn2+ deficiency, involved in CO2 supply to Ribulose -1,5- 

bisphosphate carboxylase/oxygenase (RUBISCO) for CO2 fixation in 

photosynthesis process algal cells. 

[121] 

[122] 

Cu2+ Play a role in the photosynthetic electron transport chain of microalgae that use 

metallo – protein plastocyanin, in PSI activity and respiratory electron 

transport chain, in addition to the Cu2+-Zn2+ from superoxide dismutase, and 

in the transmembrane uptake of Fe3+. 

[123, 

124] 

Ni2+ Ni2+ scarcity limits urea utilization in the marine environment as a result of 

organic complexation and slow uptake kinetics 

[125] 

Se2- Necessary for synthesis of selenium containing proteins, called selenoproteins, 

which are believed to be physiologically active and functional molecular from 

of Se2- in cells. 

[126]. 

Fe3+ Iron is particularly important in oxygenic photosynthesis and it is present in the 

two photosynthetic reaction centers (photosynthetic I and II, which contain 

respectively 12 and 2-3 iron atoms each) and the cytochrome complex which 

is involved in adenosine and three phosphate (ATP) synthesis. 

[127].   

Pb2+ Approved was not inhibitory metals below this concentration of (700 µg L-1). [128] 

As3+ Higher concertation of As3+ caused inhibition for algal growth. [129]. 
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(10-20%) can cause sharp decline in the pH value to about 5.5, which has been reported to 

inhibit the Rubisco activity in CCMs and thereby algal growth. Most microalgae species can 

tolerate a wide range of pH change, although they normally have an optimum range or value 

(for instance, synechococcus PCC7942 at pH 6.8 [132]) or in are inhibited at other pH ranges 

(for instance Chlorella Sp. KR-1 is inhibited at pH 4 [133]).       

2.8 Temperature  

Temperature can also significantly influence algal biomass production and CO2 bio-fixation. 

Physicochemical reactions during microalgae photosynthesis are naturally temperature 

dependent. Generally, lower temperatures are not favoured due to the reduced Rubisco activity 

which then commensurately reduces photosynthesis efficiency and so CO2 fixation. On the 

other hand, higher temperatures inhibit algal embolic growth and respiration intensity [134], 

and also decrease the CO2 solubility in cultivation medium in accordance with Henry’s Law. 

Therefore there is an optimum temperature or range depending on microalgae species and 

culture medium composition that should be indicated. Previous work have indicated most 

common microalgae species can survive between 15 and 26℃ [135]. Room temperature (18-

20 ℃) is often recommended for algal growth. Generally, temperatures lower than 16 can 

retard algal growth, whilst the temperatures above 35℃ have been shown to inactivate a 

number of microalgae species [133, 136, 137]. 

2.9 Environmental application of microalgae   

Coupling wastewater treatment and CO2 bio-fixation using microalgae cultivation technology 

(MCT) has received some attention in recent studies. MCT can successfully remove significant 

amounts of the polluting nutrient species (as NH4
+, NO3

−, PO4
−3, etc) required for microalgae 

growth [138], as well as capturing CO2, fixing 183 tons per every 100 tons of biomass 

produced. Biodiesel from microalgae is thus one of the very few biofuels with negative CO2 

emissions [139]. Morever, the extracted algal residue can be used for biomass production [138] 

(Fig. 2.5), allowing further energy recovery and so further reducing the environmental 

footprint. Despite this, MCT scale up remains challenging by process unreliability and high 

cost for large scale processes, which remain economically unfeasible [140]. However, there 

remains a need for alternative and sustainable sources of fuel. Given the environmental 

attractiveness of combined fixation of CO2 from flue gases and pollutant removal from 

wastewater combined with generation of a renewable fuel source, the currently existing 

economic feasibility limitations have to some extent been set aside in pursuit of an optimum 

configuration and/or scenatio for the application [141]. 
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Figure 2.5  Biofuel from microalgae culture technology (MCT), schematic. OC 

Organic carbon, CHP combined heat and power (adapted from [142]) 

2.9.1 Carbon dioxide fixation 

Various methods have been implemented for CO2 fixation (Table 2.6). However, these 

methods are expensive; generate considerable amounts of by-products, require large pieces of 

equipment, incur a relatively high energy demand. They are nonetheless widely used in 

industry out of necessity.  

Algae consume the dissolved carbon in a cultivation medium, which includes dissolved 

inorganic carbon (IC). When CO2 gas dissolves in water it generates a weak acid/base buffer 

system comprising carboxylic acid (H2CO3), bicarbonate (HCO3
-) and carbonate (CO3

2-). 

These species exist a different concentrations at different pH ranges. The CO2 - bicarbonate - 

carbonate equilibrium is the most essential chemical buffer system found in the natural water, 

and permits fixation of the carbon by algal species. 

In the last 50 years a number of different algal species have been examined for CO2 fixation 

[37, 143-147]. In particular Chlorella vulgaris has been widely studied for CO2 fixation under 

a range of operating conditions of CO2 concentration, [24-28] light intensity [29, 30] and 

temperature. Both atmospheric and industrial [148] sources of CO2 can be harnessed, with 

algal growth from atmospheric sources being constrained by the low CO2 concentration 

(0.036%) [138]. Whilst algal growth is promoted at higher CO2 concentrations [149], this may 

be mitigated to some extent at higher temperatures due to the decreased CO2 solubility [150]. 
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Table 2.6 Comparison between different recent methods for carbon dioxide fixation strategies.  

CO2 fixation method  Advantages  Disadvantages  Ref. 

MEA Scrubbing; A chemical absorption process 

used with a mono ethanol amine (MEA) 

Carbon dioxide captured can be used for industrial processes 

or to supply the needs of a photo-bioreactor system 

Expensive  required large equipment sizes and 

high regeneration energy requirement 

[151] 

[152] 

Membrane Technology; The principle behind 

membrane technology could be used to assist the 

carbon dioxide capture  

*Reducing the installation and operating costs by 30–40%. 

*Increase the mass transfer area in a given volume, and to 

avoid the problems associated with vapour–liquid contact 

surfaces 

In most membrane types, the amine either 

destroyed or wetted the surface, causing 

blockage except Pdytetrafluoroethylene (PTFE) 

membrane type was successful. 

[152] 

[153] 

[154] 

Desiccant Adsorption; Pressure and temperature 

swing adsorption (PTSA), using zeolite as 

desiccant 

 

 

* Carbone dioxide can be regenerated under 

depressurization. 

* Regenerative capacity and power reductions can be 

achieved.  

* Target removal efficiencies of 90–99% purity of CO2. 

The reaction of the desiccant with SOX in the flue 

gas. 

[155] 

Molecular Sieve; Sieve that separates molecules 

based on their molecular weight or molecular size 

*Produce minimal waste, 

*High separation efficiency.  

Very high cost effective.  

 

[156] 

[157] 

Enhanced oil recovery(EOR); Carbon dioxide is 

injected into an oil reservoir 

EOR projects depend on the price of oil and pure carbon 

dioxide. 

*Economically unfeasible 

*High cost of the CO2 removal. 

*requires large amounts of energy. 

[158] 

[159] 

Coal Seams; Geologic injection, Carbon dioxide 

diffuses through the pore structure of coal. 

Coal beds often contain large amounts of methane The process need to be optimised  [159] 

Oceanic Injection 

Direct injection into the ocean. 

Most viable method due to technological and economic 

reasons. 

*Decreases the pH level of surrounding area. 

* Around 15-20 % of the injected carbon dioxide 

will be leached back to the atmosphere. 

[159] 

[3] 
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The retention of carbon dioxide in a PBR generally depends on CO2 transfer from the gas to 

liquid phase and CO2 uptake by algal cells. Either one or both of these factors may be a 

function of the light intensity, CO2 gas concentration, biomass concentration in a PBR, 

hydrodynamic retention time, algal specie and cultivation medium physically properties (pH 

and temperature). Individual experimental studies have rarely encompassed all the relevant 

variables.  

Generally, CO2 uptake as a proportion of the supplied CO2 is largely dependent on the gas 

retention time (or hold up). Table 2.7 indicates that biomass production is generally in the 

range 0.01-1.03 g L-1 d-1 for moderate to higher (0.03 -5 %) feed gas CO2 concentration. CO2 

fixation can be enhanced by increasing the light intensity, within the optimum limits, 

enhancing the mass transfer coefficient and adjusting the macro and micro nutrients (and N 

and P specifically) in the cultivation medium.    

Table 2.7 Reported CO2 fixation data, 2010 onwards. 

MLA = Marine labs American Society of microbiology-derived medium; TS treated sewage; C centrate; 

Ww municipal wastewater; Sc. Acutus=Scenedesmus acutus , Nannochloropsis gaditana= Na. gad, 

Pseudokirchneriella subcapitata= Ps. Sub., nr not reported; *atmospheric air,**%CO2 fixed estimated 

from Chisti ratio: CO0.48H1.83N0.11P0.01; Rc = 1.88 × Poverall, Poverall = ΔX/Δt. 

 

 

Algal 

Species Cultivation 

medium 

TPin, 

mg L-1 

TNin 

mg L-1 

Light 

intensity

, μmol m-2 

s-1 

Inlet CO2, 

%v/v 

PA, g 

biomass-1  

L-1d-1 

CO2, 

fixed,g 

L-1 d-1 

Refs 

C.v TS 
1.2 19 132 0.03* 

0.04 0.07** 
[160] 

TS 0.01 0.01** 

Ps. Sub. nr 140 39 
800 nr 

1.02 1.83** 
[161] 

C 126-158 14-18 1.03 1.85** 

Na. gad. AM 
7 25 

300 

5 

0.27 0.48** 

[162] 

AM 500 0.36 0.64** 

40% C 5 149 300 0.27 0.48** 

50% C 8 258 300 0.31 0.55** 

40% C 5 149 500 0.38 0.68** 

50% C 8 258 500 0.44 0.79** 

Sc. acutus Ww 2.5 22 
610 

nr 0.073 0.13** 
[163] 

Ww 41 3 nr 0.079 0.14** 
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2.9.2 Wastewater Treatment (WWT) 

Typical WWT operations (Fig. 2.6) are generally denoted primary, secondary and tertiary 

treatment. In the initial primary treatment stage large solids that easily settle out are removed 

by sedimentation [164]. The remaining clarified liquid is then subjected to secondary 

treatment, in which bacteria ingest the organic material in wastewater to provide up to 90% of 

removal of the dissolved and suspended organic matter. Secondary treatment requires a further 

solid-liquid separation process to remove the microorganisms from the treated water prior to 

discharge or tertiary treatment [165, 166]. In most modern municipal WWT operations the 

nutrients N and P must be removed, and in some cases other materials such heavy metals. The 

process used for biological nitrogen removal is well developed and involves a simple 

adaptation of the classical secondary treatment process (the activated sludge process, ASP) 

through the introduction of an anoxic zone before the aerobic zone. However, removal of 

residual phosphorus demands further adaptation.       
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Figure 2.6 Block diagram of typical wastewater treatment. 
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Whilst adbanced BNR processes can satisfactory removal N and P, to as low as  3 mgL-1 TN 

and TP to 0.3 mgL-1 TP if fully optimised [39], the process relies on the existing ASP being in 

place. BNR also demands the pumping of sludge between various tanks in the treatment 

scheme [5, 6] (Fig. 2.7). In future, zero-energy wastewater treatment schemes are envisaged 

using anaerobic treatment. Anaerobic wastewater treatment provides effective organic carbon 

removal but provides no N or P removal. MCT thus provides an option for low-energy nutrient 

removal under such circumstances. 

Algae have been used to recover N and P from municipal wastewater, potentially integrating 

with the existing installation wastewater treatment and utilizing the effluent as a source of both 

the macro and micro nutrients. The efficient growth of microalgae in wastewater depends on 

water quality determinants, such as pH and nutrient concentration (including organic carbon), 

the availability of solar light and CO2. These variables will obviously depend on the 

wastewater source, as well as the algae strain itself.  
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Figure 2.7 Schematic of BNR process, including anaerobic zone for P removal.  

2.9.2.1 Wastewater resources 

2.9.2.1.1 Municipal wastewater 

Municipal wastewater is generated by domestic use of water, deriving from sanitary sewers 

and storm drains.  It generally ostensibly soluble and insoluble organic matter, microbes, and 

trace quantities of heavy metals, such as lead, zinc and copper, and organic chemicals of 
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concern such as halogenated organics. It is also odorous, arising from various volatile organic 

compounds along with hydrogen sulphide. Industrial wastewaters tend to have higher organic 

concentrations as well as high nutrient levels (e.g. 110 and 52 mg L-1 N and P respectively in 

winery wastewater [167]), compared with municipal wastewater of 15-90 and 5-20 mg L-1 

respectively [168]. Within a wastewater treatment plant (WwTP) there may be stream from 

the sludge processing plant containing, for example the centrate from the centrifugal 

separation process, which contains very high nutrient and organic carbon levels, making it a 

more effective source for microalgae cultivation [169] than the tertiary wastewater stream, 

which nonetheless is a suitable feedstock for MCT [170].        

2.9.2.1.2 Industrial wastewater 

Industrial wastewater can be high in heavy metal content, including cadmium, chromium, zinc 

from industries such as tanning and heavy industries, and high in organic content, for example 

from food and beverages from food and beverage processing and production, and possibly 

toxic organic matter, such as from refineries, paper mills or pharmaceutical wastewaters. 

Tolerance of the algal species to high levels and/or shock loads of toxic materials is therefore 

of some importance for treating such effluents using MCT. Thus far, few algal species have 

been studied for their heavy metal sorption ability [18]. Industrial wastewaters may require 

dilution or blending with other streams to mitigate against toxicity and algal growth inhibition 

[18, 171, 172]. Microalgae have been cultivated in various industrial wastewaters with a view 

to removing heavy metal pollutants and organic chemical toxins [59, 173-175], where a 

fraction of the pollutant (organics or heavy metals) may incur toxic effects on the aquatic 

ecosystem [176-178]. However, the tolerance of algae species varies between species: 

Chorella Vulgaris, for example, has been reported to be sensitive microalgae to hydrocarbons, 

biocides and surfactants [179]. 

Untreated petroleum effluent (PE) usually contains approximately the same amount of 

nutrients as municipal wastewaters, but often contains oil and grease, hydrocarbons, phenols, 

sulphides and heavy metals. The presence of these materials is known to be responsible for 

toxicity of discharged petrochemical wastewater streams [180]. PE generally has a high 

organic content, with the organic constituents exerting a different toxicities susceptibilities to 

anaerobic and aerobic degradation [180]. Various studies have reported nutrient content in PE 

ranging from 9.9 to 16.2 and 0.08 to 28.7 mg L-1 for N and P respectively [180].           
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2.9.2.2 Bioremediation of wastewater using microalgae 

The application of microalgae to municipal wastewater treatment was originally investigated 

in the 1950s [181], and for nutrient removal from the mid-1970s onwards [182, 183] as an 

effective means of mitigating eutrophication [184, 185]. A number of benchmark reviews of 

the subject have been published [186], along with a seminal close-out report for the Aquatic 

Species Program (ASP), which ran from 1978 to 1996 [187].  

Microalgae have been proven to be efficient in removing N and P and toxic metals from a 

wide variety of wastewaters [9, 188, 189]. There have been extensive studies of algae growth 

in municipal [190, 191], agricultural [192], and industrial wastewaters [18, 67] which have 

indicated substantial nutrient removal and concomitant algae biomass production.  Microalgae 

either assimilate the nutrients or render them innocuous, such that the treated water can 

potentially be reused or discharge to the ecosystem [193]; phosphorus removal is mainly 

through assimilation absorption of chemical precipitation. The microalgae biomass contains a 

significant nitrogen and phosphorus, approximately 10 and 11%, respectively on a dry weight 

basis [194]. 

The use of photobioreactors (PBRs) for N and P removal from wastewaters has received 

considerable attention [195, 196] [197] [198] [199]. PBRs offer a more sustainable alternative to 

the established biological nutrient removal (BNR) process, which demands energy for aeration 

and the pumping of sludge between various tanks in the treatment scheme, as well as 

supplementary chemical dosing with coagulants to obtain the required P removal [7]. 

However, whilst offering a potentially sustainable solution for combined nutrient and CO2 

abatement, the process footprint can be up to two orders of magnitude greater than that of the 

BNR process [21]. 

2.9.2.3 Nitrogen and phosphorus nutrients removal 

Nitrogen in wastewater exists  in the form of nitrate, nitrite, ammonia, and urea (or mixtures 

of them) [200]. Whereas the ammonium ion is directly assimilated by the algae, nitrate is 

removed via reduction to amino acids before being assimilated [200]. Whilst algae are 

apparently able to assimilate most of the nitrogen species in wastewater, there is a greater risk 

of contamination from real wastewaters than from bespoke cultivation media [201].  

Control of nutrient loads has been shown to provide beneficial effects. Nitrogen limitation has 

been observed to lead to increased lipid content in some chlorella strains such as C.emersonii 

(63%), C. minutissima (56%), C. vulgaris (57.9%), C. luteoviridis (28.8%), C. capsulata 

(11.4%), and C. pyrenoidosa (29.2%) [202]. It has also been observed [203] that triglyceride 
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accumulation in Nannochloris sp. cells could be 2.2 times greater than that in the cells in 

nitrogen sufficient cultures. The intracellular triglyceride content can be improved by 

prolonging the cultivation period during the stationary phase after nitrogen depletion. 

However, the creation of high-lipid and high caloric cells in stress states, such as nutrient 

deficiency, is associated with reduced cell division [204]. Therefore, there is an important 

balance between producing high caloric value cells and maintaining high biomass productivity 

through optimizing nitrogen in algal cultivation medium.  

Phosphorus is usually available in the wastewater as inorganic anions species such as H2PO4
− 

and HPO4
2− [205]. As with all nutrients, phosphorus is important for microalgae metabolism 

and growth, through adenosine triphosphate (ATP), which is essential to the cellular processes 

related to energy transfer. Phosphorus can be removed from wastewater through chemical 

precipitation, physical processes (using filtration and membrane), or by enhanced biological 

phosphorus removal (EBPR, an extension of the BNR process). Chemical precipitation is 

commonly referred to as chemical addition or flocculation, which can be achieved through 

addition of alum, lime, or iron salts to the wastewater which cause aggregation of particles to 

allow them to more readily be removed by sedimentation. This process can reduce the overall 

P concentration by more than 95%, depending on the extent of optimisation of chemical 

dosing. Chemical dosing increases the inorganic content of the waste sludge, and thus the cost 

of its disposal [206]. It is thus preferable to use wholly biochemical methods, i.e. EBPR, since 

these involve no chemicals and  produce less sludge [205]. EBPR typically involves modifies 

the BNR process  modification (alternating aerobic and anaerobic and anoxic conditions) that 

allows for a high degree of P assimilation and potentially very low residual P levels (<0.1 

mg/L), especially if combined with chemical dosing [205]. 

In the case of photosynthesis for algal production, large amounts of proteins (notably Rubisco) 

are generated through phosphorus rich ribosomes [207]. Since phosphorus-containing 

ATP/adenosine diphosphates are essential for photophosphorylation, limitation of growth by 

phosphate starvation may influence microalgal metabolism, and specifically lipid 

accumulation. Phosphorus is preferentially assimilated as inorganic phosphates in the form of 

H2PO4
2- and HPO4

3- [208, 209]. It has been postulated that phosphates may form complexes 

or precipitates with some metal ions, and that not all the added P is bioavailable [183] such 

that supplementation may be required for optimal operation.    

Algal growth and nutrient (N and P) removal efficiencies depend on a large number of 

variables, including medium composition and environmental conditions such as the initial 

nutrient concentration, light intensity, the N/P ratio, the light/dark cycle and algal species [210] 

(Table 2.8). Whilst there have been a large number of recent studies of nutrient abatement 
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using PBRs based on a number of system variables [89, 211] few have actually focused on the 

key aspect of nutrient balancing in a wholly consistent way. 

Table 2.8 Variation of the TP and TN removal efficiencies with the optimum N/P 

ratio. 

1C. vulgaris & Planktothrix 

Xin et al. [219] cultivated Scenedesmus sp.LX1 in a photobioreactor under different 

concentrations of initial TN (2.5, 5, 10, 15, 25 mg L-1) and TP (0.1, 0.2, 0.5, 1, 2 mg L-1). The 

authors reported the maximum removal of 99% for both N and P for initial TN and TP 

concentrations of 10 and 2 mg/L respectively, i.e. for an N/P mass ratio of 5. Feng et al. [218] 

reported a maximum of 97% NH4
+ and 96% TP removal using Cv cultivated in artificial 

wastewater at initial TN and TP of 20 and 4 mg L-1 respectively, i.e. at the same N/P ratio. 

Aslan and Kapdan [220] investigated the capability of Cv  for nutrient removal at different N 

and P concentrations and reported NH4
+-N to be completely removed from the media at initial 

concentrations of 13-21 mg L-1, while only 78% of the PO4
3--P was removed at a inital 

concentration of 7.7 mg/L. Lau et al. [221] demonstrated immobilized Cv cells to provide 

higher N and P removal efficiency (over 95% within 3 days) from primary settled wastewater 

than the free cells due to the higher metabolic activities of the immobilized cells as well as the 

interaction between the polysaccharide matrices and the nutrient ions in the wastewater. 

However, in all cases nutrient removal by algal processes is hindered by the long residence 

times of 2-5 days required [222].  

Cultivation 

wastewater 

Strain  Optimum 

N/P ratio  

TP % 

removal 

TN%  

removal 

PX 

(mg L-1 d-1) 

Ref 

Domestic Mixed 14 92.4 77 -- [212] 

Domestic C. vulgaris  192.6 84.2 44 -- [213] 

Domestic C. vulgaris 1-10 89 78 2.75 [214] 

11-20 81 84 2.3 

21-30 59 83 1.18 

61-70 24 73 0.41 

Synthetic C. vulgaris 8 -- 93 -- [215] 

Domestic C. vulgaris 2.85 97.8 67.2 234 [107] 

Synthetic C. vulgaris 18.8 85.9 82.5 72 [89] 

Domestic C. vulgaris 7 70 86 -- [216] 

Municipal C. vulgaris 21 100 70 54 [217] 

Co-culture1  100 80 65 

Synthetic C. vulgaris 5 96 97 230-212 [218] 
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2.10 Mathematical modeling 

2.10.1  Algal photobioreactor key system facets 

Key system properties affecting the microalgae cultivation process include (i) distribution of 

light dose throughout the biomass, (ii) CO2 mass transfer from the gas to liquid phase, (iii) 

CO2 assimilation by the algal biomass (largely achieved through (i)), (iv) nutrient load or 

concentration, and (v) removal of O2 generated during the photosynthetic process which may 

otherwise inhibit the algal growth [13]. Carbon dioxide functions as the carbon source for most 

algae, with the assimilated carbon contributing about 50% of the algal biomass. The local 

carbon dioxide concentration at any point of a bubble column PBR should be above the 

minimum threshold to sustain photosynthesis to avoid carbon limitation [42]. Nutrient 

limitation can be employed to enhance lipids production [223] leading to protein synthesis, the 

excess photosynthesized carbon being stored as triacylglycerides or starch [224].  

Light intensity and photoperiod cycle (i.e. the relative durations of the light and dark periods) 

are crucial factors in determining algal growth rate, especially for photoautotrophic cultures 

[32, 225]. Inefficiencies arise when microalgae are exposed to light intensities above the 

saturation limits, as a result of photo-inhibition or overheating. Against this, at high algal cell 

densities commensurately higher light intensities are required to ensure light penetration 

through the bulk of the culture [33]. 

Microalgal PBR processes are thus more complex than classical biological treatment processes 

and present a number of challenges for control and optimization. Mathematical models are 

thus needed which are capable of quantifying the impact of practical system parameters such 

as bioreactor configuration, CO2 mass transfer, carbon and nutrient uptake and water quality 

(pH, temperature, etc) on microalgal growth. The mass transfer coefficient is primarily a 

function of the hydrodynamic properties of the system [77, 226]. Whilst, CO2 uptake is known 

to increase with increase mass transfer coefficient [227], it is not obvious as to whether mass 

transfer – which informs the  optimum CO2-liquid contact time,  reported to be up to 23 hours 

for a column PBR [226] – provides the primary limitation in a large scale process. 

2.11 Optimization of cultivation conditions 

The complexity of the MCT process demands extensive experimentation to allow 

quantification of the impacts of all the key parameters. An alternative to the classical factorial-

based approach is the use of statistical experimental design both to reduce the number of tests 

in identifying synergistic relationships and optimum conditions. For instance, to optimise the 

system for just five of the key variables for a single algal species and reactor configuration, 
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based on just three parameter values and a classical n-factorial approach, would demand 243 

(i.e. 35) individual experiments. 

Box Behnken Design (BBD), while developed in the early 1960s [228], has only recently been 

employed for algal bioreactor optimisation specifically [229] and MCT generally, in particular 

relating to lipid or biofuel generation [230, 231]. BBD combined with response surface 

methodology (RSM) permits a significant reduction in the number of experiments,  whilst still 

enabling synergies between the different parameters to be identified along with the optimum 

set of conditions [232]. It is therefore provides an elegant and efficient approach for elucidating 

inter-relationships for complex, multi-parameter systems, such as PBRs, and has also been 

successfully demonstrated for various engineering applications [6, 233], including the 

optimization of water treatment processes [234, 235].  

2.12 Summary 

The recent literature related to the application of microalgae culture technology (MCT) to both 

prospective CO2 biofixation and nutrient from wastewater has been summarized with 

reference to (a) photosynthesis process principles and algal cultivation conditions, (b) carbon 

dioxide sequestration strategies, and (c) wastewater treatment. The influence of the key system 

parameters on the algal PBR performance with reference to both CO2 fixation and macro and 

micro nutrient has been appraised using photobioreactor (PBR) configuration, wastewater 

characteristics, and general process operating conditions. Factors such as light intensity and 

distribution, CO2 mass transfer and nutrient balancing have been discussed in detail. The MCT 

process has been compared with the main alternative methods used for nutrient removal from 

wastewater. 

Most of the published nutrient optimization studies have focused on algal growth rate. None 

appear to have combined algal growth optimisation with that of nutrient removal from the 

wastewater, nor considered the impacts of influent gas CO2 concentration, light intensity and 

temperature on the algal growth parameters. Notwithstanding the ostensibly scientific studies 

in the MCT research area, the main constraint to more widespread implementation of the 

technology remains a substantially economic one – as recognised in the most recent review of 

this aspect [317]. The economic viability is potentially driven by the combined gaseous CO2 

and aqueous nutrient abatement/assimilation in a single process technology where added value 

is provided by the stream which would usually be considered a waste in a conventional 

wastewater treatment process. It is this aspect that has precipitated the research, the objectives 

and the related prospective research outputs significance as outlined in Sections 1.2 and 1.3 

respectively. Further advancement of the technology demands more rigorous process 
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optimisation expedited by appropriate statistical experimental programme design methods and 

encompassing all process parameters germane to the dual CO2/nutrient abatement process 

objective.  
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3.1 Introduction 

This chapter provides the comprehensive research methodology employed for the study, 

including the experimental setup and analytical techniques used. This includes: 

 the medium preparation, pre-culture process and algal stock culture preparation; 

 the design of the bench-scale photobioreactors (PBRs), including the gas supply 

providing the CO2; 

 the origin and sampling of the wastewaters used as feedstock for some of the studies; 

 the software used for the Box Behnken Design of the experimental programme and 

the processing of the data produced from the experimental test programme. 

3.2 Materials 

3.2.1 Cultivation media  

The standard growth medium (MLA,  Marine labs American society of microbiology-derived 

medium) used for inoculation and cultivation is substantially modified from ASM-1 medium 

[236]. The MLA medium consists of the following components (in mg L-1): MgSO4·7H2O 

49.4; NaNO3 170; K2HPO4 34.8; H3BO3 2.47; vitamin B12 0.05× 10-3, thiamine HCl 0.1; biotin 

0.05× 10-3; Na2EDTA 4.56; FeCl3·6H2O 1.58; MnCl2.4H2O 0.36;CuSO4·5H2O 0.01; 

ZnSO4·7H2O 22 × 10-3; CoCl2·6H2O 0.01; NaMoO4·2H2O 0.006; NaHCO3 16.9; CaCl2·2H2O 

29.4. The concentrations of both NaNO3 and K2HPO4 in the standard medium were varied to 

accommodate different concentrations of TN (0-56 mg L-1) and TP (0-19 mg L-1).      

All the analytical grade chemicals used to prepare the MLA were purchased from (Sigma-

Aldrich Pty Ltd, Australia) and (Chem-supply, South Australia). A variety of fully sterilized 

glassware items (e.g., bakers, Erlenmeyer flasks, cylinders, spatulas, funnels, filter holders and 

burets) were used in preparing the cultivation media (Chemical Engineering laboratories, 

Curtin University, Australia). The laminar fume-hood (HWS Series, CLYDE-APAC, 

Australia) used to house the equipment was regularly cleaned using 70% ethanol. Stock 

solutions and cultivation media were contained in autoclaved Schott bottles (1.2 L) and stored 

at 5 ℃ until used. 
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3.2.2 Wastewater 

Three different wastewater qualities were used for microalgae cultivation. Primary wastewater 

(PWW) and secondary wastewater (SWW) were collected from Beenyup municipal wastewater 

treatment plant (WWTP), Western Australia. PWW samples were taken from the outlet of the 

Primary Clarifier. SWW samples were withdrawn from the outlet of the secondary clarifier 

before the disinfection unit. Petroleum effluent (PE) was collected from BP Kwinana Refinery 

in Western Australia. PE samples were taken from the outlet of the dissolved air flotation 

(DAF) unit and before the biological treatment unit (BTU). The wastewater effluent samples 

were immediately filtered using 0.2 µm nylon microfilters and were then autoclaved at 120°C 

for 15 minutes (Floor Autoclave, LABEC, Australia). Samples were then characterized before 

conducting the experiments to obtain the chemical and physical properties (Table.3.1). Finally, 

the prepared samples were placed in fully sterilized Schott bottles and stored at 5 ℃ for further 

experimentation. 

3.2.3 Microalgae 

The green algae Chlorella vulgaris (strain: CCAP 211/11B, CS-42) was supplied by 

Australian National Algae Culture Collection/CSIRO Microalgae Research and cultivated in 

Curtin University, Department of Chemical Engineering.  

The Chlorella vulgaris sample was inoculated in a 250 mL Erlenmeyer flask contained 150 

mL of autoclaved MLA medium at 10% concentration. The microalgae cells were cultivated 

in a shaker incubator (Bench Top Orbital Shaker, LABEC, Australia) at 200 rpm and 20℃ 

under continuous illumination of white fluorescent light at 50 𝜇E for three weeks inside 

incubator refrigerator (Temperature Cycling Chamber, LABEC, Australia), and periodically 

shaken by hand to prevent the microalgae adhering to the inside surface of the glass.  

Sub-culturing, inoculation, sampling and medium transfer were carried out in Laminar Flow 

Workstation (HWS Series, CLYDE-APAC, Australia) supplied with UV-light sterilization 

and surfaces were cleaned with 70% ethanol. Algal media and flasks were all sterilized at 

120°C for 15 minutes.  

3.2.4 Bubble column photo-bioreactors 

A set of five cylindrical glass columns photo-bioreactors (PBR), each with a total volume of 

350 mL (ID = 4 cm) for a single PBR used for algal cells cultivation (Fig. 3.1). The PBR 

constructed material is Gallium Lanthanum Sulphide Glass (GLS 80) [237], which is widely 

used in manufacturing the laboratory SCHOTT bottles, as high transparency material, resist 
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for chemical, temperature and pressure. Quick – release autoclavable polypropylene screw cap 

allows the PBRs to be easily opened and closed. The 40 mm wide neck facilitates easy and 

safe changing and removal of liquid and algal culture. The wide neck also makes cleaning the 

PBR particularly easy. The working volume of the reactor was 250 mL and the volume ratio 

illuminated surface/ volume (S/V) was designed to be equal to 100 m-1.  

12

3

4

6

7

5
(a) (b)  

Figure 3.1  (a) Schematic diagram of a single bubble column photobioreactor: 

((1) sampling port, (2) gas outlet, (3) polypropylene screw cap, (4) 

gas sparger, (5) Ari-CO2 mixtrue system, (6) flowmeter, (7) gas 

bubble, and (b) photo of the  experimental set-up. 

The PBR was equipped with an aeration system comprising an air-CO2 mixture fed to a gas 

inlet port. The gas was injected into the bottom of the PBR through a ring sparger (a silicon 

tube) placed horizontally in the bottom centre of the reactor to ensure culture was bubbled 

continuously with filtered air (PTFE, Merckmilipore, Germany). Ports in the head of screw 

cap provided access for sampling tubes, air spargers, and exhaust gases. The PBRs were 

affixed vertically to ensure efficient light penetration through reactors.     
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3.3 Methods 

3.3.1 Typical cultivation and sampling procedures  

To perform culturing in fully aseptic conditions, fresh medium were added to the PBR and 

then sterilised for 15 minutes at 121℃ in a steam pressure autoclave (Floor Autoclave, 

LABEC, Australia). Following autoclaving, the PBR was allowed to cool in the autoclave 

overnight so as to minimise the amount of precipitate that could from from the presence of 

sodium bicarbonate in the cultivation medium. The PBR was then connected to the aeration 

system and inlet gas tube, humidifier, and rotameters were all connected. Prior to every 

experimental run, a sub culture of inoculum was prepared. Inoculation was performed by 

aseptically transferring the stock culture to the bioreactor according to a 1:10 standard ratio of 

culture to inoculum. Samples were taken for further analysis directly after inoculation and 

subsequently daily. A sample of the stock culture was also taken and analysed to measure the 

biomass concentration (i.e. cell density). Temperature, pH, aeration rate and CO2 

concentration in the inlet and outlet streams were monitored regularly.    

3.3.2 Gas mixture 

The culture were aerated continuously with filtered air (0.03 % CO2) using a set of high 

performance output pump of 125 L h-1 (Marina 300 pump, Hagen, Canada).  The air follow 

rate was continuously calibrated (MINI - Buck CALIBRATOR, A.PBUCK, incorporated 

Orlando, Florida, USA) and controlled by air-flow meter (InFulx, DUFF and M 

MACINTOSH, Australia). Pure CO2 was supplied by BOC (British Oxygen Company, Ltd.) 

at a purity of >99 %, <50 ppm moisture, <20 pmm hydrocarbons (as methane ), <20 pmm 

oxygen, 0.5 pmm sulphur compounds, and <0.5 pmm nitrogen oxide. Air enriched with 

different CO2 concentrations (0.03-22%) were adjusted by digital mass flow controllers (MC-

100SCM, Cole-Parmer, USA). The corresponding air-CO2 flowrates was compressed though 

a coil of PVC rigged pipe to ensure sufficent time for homogenous mixing. The gas mixture 

was then passed through a humidifier before entering the PBR to prevent water evaporation 

from the microalgae culture (Fig. 3.2).      
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Figure 3.2 Air – CO2 mixture system. 

3.3.3 Illumination system   

The cultivation temperature was thermostatically maintained at 24  2 ℃ (Thermal 

Anemometer, Testo, USA). Continous illumination at a light intensity between 180 and 

400 µE m-2 s-1 was provided by eight LED lamps each rated at 10W. The light intensity 

was measured using a light meter (LI-250A, LI-COR, US & Canada) which could be 

connected either to a Quantum Sensor (LI-192SA, LI-Core Inc., US& Canada) or 

spherical underwater sensor (US-SQS, WALZ, Germany). Both number of LEDs and the 

distance from the surface of PBR were adjustable, to permit a range of various light 

intensities to the PBR. 

3.4 Analysis, algal cells 

3.4.1 Optical density measurement  

The optical density (OD) of the extracted samples was measured using a UV-Vis 

spectrophotometer (Jasco V-670). The maximum absorbance was observed at 680 nm over the 

spectral range of 400-700 nm measured. All cell concentrations were thus determined in terms 



 

44 

of the OD at this wavelength (Fig. 3.3). Culture samples were diluted with distilled water prior 

to OD measurements to ensure the spectrophotometer measurements were between 0.1-0.9, 

and all measurements carried out in triplicate.  

 
Figure 3.3 Biomass absorbance. 

3.4.2 Algal dry weight determination 

10 mL of the microalgae samples were filtered using pre-weighted glass filter then oven-dried 

at 80 ℃ for 12 hours before being stored in a vacuum desiccator and re-weighted for 

calculating the dry weight of biomass. Calibration revealed the correlation between the 

biomass concentration X in g L-1 and OD at 680 nm (OD680) to be given by: 

 X (g L-1) = 0.35 OD680 – 0.002 (R2 = 0.99)    (3.1) 
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The specific growth rate µ was then calculated from the initial (X0) and final biomass 

concentration (Xt). according to:  

 3.2) 

Biomass productivity, PX was calculated using the equation: 

 3.3) 

3.4.3 Cell number  

Microalgal cells were enumerated by placing a 10 μL sample in a Marienfeld Thoma counting 

chamber, the chamber then being placed under light microscope at ×40 magnification 

(ACHRO 40X/0.65, Saxon, New Zealand). The number of cells was counted in 9 large squares 

of Thoma chamber, each measuring 16 × 0.0025 mm2 with total area of 0.04 mm2. An average 

number of cells was counted per small square. This value was substituted into the formula 

D = a × [1/ (0.1 × 0.2 ×0.2×1000)] ×2500 where D is the number of cells in 1 ml, a the cells 

counted. The ideal number of cells are between 30 to 70, since algal cells need to be 

sufficiently dispersed to ensure the cells distribute uniformly and can be counted accurately.  

3.4.4 Microalgae carbon content analysis 

Algal cells were harvested by centrifugation at 5000 rpm for 15 min (C-28A, BOECO, and 

Germany) and the supernatant decanted. The cell pellets were washed with distilled water and 

then freeze-dried at -50 ℃ for 15 hrs (Alpha 2-4 LDplus Laboratory Freeze Dryer, Christ, and 

Germany). The carbon percentage (%C) in samples was measured using elemental analyser 

(CHNS/O analyser, PerkinElmer, USA), and the CO2 bio-fixation rate RC in g L-1 d-1  

determined from: 

 RC (g L-1d-1) =  %C x Px x MCO2/MC             (3.4) 

where, PX, MCO2 and MC are the biomass product molecular weight of CO2 and Carbon 

respectively.  

3.4.5 Dry method lipids content analysis 

The total lipids were extracted from freeze-dried algal biomass using a method modified from 

that of Blight and Dyer [238]. Appropriate solvents were selected for extraction of lipids from 

the samples, and the solvents evaporated and the retained material measured as lipids content 
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[239]. 50 mg of lyophilized algal biomass was placed in a 15 mL test tube and mixed with a 

2:1 chloroform-methanol solvent. The mixture was then ultrasonically treated at 0.4 W mL-1, 

with a pulse of 55/5 and an amplitude of 90%, at 20°C for 10 minutes (Vibra cell, Sonic 

Materials, USA). The chloroform-methanol phase containing the extracted lipids was then 

centrifuged (C-28 A, BOECO, Germany) to separate liquid mixture and cells debris, then 

separated and the solvent removed using a vacuum rotary evaporator (R-201, Rose Scientific 

Ltd, Canada) at 5 psi pressure and temperature of 70°C.  

The lipids productivity (Plipid) was calculated from [240]: 
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where Xmax is the cumulative microalgae biomass produced (g), V the working volume (L) and 

t the cultivation period. Y, the %lipids content, was obtained quantitatively from lipids density 

and algal biomass according to the following equation [241]: 

100
biomassofWeight

lipidextractedofWeight
 (%) Y  3.6) 

3.5 Analysis, wastewater 

All wastewater analyses were generally carried out according to standard methods [242].  

3.5.1 TN and TP 

Total Nitrogen (TN) and Total Phosphorus (TP) concentrations in the liquid samples were 

determined colorimetrically using HACH test kits (DR/890 Colorimeter, HACH, USA). The 

sample was 0.45 μm-filtered to separate the algal cells using. For TN identification, alkaline 

persulfate digestion was used to convert all nitrogen to nitrate. Sodium metabisulfite was then 

added after digestion to eliminate halogen oxide interference. The nitrate was then reacted 

with chromotropic acid (under strongly acidic conditions to from a yellow complex with an 

absorbance peak near 420 nm, measureable colorimetrically. For TP analysis, phosphates 

present in organic and condensed inorganic forms (meta-, pyro- or ortho) were converted to 

reactive orthophosphate prior to analysis. The sample was then pre-treated with heated 

acidified persulfate so as to provide the conditions for hydrolysis of the condensed inorganic 

forms,  organic phosphates being converted to orthophosphate [243]. Methods for both N and 
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P were adopted from standard methods, code #10072 and 10127 respectively  in the analytical 

procedure of the DR/800 instrument.    

3.5.2 Chemical oxygen demand (COD)  

A DR/890 HACH spectrophotometer was used to measure COD following the standard 

procedure of sample digestion (Method #8000). The COD in mg L-1 is defined as the mg of 

O2 consumed per litre of sample under prevailing oxidation conditions, comprising heating for 

two hours in potassium dichromate. Oxidizable organic compounds react, reducing the 

dichromate ion (Cr2O7
2−) to green chromic ion (Cr3+) and the Cr3+ produced is determined. 

Mercury ions are added to complex with chloride in the sample to limit its interference with 

the analysis.  

3.5.3 TOC  

Total organic carbon (TOC) and Total carbon (TC) were both determined using a Shimadzu 

TOC analyser (TOC-VCPH, Shimadzu, Japan) equipped with an inorganic carbon (IC) 

reaction vessel. Prior to sample injection, the 5 mL sample (5 mL) was filtered using a 0.45  

µm PTFE membrane filter to separate the algal cells. The IC concentration was calculated by 

subtraction of total carbon from total organic carbon in the sample. 

3.5.4 Macro and micro nutrients  

Inductively coupled plasma optical emission spectrometry (ICP – OES) and inductively 

coupled plasma mass spectrometry (ICP – MS) (PerkinElmer, USA) were both used to 

determine the initial and final concentrations of micro nutrients (Ca2+, S2-, Mg+2, K+1 ) and 

macronutrients (As3+, Ni2+, Co2+, Pb2+, Zn2+, Cu2+, Mn2+, Fe3+, Cd2+ and Se2-) in PWW, SWW, PE 

and MLA liquid samples. For ICP – OES the respective emission wavelengths for each 

element were Ca 317.933 nm, S 181.975 nm, Mg 285.213 nm, and K 766.490 nm. An internal 

litium standard added to all samples and standards was used to account for non–spectral 

inferences. 5 ml samples were taken from each PBR at the beginning and end of each 

experiment and then 0.45 µm-and acidified with 1% nitric acid prior too measurement to assist 

nebulizing. All reagents and standards were used of “HIGH- PURITY STANDARDS”. Higher 

concentrations standard of ( Ca, S, Mg, K, As, Ni, Co, Pb, Zn, Cu, Mn, Fe, Cd, Se ) (1000 µg 

mL-1, initially diluted in 0.02 HNO3) was diluted to the required concentrations using high 

purity deionized water. All results obtained in triplicate, then averaged.   
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3.6 Coloured tape (CT) light filter 

CT of different colours (blue, white, green, yellow, and red) was used to filter the light (Fig 

3.8, a- e). CT spectral characteristics were obtained from spectra analysis software (Jasco V-

670, JASCO Corporation, Japan), to produce illumination with corresponding wavelength 

mainly in the visible range. This implies an associated reduction in energy (i.e. longer 

wavelengths) from that of the incident white light. The filtered light intensities inside the PBRs 

were then measured using light meter equipped with spherical sensor. The CTs were 

subsequently directly wrapped around the PBRs to select the appropriate irradiated light 

wavelength range (Fig. 3.4). 

(a) (b) (c) (d) (e)
 

Figure 3.4  Wrapped PBRs with different colored tape: (a) blue (CTB), (b) 

white (CTW), (c) green (CTG), (d) yellow (CTY) and (e) red (CTR)  

3.7 Experimental design and data processing 

3.7.1 Background 

Response surface methodology (RSM) provides a useful and increasingly employed tool for 

reducing the number of experimental tests required to achieve a result. The key objective of 

RSM is to optimize the response (or measured impacted parameter or dependent output 

variable) surface influenced by several independent input parameters. RSM also identifies the 

relationship between the controllable input parameters and the response variable. The 

statistical method calculates the influence of changes in the selected parameter and their 

mutual interactions on the process through a specific experimental design. The three 

systematic steps used in the statistical experimental design and optimisation are (i) statistical 

design of experiments, (ii) estimation of coefficient of a mathematical model using 

experimental data and (iii) analysis of model applicability and mathematical optimisation 

which verified by experimental data.  
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A common method used to design experiments is Box Behnken Design. BBD employs a 

matrix of tests based on a number of parameters. The impact of each parameter is evaluated 

by selecting three or more values (or “levels”) of these parameters and then conducting tests 

which encompass every combination of each parameter value. The results of the experiments 

in terms of the response parameter(s) can then be evaluated through a statistical model [232]. 

In the case of a three-level, three-parameter system, which would demand 27 individual tests 

for an experimental programme based on classical factorial experimental design, the number 

of tests required is 15. This was the case in the current study, where two such BBD matrices 

were created to examine the synergistic relationships between these sets of three parameters 

within specific limits. The output of the statistical model is second order polynomial featuring 

terms – 10 in all - in all the parameters and their combinations [235]. The response values from 

the 15 experiments determine the 10 coefficient values in the polynomial.  

3.7.2 Statistical experimental programme 

In this study, Box Behnken Design (BBD) was employed to optimize the cultivation process 

and investigate the interactive effects of initial concentration of total nitrogen (TN), total 

phosphorus (TP), total carbon (TC), CO2 gas concentration (Cc,g), light intensity (I) , and 

temperature (T) on the system performance. A multi-level, three-parameter matrix was 

employed to examine the synergistic relationships between the input parameters as follows:  

(a) µ in d-1, biomass productivity PX in g (dry weight) biomass L-1 d-1, CO2 capture (RC), 

as a function of feed Cc,g (X1) , I(X2) , and T (X3), and, 

(b) Nutrient removal (% RE TN and TP), as a function of feedwater composition with 

reference to TN (X1), TP (X2) and total carbon ((TC), X3). 

The 15 experimental runs were randomly sequenced in duplicate to reduce the effect of the 

temporal-related errors. JMP statistical discovery software (SAS v11.2.1) was used to 

complete the regression analysis and generate the graphical relationships. The variability of 

the factors was expressed as coefficient of determination (R2) values. The model equation was 

then used to identify the interaction between the variables within the specified experimental 

boundary conditions. To identify the maximum conditions of the selected responses were 

through maximising the desirability function in Derringer’s desired function (DDF) 

methodology [244].  
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3.7.3 Regression analysis 

The experimental results were fitted with the quadratic model by multiple regression analysis 

for predicting the optimum values were derived according to the following equation: 

Y=𝛽o + ∑ 𝛽𝑖𝑖𝑘
𝑖−1 xi2 + ∑ ∑ 𝛽𝑋𝑖 + 𝜀𝑘

𝑗−𝑖+1
𝑘−1
𝑖−1    (3.7) 

where Y is the response variable; 𝑖 and 𝑗 are the index number for the patterns; 𝛽o is the constant 

coefficient; 𝛽𝑖 , 𝛽𝑖𝑖 and 𝛽𝑖𝑗 are the coefficient for linear, quadratic, and interaction influence, 

respectively; 𝑥𝑖 and 𝑥𝑗 are the variables to be studied, the coded variables are defined as: 

xi = 
𝑋𝑖−𝑋𝑜

∆𝑋𝑖
 (3.8) 

where xi is the coded value of the independent variables, Xi is the actual value of the 

independent variable, Xo is the actual value of the factor at the centre point, and ∆Xi is the step 

change value.  

All error bars on graphs were determine as standard deviation.     
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Chapter 4. 
  

Influence of the 
wastewater quality on the 

performance of   
Chlorella Vulgaris  
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4.1 Introduction 

Municipal and industrial wastewaters require treatment for removal of organic carbon and 

nutrients (nitrogen, N and phosphorus, P) prior to discharge. Photobioreactors (PBRs) using 

microalgae present a potentially economically viable alternative to conventional aerobic 

biological methods for wastewater treatment [245], since they offer the potential of alternative 

resource recovery and recycling options which can offset some of the operational costs [140]. 

Microalgae have attracted considerable attention for this duty, with reference to their 

capability for bulk nutrient (N and P) removal (Table 4.1), combined with simultaneous CO2 

capture [101]. As well as these bulk nutrients, other macro nutrients and micro nutrients, the 

latter commonly regarded as micropollutants, are also assimilated during algal growth (Table 

4.2). These include calcium (Ca2+), magnesium (Mg2+), potassium (K+), sodium (Na+), sulphur 

(as SO4
2-), the heavy metals manganese (Mn2+), molybdenum (Mo2+), copper (Cu2+), iron 

(Fe2+), zinc (Zn2+), and nickel (Ni2+), and – for some algal species – boron (as B, borate), 

silicon (Si, as silicate), cobalt (Co2+), iodine, vanadium and selenium (Se2-) [4]. Some micro-

nutrients may be added to commercial algal cultures together with a chelating agents such as 

EDTA [104, 246] to sustain algal growth. Algal biofilm reactor was also suggested as an 

integrated system for rural wastewater treatment with simultaneous biomethane, biomass and 

bio fertilizer production [247]. The study confirmed that the biomass productivity achieved 

was 4 g m-2 d-1 using livestock wastewater. Choudhary et al. [248] investigated 9 native 

microalgae consortia for biomass production and nutrient removal from rural wastewaters for 

bioenergy applications. all the investigated consortia showed 80–100% reduction in nutrient 

from the tested wastewaters under controlled conditions, and the maximum biomass 

concentration of 1.93 g/l was achieved in livestock wastewater which was higher than that 

produced in the standard medium (BG11) (1.17 g/l).  Prajapati et al. [249] pointed out that 

Chroococcus sp.1  cultivated in neat livestock wastewater is the best for biomass production 

under controlled (2.13 g L–1) and outdoor conditions (4.44 g L–1) with >80% of nutrients 

removal. 

Whilst bulk nutrient removal capability of PBRs has received attention (Table 4.1), attaining 

consistent removal efficiency (% RE) values so as to meet the increasingly wastewater 

discharge standards remains a challenge. Moreover, the capability of PBRs for micro-nutrient 

removal has received little attention (Table 4.2), despite the increasing focus on the fate of 

micropollutants and their abatement in wastewater treatment processes.  
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 Table 4.1 Reported Chlorella vulgaris algal growth parameters with nutrient removal efficiency for various wastewaters  

 PBR = Photobioreactor; PBRC Continuous system, PBRs semi continuous, otherwise batch system; ww =wastewater; SAnMB = effluent of a submerged anaerobic membrane PBR; MPBR = membrane PBR; BMPBRC 

= Biofilm membrane PBR; OMPBR = Osmotic membrane PBR; VFP= Vertical flat-plate PBR; Cww= Centrate wastewater; EF= Erlenmeyer flask; Mww= Municipal wastewater; CYPBR= Cylindrical PBRs; AqWW  

Aquaculture wastewater; HRT = hydraulic residence time, aAtmospheric level, Rc = CO2 fixation rate which estimated from Chisti ratio: CO0.48H1.831N0.11P0.01; Rc = 1.88 × Px, Px = biomass productivity which estimated 
from ΔX/Δt, Not reported= nr.  

WW 

 

Syst

em 

 

Xmax, 

g L-1 

Cd, 

cells 

mL-1 

Inlet 

CO2  

Cc,g, 

%v/

v 

Px, 

g L-1 d-1 

CO2 

fixn. 

rate, Rc 

g L-1d-1 

µ, 

d-1 

TPin, 

mg L-1 

TNin 

mg L-1 

CODin, 

mg L-1 

N/P, 

ratio 

RE TP, 

(%) 

RE TN, 

(%) 

RE 

COD

, 

(%) 

pH, 

value 

HR

T,    

d-1 

Refs 

Artificial PBRB 1.98

±0.1 

nr 2 0.32±0.1 0.56 0.13 nr nr nr nr nr nr nr 4.5 nr [106] 

Piggery PBRB 0.49

±0.2 

nr nr 0.02 0.04 nr 13.5±0.6 56±2 nr 4.1:1 18 49 nr nr nr [87] 

Artificial PBRs nr 6.4 ×106 nr nr nr 0.377 ~0.57 ~23  46:1 70.2 74.3 nr 7.2 nr [85] 

SWW nr 5.3 ×106 nr nr nr 0.186 ~0.57 ~22 nr 46:1 80.3 60.1 nr nr nr 

SAnMBR PBRs 0.59

5 

nr nr 0.23 0.41 0.66±

0.1 

5.1-10.5 52.3 nr 5:10 97.8 67.2 nr 7.2 2 [107] 

Synthetic PBRB 0.2 nr 0.03a 0.03 0.05 0.59 1.69-

2.17 

7.48-22.1 nr 9.7:12.9 >95 

 

>95 

 

nr 

 

nr 5 [108] 

 

AqWW MPBRC 0.04 nr 0.03a 0.04 0.07 0.17 0.42 6.81 nr 16.2:1 82.7 86.1 nr nr 1 [109] 

Domestic MPBR 0.2-

0.75 

nr 0.03a 0.06 0.1 0.17 1.69-

2.17 

7.48-22.1 nr 15.5:22     2 - 5  

SWW MPBR 0.95 nr 4 0.04 0.08 nr 0.8 15 5 18.75:1 85 ± 3 64 ± 6 nr 6.8-

7.5 

2 [89] 

BMPBRC 1.37 nr 4 0.07 0.12 nr 86 ± 2 83 ± 4    

Mww VFPPBR nr 6.3 ×106 0.03a nr nr 1.39 1.8 12 nr 6.6:1 >99 >99 nr nr 60 [110] 

SWW PBR 0.64 nr 5 0.03 0.06 0.11 0.64 10.04 nr 15:1 53.8 49.6 nr 7.2±0.

2 

nr [111] 

PWW EF 2.71 nr 0.03a 0.09 0.17 0.61 10 40.8± 0.4 242±2 4.1:1 35.2 60.2 40 7.86 nr [112] 

SWW 1.86 nr 0.03a 0.06 0.11 0.52 26 44±0.2 59±0.5 2.4:1 11.9 55.9 30 7.53  

Cww 2.37 nr 0.03a 0.08 0.14 0.25 200 130±2 601±4 0.7:1 25.9 33.6 61 4.86  

Artificial CYPBR 0.62 nr nr 0.15 0.27 0.69 nr 90 100 nr nr nr 15.2 nr nr [113] 

Urban  0.36 nr nr 0.09 0.15 0.33 nr 90 nr nr nr 77.6 nr  
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 Table 4.2 Reported Chlorella vulgaris algal growth parameters with Macro and Micro nutrient removal efficiency for various 

wastewaters. 

Macr

o, 

Micro 

Nut. 

WW System Xmax, 

g L-1 

Cd, 

cells mL-

1 

Inlet 

CO2  

Cc,g, 

%v/v 

Px, 

g L-1 

d-1 

CO2 fixn. 

rate, Rc 

g L-1d-1 

µ, 

d-1 

TPin, 

mg L-1 

TNin 

mg 

L-1 

N/P, 

ratio 

CODin, 

mg L-1 

Macinit 

(mg L-1), 

Micinit 

(µg L-1) 

RE 

TP, 

(%) 

RE 

TN, 

(%) 

RE 

COD, 

(%) 

RE 

Mac, 

Mic 

(%) 

pH, 

value 

HRT,    

d-1 

Refs 

Macro nutrient 

Ca2+ Mww VFPPBR nr 6.3 ×106 0.03a nr nr 1.39 1.8 12 6.6:1 nr 35.3 >99 >99 nr 19.6 nr 60 
[110] 

S2- STWW BCPBR 0.8 1.6×107 nr 0.2 0.35 nr 17.2 10 1.72 nr 66.6 100 100 nr nr 8 3.3-3 
[250] 

Mg+2 MBM SF 1.8 nr 0.7-2.1 0.18 0.31 nr 53.1 41.2 0.77 nr 7.4 nr nr nr 70 nr 10-50 
[251] 

K+1 PLA 
GBCPB

R 
1.3 nr 0.03a 0.11 0.13 nr 5.32 75 14 nr 13.3 40 100 nr 13 7 nr 

[252] 

Micro nutrient 

As3+ SWW EF nr 8.3×105 nr nr nr nr 0.36 7.08 19.4 nr 2.65±0.1 82.2 92.3 nr <50 nr nr 

[253] Ni2+ SWW EF nr 8.3×105 nr nr nr nr 0.36 7.08 19.4 nr 6.21±0.2 82.2 92.3 nr <50 nr nr 

Co2+ SWW EF nr 8.3×105 nr nr nr nr 0.36 7.08 19.4 nr 0.82±0.0 82.2 92.3 nr <50 nr nr 

Pb2+ SWW EF nr 8.3×105 nr nr nr nr 0.36 7.08 19.4 nr 
1.03±0.1

3 
82.2 92.3 nr <50 nr nr 

Zn2+ Mww VFPPBR nr 6.3 ×106 0.03a nr nr 1.39 1.8 12 6.6:1 nr 130 >99 >99 nr 100 nr 60 
[110] 

Cu2+ Dse MPBRc 1.72 nr 4 0.05 0.089 nr 
14.1±0.

9 

0.78

±0.1 
18.2 39.9±5 19 76.6 87.7 0 64.7 7.8 2 

[254] 

Mn2+ Dse MPBRc 1.72 nr 4 0.05 0.089 nr 
14.1±0.

9 

0.78

±0.1 
18.2 39.9±5 17 76.6 87.7 0 100 7.8 2 

[255] 
Fe3+ Dse MPBRc 1.72 nr 4 0.05 0.089 nr 

14.1±0.

9 

0.78

±0.1 
18.2 39.9±5 153 76.6 87.7 0 100 7.8 2 

Cd2+ 
C 

medium 
EF nr nr nr nr nr nr nr nr nr nr 0-152 nr nr nr 

32.5-

13.1 
7.5 1.5 

Se2- SW VPBRs nr nr nr nr nr nr 
0.56-

4.48 

0.15

5 
3.6-29 nr 695 nr nr nr 98±2 nr 2 to 1 

[256] 

Macinit, Micinit= Macro or Micro nutrients initial concentrations; SF = Shake flask; MBM= Modified 3N-Bristol medium; GBCPBR= glass bubble column PBR; PLA= Poultry litter Ash; DSE= Domestic secondary effluent; 

VPBR= Vessel PBR; SW= Seawater; TF= Triangular falsk; BG= Bristol’s medium; STWW= Secondary -treated wastewater; BCPBR= 12 bubble -column type reactors with spherical bases; C. medium= Culture medium; 

SWW= Raw wastewater. 
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This study aims to address this knowledge gap with reference to one of the most commonly 

studied algal species (Chlorella vulgaris, Cv) along with the N and P in combination with a 

range of macro and micro-nutrients. Specifically, the influence of different wastewater quality 

on the growth rate and nutrient (macro and micro) removal capability of Chlorella vulgaris 

will be investigated. 

The study encompassed both a standard growth medium (MLA) in combination with three 

wastewater sources (primary wastewater, PWW, secondary wastewater, SWW, and petroleum 

effluent, PE), with impacts focused on algal growth and nutrient removal for batch operation. 

4.2 Material and methods 

4.2.1 Generic materials and methods 

The algae strain and cultivation method is detailed in Sections  3.2.1, 3.2.3 and 3.3.1, and the 

sampling and analysis of the algal biomass given in Section 3.4.1-3.4.3. Details of the PBR 

bubble column design and the associated apparatus are provided in Section 3.2.4 and the 

operation in Sections 3.3.1-3.3.3. Wastewater characterisation methods are all detailed in 

Section 3.5 and comprised nitrogen and phosphorus spot tests (Section 3.5.1), COD (Section 

3.5.2), TOC (Section 3.5.3) and spectroscopic methods for macro/micro nutrients (Section 

3.5.4). Statistical analysis of data for significance was carried out using JMP statistical 

discovery software (SAS v11.2.1) based on one-way ANOVA, and results reported as mean ± 

SD. 

4.2.2 Experimental design  

Experiments were conducted in batch mode using four (350 mL) cylindrical glass columns of 

4 cm internal diameter and a 250 mL working volume. 250 ml batches of sterilized media 

containing 100%, 75%, 50%, 25% V/V wastewater (PWW, Sww or PE) to MLA were inoculated 

with 1 vol% pre-cultured Chlorella vulgaris to maintain an initial optical density (OD) of 0.06 

at 680 nm. The culture was continuously fed with a flow of 50 mL min-1 filtered air, adjusted 

by digital mass flow controllers (MC-100SCM, Cole-Parmer, USA) at an ambient temperature 

of 24°C (Fig. 4.1). Unidirectional continuous illumination at a light intensity (I) of 180 µE was 

provided by adjusting the number of 4W LED lights, the intensity being measured by a light 

meter (LI-250A, LI-COR, US & Canada). A 5 mL sample was extracted daily for analysis, 

equating to a hydraulic and solids residence time of 50 days, and all runs lasted 10-13 days. 
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Figure 4.1 Schematic diagram of a single cylindrical photobireactor (PBR). 

4.2.3 Wastewater origin and characterization   

Primary wastewater (PWW) and secondary wastewater (Sww) were collected from Beenyup 

municipal wastewater treatment plant, Western Australia. Petroleum effluent (PE) was 

collected from the BP Kwinana Refinery in Western Australia. PWW samples were taken from 

the outlet of the primary clarifier, and SWW samples from the outlet of secondary clarifier. PE 

samples were taken from the outlet of the Dissolved Air Flotation (DAF) unit prior to the 

Biological Treatment Unit (BTU). The samples were immediately filtered using 0.2 µm nylon 

microfilters and autoclaved at 120°C for 15 minutes to ensure sterile conditions before analysis 

for the various constituents. Similarly, the cultivation media formed from mixing different 

volumetric ratios of PWW, SWW and MLA (0:100%, 25%: 75%, 50%: 50%, and 75%: 25%) of 

total 250 mL were characterized before and after each batch test for bulk, macro and micro 

nutrients, along with organic carbon and COD (Table 4.3). 

4.3 Results and discussion  

4.3.1 Wastewater nutrient characterization 

The C:N:P ratio in the PWW was found to be 110:4.6:1, somewhat higher in nutrient than 

previously reported figures [257]. In the case of SWW the recorded ratio was ~8:2.1:1, indicating 

an unusually low OC content, and for the PE sample it was 121:12:1, very close to a reported 

ratio of 78:11:1 [86]. Since reported TN and TP consumption rates have varied according to 
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the culture medium composition and initial nutrient concentrations (Table 4.2), nutrient 

balancing would appear to be as important in PBRs as in conventional wastewater treatment. 

An optimum N:P ratio of 8:1 has been proposed for Cv [220] .  

Table 4.3 Wastewater and MLA composition 

Nutrient MLA PWWinit. (%) SWWinit (%) PEinit 

Macro, µg L-1 100 75 50 25 100 75 50 25  

Ca2+ 4.6 23 n.d n.d n.d 27 n.d n.d n.d 24 

S2- 6.5 21 n.d n.d n.d 17 n.d n.d n.d 42 

Mg+2 5.0 10 n.d n.d n.d 10 n.d n.d n.d 25 

K+1 16 26 n.d n.d n.d 26 n.d n.d n.d 21 

Micro, mg L-1 

As3+ 0.0 1.1 n.d n.d n.d 0.7 n.d n.d n.d 17 

Ni2+ 0.0 2.3 n.d n.d n.d 0.9 n.d n.d n.d 4.5 

Co2+ 2.4 0.4 n.d n.d n.d 0.2 n.d n.d n.d 1.4 

Pb2+ 0.0 1.1 n.d n.d n.d 0.3 n.d n.d n.d 0.0 

Zn2+ 4.8 26 n.d n.d n.d 20 n.d n.d n.d 0.0 

Cu2+ 2.5 38 n.d n.d n.d 4.8 n.d n.d n.d 0.4 

Mn2+ 84 8.2 n.d n.d n.d 6.3 n.d n.d n.d 4.0 

Fe3+ 370 57 n.d n.d n.d 10 n.d n.d n.d 5.7 

Cd2+ 0.0 0.1 n.d n.d n.d 0.03 n.d n.d n.d 0.0 

Se2- 0.8 39 n.d n.d n.d 40 n.d n.d n.d 102 

Nutrients, mg L-1 

TN 28 30.6 29 29 25 11.8 15.9 20 24.7 23 

TP 6 6.6 5 5.1 5.8 5.6 5.7 5.8 5.9 1.9 

COD  3 373 280 188 95.5 32 24.75 17.5 10.2 505 

TOC 1.45 109.6 100.1 47 30.8 7.8 7.27 6.25 3.4 120.8 

pH  6.9 9.3 9.4 9.5 9.5 8.9 9 9 8.9 9.3 
n.d: not detected 

4.3.2 Influence of wastewater quality on growth and macronutrient 
removal 

Cultivation in MLA containing 25%, 50%, 75% and 100% PWW revealed the growth rate to 

increase with increasing PWW fraction with reference to the maximum biomass (Xmax) and cell 

density (Cd) and specific growth rate (μ) (Fig. 4.2a). This would seem to reflect the 

considerably higher total carbon (TC) level of 137 mg L-1 in the PWW compared with only 2.4 

mg L-1 in MLA. COD removal efficiency values decreased from 33-34% down to 22% on 

decreasing the PWW content from 75% down to 25%. The lowering of carbon removal is a 

consequence of the commensurate decrease in the organic carbon concentration, and reflects 

the energetic preference for dissolved carbon assimilation compared with CO2 fixation by 

mixotrophic cultures [258], the latter being dictated by photo-limitation [170]. Microalgae 

cells achieve higher growth rate when organic carbon, nitrogen and other nutrients are 

provided in the growth media [259], since the cells simultaneously photosynthesize inorganic 

carbon and assimilate organic material under mixtotrophic conditions [260, 261]. 
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(a) 

 

 
(b) 

Figure 4.2  Growth of Cv in standard medium (MLA) with different ratios of 

PWW: (a) X transient, and (b) μmax and nutrient removal as a function 

of % Pww (0% reprenset those results using only standared medium 

(MLA)). 
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In the absence of assimilable OC and for 100% MLA growth media, autotrophic growth from 

a CO2 food source (from aeration) is evidently up to 55% slower than growth using an organic 

carbon source (Fig. 4.2b). N and P limitation after ~10 days meant that growth halted at this 

juncture. For a 100% PWW feed the maximum specific growth rate of 1.2 d-1 was recorded, with 

corresponding TN and TP removal efficiencies of 80%, and 100% respectively and Xmax and 

Cd  values of 1.62 g L-1 and  98 ×106 cells mL-1 respectively. This reflects the readily 

assimilable nature of the organic carbon in the PWW sample. Lower values have been reported 

for a synthetic wastewater [108], for which the Xmax and µ values were 0.2-0.75 g L-1 and 0.17 

d-1 respectively. This compares with 2.13 g L–1 of biomass produced with >80%  nutrient 

removal reported for Chroococcus sp.1 cultivated in neat livestock wastewater [249]. 

100% TP removal efficiency was achieved for other cultures in the MLA:PWW blends (25, 50, 

75%) after 13 days of cultivation (Fig 4.2.b). This reflects both the low P:N and P:C ratios and 

the adaptability of the algal biomass in assimilating P. Phosphorus forms various structural 

and functional components required for growth and development of microalgae [40], and 

literature suggests that algae can be supported at N:P molar ratios varying from 5:1 when P is 

available in excessive concentrations up to 100:1 when it is depleted [87].  

The trend in COD removal indicates increasing growth and nutrient uptake coupled with a 

lowering of COD removal on increasing the proportion of the wastewater from 50 to 100% 

(Fig. 4.2). This can be attributed to the organic carbon to biomass (or food to microorganism, 

F:M ratio) exceeding the optimum value for effective removal, such that the organic carbon 

concentration exceeds that which the biomass can assimilate at the maximum growth rate. N 

uptake follows the same pattern, increasing between 0 to 50% wastewater but decreasing 

thereafter. Thus, at some point between 50 and 100% PWW the algal biomass reached its 

capacity to assimilate C and N, but not P. 

Corresponding trends in X for SWW were similar to those of PWW, but with insignificant impact 

on μ, measured as 0.62 and 0.66 d-1 respectively, between SWW and MLA (Fig. 4.3). These 

recorded growth rates were comparable with other studies reporting a μ of 0.64 [111] and 0.52 

d-1 [112]. The maximum Cd reached was of 69×106 and 32×106 cells mL-1 respectively for SWW 

and MLA, somewhat lower than for PWW for which the corresponding value was 98×106 cells 

mL-1. The corresponding COD removals in 25-100% SWW were ~100%, based on a much lower 

CODinit for SWW of 32 mg L-1 compared with that for PWW for which the COD concentration 

was an order of magnitude higher. 100% TP removal efficiency was achieved for all cultures 

in the MLA:SWW blends after 13 days of cultivation.  
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Removal efficiencies for TN were in the range of 79-83% across all three wastewater samples 

(Fig. 4.3), including the SWW sample where growth would appear to be OC limited (Table 4.3). 

This can only reasonably be explained by the form of the TN. In the primary effluent the N is 

predominantly as TKN (including ammoniacal nitrogen) and is readily co-assimilated with 

OC by the biomass through mixotropic growth. This is to be distinguished from the 

assimilation of nitrogen in the nitrate form, as arsing in the secondary effluent following 

aerobic treatment. Since OC is deficient in SWW, growth proceeds via the slower autotrophic 

path. The N is nonetheless removed to roughly the same extent when predominantly as nitrate 

as it is as TKN, but results in slower growth. TN removal therefore changes little from 0 to 

100% SWW:MLA, since growth proceeds photoautotrophically regardless of the ratio. 

 
Figure 4.3 Effect of the initial TP and TN concentrations on the growth of Chlorella 

vulgaris in; PWW, SWW and PE.  

 

In the case of the PE growth was faster in MLA than in the effluent (0.66 and 0.31 d-1 

respectively) with corresponding biomass concentration of 0.69 g L-1 and 1.02 g L-1 

respectively. However, notwithstanding the higher COD concentration (Tale 4.3), growth was 

slower for this wastewater, reflecting the nature of the organic carbon (Section 4.3.3). 100% 

TP removal was achieved after 13 days from both PE and MLA, at initial concentrations of 1.9 

mg L-1 and 6 mg L-1 respectively. TN was reduced by 79% and 70 % from 23 and 28 to 8.4 mg 

L-1 respectively for PE and MLA, further removal possibly being inhibited by phosphorus 

limitation in PE.  
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4.3.3 Influence of organic carbon on Cv metabolism  

The presence of carbon in the organic form has a significant influence on algal growth in PWW, 

SWW, PE and MLA (Figs. 4.4 and  4.5), with Xmax and µ values of 1.62 g L-1 and 1.2 d-1 

respectively measured in 100% PWW. Cv growth declined dramatically on blending PWW with 

the MLA growth medium to an µ and Xmax of 0.54 d-1 and 0.94 g L-1 respectively in 25% PWW. 

The general trend of algal growth observed in SWW was the same as for PWW when blended with 

standard medium (MLA), although the initial OC concentrations measured for SWW were 

significantly lower at 3.4-8 mg L-1 such that the decline was less pronounced (Figs. 4.4 and 

4.5). The Xmax and µ values obtained in 100% and 25% SWW were 0.62 d-1 and 1.16 g L-1, and 

0.52 d-1 and 0.9 g L-1 respectively. The trends can be explained by the substrate source: 

mixotrophic growth takes place when an OC substrate is present [48], whereas 

photoautotrophic growth proceeds when CO2 is the main carbon source for algal growth. 

 

 
Figure 4.4 Effect of initial organic carbon concentration (OC) on the growth of 

Chlorella vulgaris in PWW, SWW, PE and standard medium (MLA). 

Generally in photoautotrophic metabolism (i.e. based on a CO2 food source) alkalization 

proceeds when the pH value increases - from 6.9 to 8.5 for MLA in the current study. For SWW, 

on the other hand, the recorded pH range of 8.9-8.1 was little changed over the growth period 

due to mixotrophic growth provided by the OC food source (Fig. 4.5) having negligible impact 

on pH. Similar trends in comparative mixotrophic and autotrophic growth have been reported 

for synthetic wastewater vs. real urban wastewaters [113], the respective µ values being  0.33 
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cf. 0.69 d-1 with corresponding OC removals of 15% and 78%. However, the highest organic 

carbon in PE of ~121 mg L-1 had an inhibitory influence on algal growth (Fig. 4.5). μ decreased 

by almost 75% from 1.2 d-1 on increasing the organic carbon concentrations from 109 in the 

PWW to 121 mg L-1 in the PE. This would appear to reflect on either the toxicity of the industrial 

effluent at the highest concentrations [176-178], or the biorefractory nature of the OC. It is 

well known  [262] that industrial effluents are more biorefractory than municipal ones, such 

that  sample PE is likely to have contained potentially inhibitive chemicals such as free and 

emulsified oil, phenols, cyanide, sulphides, and mercaptans [263]. Thus, for PE, both the 

growth rates (Fig. 4.3-4.5) and the corresponding removal values are lower than for the 

municipal effluent samples primarily because the organic carbon is less assimilable: the 

residual COD decreased from 504 to only 144 mg L-1 over 13 days. 

 

Figure 4.5 Algal growth trends in the undiluted effluent (100%  PWW, SWW, PE) 

and standard medium (MLA). 
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Table 4.4 Macro/micro nutrient concentrations and RE values in PWW, SWW, PE 

and standard MLA medium 

Nutrient MLA PWWinit PWWf %RE  SWWinit SWWf %RE PEinit PEf % RE 

Macro, mg L-1 

Ca2+ 4.6 23 0.0 100 27 9.1 66 24 6.4 73 

S2- 6.5 21 6.3 70 17 12 29 42 22 48 

Mg+2 5.0 10 1.8 82 10 3.7 63 25 5.0 80 

K+1 16 26 12 54 26 18 30 21 7.2 66 

           

Micro, µg L-1          

As3+ 0.0 1.1 0.0 98 0.7 0.0 100 17 5.4 68 

Ni2+ 0.0 2.3 0.0 100 0.9 0.0 100 4.5 0.8 83 

Co2+ 2.4 0.4 0.0 100 0.2 0.0 100 1.4 0.4 71 

Pb2+ 0.0 1.1 0.0 100 0.3 0.0 100 0.0 0.0 nd 

Zn2+ 4.8 26 0.0 100 20 0.0 100 0.0 0.0 nd 

Cu2+ 2.5 38 0.0 100 4.8 0.0 100 0.4 0.3 13 

Mn2+ 84 8.2 0.4 95 6.3 0.3 95 4.0 0.6 84 

Fe3+ 370 57 3.0 95 10 2.7 73 5.7 2.4 57 

Cd2+ 0.0 0.1 0.0 100 0.03 0.0 100 0.0 0.0 nd 

Se2- 0.8 39 0.0 100 40 0.0 100 102 50 51 

nd: not detected.  

Calcium (Ca2+) reduction of 100%, 66% and 73% was obtained in PWW, SWW and PE 

respectively. These trends do not appear to relate to the initial concentration in either case. 82 

and 80 % of Magnesium (Mg+2) ions were removed in both PE and PWW compare with 63% 

only in SWW with corresponding initial concentrations of 10, 25 and 10 mg L-1 respectively.  It 

has been reported that higher Mg+2 ions >8.9 mg L-1, saturates the algal biomass with Mg+2 

ions such that they are adsorbed on the cell surface rather than incorporated in its cytoplasm 

[251]. 54%, 30 % and 66% were obtained for potassium (K+) removal from PWW, SWW and PE 

respectively. Complete K+ removal was recorded in poultry litter wastewater with 

corresponding 40 mg L-1  > K+ ≤ 20 mg L-1 using NaNO3 as a nitrogen source, whereas there 

wasn’t a significant difference in % RE for ammonia [247]. This may explain the reason for 

higher RE in PE compared with SWW, and relates to the form of N  [252] (Table 4.5). The 

obtained results are comparable to ones that have been reported in the literature (Table 4.1). 

70% sulphur removal (as S2-) was measured for PWW, while its removal in both SWW and PE was 

lower at 29% and 48% with corresponding initial concentrations of 21, 17, and 42 mg L-1 

respectively. This trend may reflect OC and N availability: it has been reported that in 

mixotrophic cultivation and in the presence of high viable organic carbon concentration, 

microalgae cells assimilate more nutrients than one in cultivated at lower OC concentration 

[264]. This is related to the interconnection of sulphur assimilation to nitrogen and carbon, as 

well as the role of the pathway for stress response [114]. 
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The RE values recorded for the different micro-nutrients varied across the three wastewaters 

tested. RE values between 73 and 100 % were recorded for PWW and SWW for As, Ni, Co, Pb, 

Zn, Cu, Mn, Fe, Cd, and Se. Removal efficiencies were more variable for PE, ranging from 

83-84% for Ni and Mn down to 13% for Cu, due to the low feed concentration of the latter in 

the PE (Table 4.4). Results are broadly comparable to those reported from other studies (Table 

4.2). It is likely that removal was physicochemical (absorption/adsorption) rather than 

physiological (i.e. assimilation) when present at concentrations beyond those which the algae 

can use for growth (Table 2.5). Micro-nutrients are nonetheless essential for microalgal 

growth, linked to many cellular enzymes and involved in various metabolic photosynthetic 

pathways and energy storage [265] and sometimes acting synergistically. For instance, it has 

been reported that increased Se2- assimilation arises when algal cells are cultivated at a 

moderate N concentration of 80 µM with EDTA-Fe(III) instead of Fe(OH)3 as an iron source 

(Table 4.4) [256]. 

4.4 Summary  

The capability of the microalgae Chlorella vulgaris (Cv) for biomass production and nutrients 

removal under different wastewater quality has been studied. Cv was cultivated in a standard 

medium (Marine labs American society of microbiology-derived medium, MLA) blended with 

primary wastewater (PWW), secondary wastewater (SWW) and petroleum effluent (PE) in 

different volume ratios. Macro and micro nutrients were characterized in each solution, and 

the impact on the rate of biomass growth (specific growth rate, µ) and removal efficiency (RE) 

determined for the bulk nutrients (total nitrogen TN and total phosphorus TP) along with a 

range of macro- and micro-nutrients.  

PWW, SWW and PE media were found to provide an appropriate quantity and balance of nutrients 

to promote significantly more rapid algal growth than the standard medium MLA, with ~80% 

nutrient removal achieved at the end of cultivation period, notwithstanding the low OC 

concentration for SWW. Over a 13-day period the highest biomass concentration Xmax of 1.6 g 

L-1 was attained for PWW with corresponding values of 1.2 d-1, 80 % and 100 % for µ, and TN 

and TP RE respectively. µ decreased to 0.75 d-1 for a 75%:25% blend of PWW with MLA and 

to 0.54 d-1 on further decreasing the blend ratio to 25:75 PWW:MLA, with corresponding TN 

removal efficiencies of 85% and 76% respectively; 100% removal of TP was obtained 

throughout. There was a slight increase in Xmax, µ and TN removal of 1.16 g L-1, 0.62 d-1 and 

83% respectively for SWW. The lowest  Xmax of 0.64 g L-1 in PE was recorded was associated 

with values of 0.31 d-1, 79% and 100% for µ, and removal efficiencies of TN and TP 

respectively. 
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Whilst the outcomes are promising, a number of facets of the experiments need to be 

considered further: 

The study was based on a batch test with a cultivation time of around 10 days. Adapting to 

more appropriate conditions of shorter HRTs (of 2-5 days) whilst retaining or extending the 

biomass retention demands sedimentation or rejection (by membrane perm-selectivity) of the 

biomass, as with a conventional biological treatment process. 

However, the most critical parameter with reference to combined CO2 mitigation and nutrient 

removal is the relative assimilation rates of the CO2 and the organic carbon. The outcomes of 

the current study indicate that high OC levels favour OC removal with concomitant rapid 

heterotrophic growth at the expense of CO2 fixation. The benefit of increased biomass 

generation, and the associated value from biofuel production, must therefore be balanced 

against the mitigation of CO2 and their associated environmental impacts. 
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Chapter 5. 
  

Synergistic effects and 
optimization of nitrogen  

and phosphorus concentrations  
on the growth and nutrient 

uptake of a freshwater  
chlorella vulgaris  
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5.1 Introduction 

Discharging excess nutrients (N and P) from wastewater to the water bodies has been identified 

as one of the major pollution point source leading to eutrophication [221].The application of 

microalgae to municipal wastewater treatment was originally investigated in the 1950s [181], 

with their use for mitigation of the nutrients phosphate, nitrate and ammonia in wastewater 

treatment studied from the mid-1970s onwards [182, 183]. Established biological methods for 

removing nitrogen and phosphorus (N and P) from wastewater, biological nutrient removal 

(BNR), demand energy for aeration and the pumping of sludge between various tanks in the 

treatment scheme [5, 6]. Aluminium-based coagulants have also been used to remove 

phosphorus from wastewater [266]. The use of photobioreactors (PBRs) for nutrient removal 

provides an economical and environmentally sustainable alternative, combined with bioenergy 

and bio-products production and CO2 mitigation [36, 190, 267]. 

Algal growth and nutrient (N and P) removal efficiencies depend on a large number of 

variables, including medium composition and environmental conditions such as the initial 

nutrient concentration, light intensity, the N/P ratio, the light/dark cycle and algal species 

[210]. Whilst, there have been a large number of recent studies of nutrient abatement using 

PBRs based on a number of system variables [89, 211] few have actually focused on the key 

aspect of nutrient balancing in a completely consistent way so as to maximise algal growth 

with minimum residual nutrient levels following cultivation.       

Xin et al.[219] cultivated Scenedesmus sp.LX1 in a photobioreactor under different 

concentrations of initial TN (2.5, 5, 10, 15, 25 mg L-1) and TP (0.1, 0.2, 0.5, 1, 2 mg L-). A 

maximum removal of 99% was recorded for both N and P with initial TN and TP 

concentrations of 10 and 2 mg L-1 respectively, i.e for an N/P ratio of 5. Feng et al. [218] 

reported a maximum of 97% (N𝐻4
+) and 96% (TP) removal using C. vulgaris cultivated in 

artificial wastewater at initial TN and TP of 20 and 4 mg L-1 respectively (N/P ratio = 5). Aslan 

and Kapdan [220] investigated the capability of C. vulgaris  for nutrient removal at different 

N and P concentrations and reported that (N𝐻4
+-N) was completely removed from the media 

when the intital cocentration was in the range of 13.2 - 21.2 mg L-1, while only 78% of the 

(PO4
3--P) was removed when the (PO4

3--P)  initial concentration was 7.7 mg L-1. Lau et al. 

[221] demonstrated that the immobilized C. vulgaris cells provide higher nutrient (N and P) 

removal efficiency (over 95% within 3 days) from primary settled wastewater than the free 

cells, due to the higher metabolic activities of the immobilized cells as well as the interaction 

between the polysaccharide matrices and the nutrient ions in the wastewater. However, 

employing the immobilizing C. vulgaris for N and P removal from wastewater is not feasible 

for extended treatment periods (more than 3 days).  
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It is important to optimise the cultivation parameters (such as medium composition) to 

improve microalgae growth combined with high nutrient uptake. The statistical experimental 

design, based on Box Behnken Design (BBD) [228, 268] combined with response surface 

methodology (RSM) for identifying synergistic trends and optimum operating conditions for 

the cultivation process has also been successfully demonstrated for various engineering 

applications [6, 233], optimising water treatment processes [234, 235], and for optimising the 

cultivation parameters. 

Most of the previous studies have focused on optimum medium or nutrient (P and N) 

concentrations for enhancing growth. In the current investigation, the optimum nutrient 

concentrations (P, N and C) were identified not for only enhancing the growth rate but also for 

both high TN and TP removal efficiencies which are very crucial when using wastewater 

effluent as a medium. Therefore, the current study aims to investigate and systematically 

optimise the influence of the initial N and P concentrations on the nutrient removal efficiency, 

growth rate and biomass accumulation.  

5.2 Material and methods 

5.2.1 Practical measurement 

Details related to experimental settings, procedures and analysis are given in Chapter 3, 

specifically regarding cultivation, measurement and characterisation of the algae, wastewater 

analysis and the general experimental set-up.  Statistical analysis of data for significance was 

carried out using JMP statistical discovery software (SAS v11.2.1) based on one-way 

ANOVA, and results reported as mean ± SD. 

Sterilized 250 ml medium with different concentrations of total nitrogen (0-56 mg L-1), total 

phosphorous (0-19 mg L-1), and total carbon (0-20 mg L-1) was inoculated with 1 vol% pre-

cultured C. vulgaris. The culture was bubbled continuously with filtered air (0.04% CO2) at a 

flowrate of 50 mL min-1. The cultivation temperature was maintained at 24±2oC. Continuous 

illumination of 180 μE was provided by 4x10 W LED lights, as measured by a light meter (LI-

250A). A 5 mL sample was extracted daily for analysis, equating to a hydraulic and solids 

residence time of 50 days, and all runs lasted for 10-13 days. 

5.3 Experimental design and regression analysis 

Box Behnken Design (BBD) was employed to optimise the cultivation process and investigate 

the interactive effects of initial concentration of total nitrogen (TN), total phosphorus (TP), 

and total carbon (TC) on the system performance. A multi-level, three-parameter matrix was 
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employed to examine the synergistic relationships between the three parameters using the data 

set shown in Table 5.1. Three response (i.e. impacted) parameters were used; the specific 

growth rate (µ), and removal efficiencies of TN and TP. 

Table 5.1 Input and output values for BBD analysis 

X1= TN, X2 = TP; X3 = TC, c= coded, Exp.= Experimental, Pred.= Predicated,  

Appropriate combinations of the selected variables enables the construction of a model for 

determining the complex response function [6]. The quadratic model for predicting the 

optimum values was derived according to the following equation: 

 
(5.1) 

 

Where Y is the response variable; 𝑖 and 𝑗 are the index number for the patterns; 𝛽o is the 

constant coefficient; 𝛽𝑖 , 𝛽𝑖𝑖 and 𝛽𝑖𝑗 are the coefficient for linear, quadratic, and interaction 

influence, respectively; 𝑥𝑖 and 𝑥𝑗 are the variables to be studied, the coded variables are 

defined as: 

 
(5.2) 

 

where xi is the coded value of the independent variables, Xi is the actual value of the 

independent variable, Xo is the actual value of the factor at the centre point, and ∆Xi is the step 

change value. The multi-level experimental design (minimum and maximum) employed 

Run  Factors Response values, %removal Response values, µ 

d-1 

X1c X2c X3c Exp. 

TN 

Pred. 

TN 

Exp. 

TP 

Pred. 

TP 

Exp. Pred. 

µ 

1 56 12 10 100 100 98 100 1.163 1.29 

2 56 6 0 81 74 100 85 0.803 0.73 

3 56 0 10 0 0 0 0 0 0 

4 0 12 10 0 0 0 0 0 0 

5 56 6 20 90 80 100 90 0.98 0.9 

6 28 0 0 0 0 0 0 0 0 

7 0 6 0 0 0 0 0 0 0 

8 0 0 10 0 0 0 0 0 0 

9 28 12 0 91 80 64 60 0.734 0.67 

10 28 0 20 0 0 0 0 0 0 

11 0 6 20 0 0 0 0 0 0 

12 28 12 20 86 78 82 74 0.855 0.8 

13 28 6 10 69 69 100 100 0.69 0.69 

14 28 6 10 70 69 100 100 0.69 0.69 

15 28 6 10 69 69 100 100 0.7 0.69 

  







XiiiXY
k

j

k

i

k

i i

1

1

1
1

2

0

Xi

XoXi
xi








 

70 

ranges of variables of 0-56 mg L-1 TN, 0-12 mg L-1 TP and 0-20 mg L-1 TC, the range of these 

concentrations encompasses the values given in Table 3.1. 

 A total of 15 experimental runs, randomly conducted in duplicate to reduce the effect of the 

temporal-related errors, were conducted to determine the 10 coefficients of the second order 

polynomial generated from Eq. (5.4).  JMP statistical discovery software (SAS version 11.2.1) 

was used for completing the regression analysis and plot the contour and 3D graphs. The 

variability of the factors was expressed as the multiple coefficients of determination (R2) 

values, and the model equation used to predict the optimum value and identify the interaction 

between the variables within the specified experimental boundary conditions. 

5.4 Results and Discussion 

5.4.1 Influence of initial TN and TP 

Increasing the initial TP (0, 1.2, 2.7, 7 and 19 mg L-1) at constant TN (70 mg L-1) produced a 

predictable increase in biomass growth rate (Fig. 5.1) but with a less consistent trend in 

removal efficiency (Fig. 5.2). The control sample condition (TP = 6 mg L-1 and TN = 28 mg 

L-1) presented in Fig 5.1, represent the TP and TN concentrations in the standard medium 

(MLA) as recommended by the microalgae supplier, and was applied only for comparison. 

 
Figure 5.1 Effect of the initial TP concentrations on the growth of Chlorella 

vulgaris in MLA growth medium.  
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Figure 5.2 Influence of the TP concentration (at TN=70 mg/l) on the growth rate, 

removal efficiencies of both TN and TP. 

Initial TP concentration apparently has a significant impact on algal growth rate and TN uptake 

for Chlorella vulgaris, with only 30% N removal at the lowest TP concentration (1.2 mg L-1) 

and no uptake at zero initial TP levels due to phosphorus limitation. Against this, 100% TP 

removal was attained within the TP range of 2.7-7 mg L-1, which was enough to provide 

adequate nutrients removal [85], whilst the TN and TP removal efficiencies respectively 

decreased to 75% and 53% at the highest initial TP concentration of 19 mg L-1 (N/P ratio=3.7). 

A possible reason for lower removal efficiency at high P concentrations is the unbalanced N/P 

ratio (low N/P ratio), notwithstanding the apparent excess of P for sustaining growth. 

However, the growth rate appears to reach a maximum at around 7 mg L-1 with nutrient 

removal declining at the highest concentration applied, implying that nutrient P limitation 

ceases between 7 and 19 mg L-1. The initial N/P ratio directly influences both microalgae 

growth and the removal capacities of N and P. It was evident from Figs. 5.1 and 5.2, the 

optimum N/P ratio for maximum specific growth rate (1 d-1) and 100% removal of both TP 

and TN was equivalent to 10 ( TN=70 and TP=7 mg L-1). 

A similar pattern is evident regarding the impact of the initial TN concentration up to 56 mg 

L-1 (Fig. 5.3). However, in this instance both nitrogen and phosphorous removal, 98% and 

90% respectively, are sustained at the highest initial TN concentration Fig. 5.4. Furthermore, 

the maximum specific growth rate (1.04 d-1) was achieved at TN of 56 mg L-1 (N/P ratio equal 
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to 7). Thus, increasing the TN concentration does not inhibit the microalgae growth, at least 

within the investigated range. 

 
Figure 5.3  Effect of the initial TN concentrations on the growth of Chlorella 

vulgaris in MLA growth medium 

When the nitrogen content of the medium was zero or not sufficient (<2.5 mg/l) the specific 

growth rate was significantly reduced from 1.04 d-1 (at TN=56 mg L-1) to 0.23 d-1 (at TN=2.5 

mg L-1) and the maximum biomass produced was dropped 3.4- fold to 0.50 g L-1. The reason 

may be that some metabolic pathways in C. vulgaris are probably modified by N deprivation, 

which resulted in low protein content and chlorophyll [269] along with increased lipids 

fraction. Also the results revealed that though low N content reduced the growth rate it 

enhanced the nutrient (N and P) removal efficiencies (Fig. 5.4). It was noticed in this study 

that high N/P ratios (higher than 26) suggest P limitation, while low ratio (less than 3.7) 

suggest N limitation. Under these conditions both the TN removal and specific growth rate 

reduced significantly to 27% and 0.4 d-1 respectively. Thus, under both N & P limitation the 

TN removal and specific growth rate reduced significantly to 27% and 0.4 d-1 respectively.  

The optimal N/P ratio achieved for highest biomass growth and nutrients (N and P) removal 

varies between 7 and 10. Table 2.8 shows that different authors reported different N/P ratio. 

Aslan and Kapdan [220] reported that N/P ratio had a crucial effect on the nutrient removal, 

and found the  optimum N/P ratio was 8, which is very similar to the ratio obtained in this 

study. 
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Figure 5.4  Influence of the TN concentration (at TP=8 mg/l) on the growth rate, 

removal efficiencies of both TN and TP. 

5.4.2 Multiple regression analyses 

Multiple regression analysis for determining the relationships between the three response 

parameters of N and P removal efficiency and specific growth rate (𝜇) with respect to TN, TP 

and TC concentration generated second-order polynomial equations based on the BBD matrix 

of actual data (Table 5.1): 

Specific growth rate = -0.16062+ 0.0135x1 +0.0756x2 +0.0057x3 + 
0.00173065x1x2 + 0.000158036x1 x3+ 0.0000625x2x3 - 0.00022146𝑥1 

2  – 
0.00543403𝑥2 

2  – 0.00040625𝑥3 
2   

(5.3) 
 

TN removal efficiency = -21.65 +1.916x1 + 9.154x2 +0.18x3 +0.133x1 x2 + 
0.00803 x1 x3 - 0.0208x2 x3 – 0.0292 𝑥1 

2  – 0.559 𝑥2
2 – 0.0115𝑥3 

2        
(5.4) 

 

TP removal efficiency = -36.5+ 2.776x1 + 15.583x2 +3.375x3+ 0.133x1 x2 + 
1.90×10-17x1 x3 – 0.0753x2x3− 0.0408 𝑥1 

2  - 1.26389𝑥2 
2  -0.18𝑥3 

2                                          
(5.5) 

 

Where x1, x2 and x3 are the coded values of the initial TN, TP and TC respectively calculated 

based on Eq. (5.5) (Table 5.1). The coefficient of determination (R2) of the regression 

equations for the specific growth rate, TN and TP removal efficiencies were 0.92, 0.95 and 

0.95 respectively, indicating that the quadratic equations can adequately describe the 
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relationship between the factors and responses, with values predicted from Eqs.(5.6-5.8) in 

reasonable agreement with those determined experimentally Fig. 5.5. 

Table 5.2 Analyses of variance results for the fitted models of RE (%) for TN, 

TP, and µ (d-1) as influenced by different intitial concentration (mg L-

1) of TN, TP, and TC in the cultivation media 

 

The statistical significance of the current experimental designs was determined by the F-test 

for ANOVA (Table 5.2). The p-values obtained for the specific growth rate, TN and TP 

removal efficiencies models were 0.01, 0.001, and 0.003 respectively. This outcome reflects 

the statistical relation between the responses and selected factors at high confidence level of 

95% (Table 5.1), and thus shows that the regression analysis is statistically significant. 

 

Source of variance Degree of 

freedom 

Sum of square Mean square F-ratio p-value, 

(prob<F) 

Generated models  

Specific growth rate, µ (d-1) 

Model 3 2.68 3×10-1 21 0.01 

Residual 5 7.1×10-2 1×10-2 -- -- 

Lack of fit 3 7.1×10-2 2.4×10-2 -- -- 

Pure error  2 6.6 ×10-5 3.3×10-5 -- -- 

Total  14 2.75 -- -- -- 

Removal efficiency TN (%) 

Model 9 2.47×104 2.74×103 10 0.001 

Residual 5 1.4×103 2.79×102 -- -- 

Lack of fit 3 1.4×103 4.65×102 -- -- 

Pure error  2 6.67×10-1 3.30×10-1 -- -- 

Total  5 2.61×104 1.40×101 -- -- 

Removal efficiency TP (%) 

Model 9 3.19×104 3.54×103 11 0.003 

Residual 5 1.63×103 3.26×102 -- -- 

Lack of fit 3 1.63×103 5.43×102 -- -- 

Pure error  2 0.00 0.00 -- -- 

Total  5 3.35×104 1.40×101 -- -- 
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Figure 5.5 Comparison between experimental and predicated values of TN and TP 

removal, and specific growth rate µ, (•)   Experimental points, (⋯ ) 

Confidence bands>(95%), (−)  Fit line, Eqs.5.6-5.8 , (⋯ )Mean of the Y 

Leverage Residuals 
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5.4.3 Analysis of variance (ANOVA) 

ANOVA was applied to generate the sum of squares, degree of freedom (df), mean squares, f-

values and p-values by fitting the experimental results to the second-order polynomial 

equations (Eqs. 5.6 – 5.8). Model terms are considered significant when the corresponding p-

value is less than 0.05. 

Table 5.3 Analysis of variance (ANOVA) from BBD 

Source  Coefficient (𝛽) Standard error f-value p-value a 

     

µ     

Intercept 0.69 0.06 --- --- 

x1(0,56) 0.36 0.04 76.19 0.0003* 

x2(0,12) 0.34 0.04 66.48 0.0005* 

x3(0,20) 0.037 0.04 0.77 0.4177 

x1  x2 0.29 0.05 23.74 0.0046* 

x1  x3 0.04 0.05 0.55 0.4916 

x2 x3 0.03 0.05 0.25 0.6337 

𝑥1
2 -0.17 0.06 8.12 0.0358* 

𝑥2
2 -0.22 0.06 13.19 0.0150* 

𝑥3
2 -0.07 0.06 1.29 0.3075 

TN     

Intercept 69.33 9.64 ---- ---- 

x1(0,56) 33.87 5.90 32.87 0.0023* 

x2(0,12) 34.62 5.90 34.34 0.0021* 

x3(0,20) 0.5 5.90 0.0072 0.9358 

x1  x2 25 8.35 8.95 0.0304* 

x1  x3 2.25 8.35 0.072 0.7985 

x2 x3 -1.25 8.35 0.022 0.88 

𝑥1
2 -22.91 8.69 6.94 0.04* 

𝑥2
2 -21.41 8.69 6.06 0.05 

𝑥3
2 -3.66 8.69 0.17 0.69 

TP     

Intercept 100 10.42 ----- ----- 

x1(0,56) 37.25 6.38 34.07 0.0021* 

x2(0,12) 30.5 6.38 22.84 0.0050* 

x3(0,20) 2.25 6.38 0.12 0.73 

x1  x2 24.5 9.02 7.36 0.0420* 

x1  x3 0 9.02 0.00 1.0000 

x2 x3 4.5 9.02 0.24 0.63 

𝑥1
2 -31 9.39 10.89 0.0215* 

𝑥2
2 -44.5 9.39 22.44 0.0052* 

𝑥3
2 -19 9.39 4.091 0.09 

* P-values indicate the results statistically significant <0.05. 

 

As shown in Table 5.3, x1 and x2, that represent TN and TP concentrations respectively, 

significantly influenced the specific growth rate (µ), TN and TP removal efficiencies (p-value 

< 0.05). While the effect of TC (x3) concentration is less significant in the examined range, 

where p-values was greater than 0.1. The x1x3, x2x3 and x3 interaction was less significant within 

the experimental data range (Table 5.2). TN removal efficiency was significantly influenced 
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by the initial concentration values x1x2, whereas the interaction between (x2x3) was less 

significant. The negative terms in the generated models indicate inferable effect on the µ, TN 

and TP removal efficiencies, whereas the positive terms showed favourable effects.  

Fig. 5.6 depicts the outputs of the analysis as contour and 3D plots, similar topography for 

both the specific growth rate µ (Fig. 5.6 b) and phosphorus removal (Fig. 5.6f) surfaces are 

evident.  

 

 

  
 
 

(a)                                                    (b) 
 

     

(c)                                                   (d) 
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                              (e)                                                   (f) 

Figure 5.6 Contour lines and 3D response surface for µ (a-b), TN removal (c-d) 

and TP removal (e-f) 

Significant interaction was indicated between the TN and TP concentrations, as expected 

intuitively in the case of µ. Under optimum conditions cell growth is concomitant with nutrient 

uptake (i.e. TN and TP); no algal growth was evident when either initial TN or TP were zero. 

The maximum removal efficiency of ~100 % could be achieved at initial TN concentrations 

between 50 and 60 mg L-1 and initial TP concentrations of 6-12 mg L-1 while TC was 

maintained constant at its central point of 10 mg L-1.  

5.4.4 Desirability and optimum conditions 

The scale of desirability function ranges between (d=0) for an unacceptable response value 

and (d=1) for a totally desirable one. Fig.5.7 shows higher desirability factor (d=0.94) 

supporting the obtained model. The optimzed TP, TN and TC concentrations in the medium 

that support 100% removal efficiencies of both P and N, and specific growth rate of 0.95 d-1 

were 7 mg L-1, 54.84 mg L-1and 10 mg L-1respectively, which is also resulted in a balanced 

N/P ratio of 7.85. 

To validate the current optimization, a separate experiment was carried out at TP= 7 mg L-1, 

TN= 55 mg L-1and TC= 10 mg L-1, the obtained results, Table 5.3, confirm the validity of the 

model equations (Eqs. 5.6-5.8) well and with an acceptable errors.  
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Figure 5.7 (3D) Cube desirability plots for TN, TP and TC. 

Table 5.4 Comparison between the predicted and the experimental optimum 

conditions.  

Factors (mg 

L-1) 

Response Experimental Predicted (Eqs. 6-8) % error 

TN = 55 TN RE (%) 89.5 100 10.5 

TP = 7 TP RE (%) 100 100 0 

TC = 10 SGR (d-1) 0.98 0.95 3.15 

 

5.5 Summary  

The synergistic effects and optimization of nitrogen (N) and phosphorus (P) concentrations on 

the growth of Chlorella vulgaris (CCAP 211/11B, CS-42) and nutrient removal have been 

investigated under different concentrations of N (0 - 56 mg L-1) and P (0 - 19 mg L-1) or N/P 

ratios of 0.31 - 58. The study showed that the N/P ratio has a crucial effect on the biomass 

growth and nutrient removal. The balanced N/P ratio at which both the growth rate and nutrient 

(N, P) removal at the highest was within the range of 7-10. When the N/P=10, a complete P 

and N removal was achieved at the end of cultivation with specific growth rate (SGR) of 1 d-

1 and maximum biomass concentration of 1.58 g L-1. 

It was also observed that when the N content of the medium less than 2.5 mg L-1, the SGR 

significantly reduced from 1.04 d-1 to 0.23 d-1 and the maximum biomass produced was 

decreased more than three-fold to 0.5 g L-1. Box-Behnken experimental design (BBD) and 
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response surface method (RSM) were used to study the effects of the initial concentrations (P, 

N and C) on cell growth and P and N removal efficiencies. The optimised P, N and C 

concentrations in the medium supporting 100% removal of both P and N at a specific growth 

rate of 0.95 were 7, 55 and 10 mg L-1 respectively, with desirability value of 0.94. The results 

and analysis obtained could be very useful when applying the microalgae for efficient 

wastewater treatment and nutrient removal. 
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Chapter 6. 
  

Optimization of cultivation  
conditions for combined 

nutrient removal and  
CO2 fixation in a batch 

photobioreactor  
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6.1 Introduction 

Microalgae, configured as photobioreactors (PBRs), have attracted considerable attention as 

the basis of combined biological method for removal of nutrients (nitrogen N and phosphorus 

P) from wastewaters and CO2 fixation from flue gases [21]. The microalgae Chlorella vulgaris 

has been extensively studied for CO2 mitigation under a range of operating conditions, 

including gas CO2 concentration, [24-28], light intensity [29, 30] and temperature [30, 31].  

These parameters, along with the dissolved inorganic carbon (DIC) associated with CO2 

dissolution, liquid CO2 residence time, pH, biomass cultivation mode (which influence the 

biomass growth phase), nutrient concentration, mixing and algal species, all impact on the 

PBR process efficacy. 

Nutrient removal using microalgae PBRs has been studied since the mid-1970s [182]. PBRs 

offer a more sustainable alternative to classical biological nutrient removal (BNR), since the 

latter requires energy for aeration and the pumping of sludge between various tanks in the 

treatment process as well as supplementary coagulant dosing with to obtain the required P 

removal [7]. However, whilst offering a potentially sustainable solution for combined nutrient 

and CO2 abatement, the process footprint can be up to two orders of magnitude greater than 

that of the BNR process [21]. Optimization of microalgae cultivation process, so as to enhance 

the CO2 fixation (and so biomass growth) and nutrient assimilation, is thus critical.  

Reported figures for the biomass–normalised CO2 fixation rate, Rc’ (Table 2.2) for a single 

species (Anabaena sp.) vary between 0.5 and 1.2 g CO2 g biomass-1 d-1 for a gas stream 

containing different CO2 concentrations range from 0.03% to 15% [74], the precise Rc’ value 

being dependent on CO2 concentration Cc,g [25] light intensity I [74], and other operating 

conditions such as hydraulic residence time (HRT) and gas flow rate. Corresponding figures 

for B. braunii indicate somewhat lower rates of 0.15 g CO2 g biomass-1 d-1 but a higher 

maximum attainable algal biomass concentration (Xmax), while reported data for C. vulgaris 

and Scenedesmus obliquus indicate moderate CO2 fixation rates of 0.09-0.35 and 0.098-0.26 

g CO2 g biomass-1 d-1 respectively with corresponding maximum specific growth rates (µmax) 

of 1.37 d-1 and 1.19 d-1.  

Reported data for CO2 fixation as a function of I  for different algal species appears to follow 

no recognisable pattern across either different species within a single study, or different studies 

for the same species (e.g. Chlorella vulgaris or Anabaena sp.) (Table 2.2) [21]. Against this, 

for individual studies subject to the same controlled conditions fixation and biomass 

productivity both increase with I as expected to some maximum limit associated with light 

saturation [25, 74, 75]. Batch experiments on four different algal species (C. vulgaris, P. 
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subcapitata, S. salina, and M. aeruginosa) indicate that an approximate trebling of light 

intensity (from 36 µmol photons m-2 s-1) yields a 70-90% and 35-45% increase in biomass 

productivity and CO2 uptake respectively [76]. Further increases in I may then inhibit and 

diminish Rc and µ [77]. In the case of nutrient removal, a wide range of removal and biomass 

productivity (PX) values for C. vulgaris have been reported (Table 2.8). 

The hydraulic retention time (HRT) is a key processes parameter determining the required 

nutrient load and the water quality of the discharged effluent. Extended HRTs are required to 

provide a cultivation period ensure high removal efficiency [211]. A maximum uptake rate of 

4-5 mg L-1d-1 N and 0.4-0.6 mg L-1d-1 P has been reported for both a classical stirred tank PBR 

and a membrane PBR operating at a 2-5 d HRT [108]. Nutrient removal for continuous 

processes of 2-3 d HRT are generally below 85% for both N and P, compared to 75-88% N 

and 80-99% P for the BNR process [21]. This reduced robustness compared with BNR arises 

primarily from the combined impact of the lower Xmax (generally <1.5 g/L, cf. >3 gL-1 for 

BNR) and slower algal biokinetics compared with that of bacteria. 

Whilst various studies have reported trends in key parameters such as X and Rc, optimisation 

is complicated by the large number of variables, including light intensity, CO2 gas or organic 

carbon (OC) liquid load, biomass concentration and volume, biomass retention time, algal 

species, biomass physico-chemistry (specifically pH and temperature) and feedwater nutrient 

load. To optimise the system for just five of the key variables for a single algal species and 

reactor configuration, based on just three parameter values and a classical n-factorial approach, 

would demand 243 (i.e. 35) individual experiments. 

An alternative to the classical factorial-based approach is the use of statistical experimental 

design to reduce the number of tests, and identify synergistic relationships and optimum 

conditions. This includes Box Behnken Design (BBD) which, while developed in the early 

1960s [228], has only recently been employed for algal bioreactor optimisation [229], in 

particular relating to lipid or biofuel generation [230, 231]. BBD permits a significant 

reduction in the number of experiments whilst still enabling synergies between the different 

parameters to be identified along with the optimum set of conditions [232]. It therefore 

provides an elegant and efficient approach for elucidating inter-relationships for complex, 

multi-parameter systems, such as PBRs. 

Given the practical significance and potential economic benefit of combined nutrient 

abatement and CO2 fixation [21], it is of obvious interest to evaluate this specific application 

more extensively. The current study appraises the influence of the most important process 

variables of influent gas CO2 concentration, light intensity and temperature, along with feed 
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water TN, TP and TC, on the key performance determinants of biomass accumulation, CO2 

fixation rate, and nutrient removal. The study uniquely both (a) employs Box Behnken 

statistical experimental design to identify the optimum condition, and (b) combines nutrient 

abatement from wastewater with CO2 fixation, potentially from flue gases, in a single practical 

experimental study. The use of BBD for this dual function enables the optimum conditions to 

be identified. 

6.2 Material and Methods 

More details related to experimental settings, procedures and analysis are provided in Chapter 

3.  Statistical analysis of data for significance was carried out using JMP statistical discovery 

software (SAS v11.2.1) based on one-way ANOVA, and results reported as mean ± SD. 

6.2.1 Algae preparation and determination 

The concentrations of both NaNO3 and K2HPO4 in the standard medium were varied to 

accommodate different concentrations of TN (0-56 mg L-1) and TP (0-19 mg L-1). 250 ml 

batches of sterilized medium with different concentrations of TN (0-56 mg L-1), TP (0-19 mg 

L-1), and TC (0-20 mg L-1) were inoculated by 1 vol% pre-cultured C. vulgaris with initial cells 

concentration of 0.7×106 cells mL-1. The initial pH value of the cultivation medium was set to 

7, according to the MLA preparation method [270]; there is no significant change in pH value 

of the cultivation medium when aerated with atmospheric CO2. The culture was continuously 

fed with a flow of 50-52 mL min-1 filtered air enriched with 0.03-22% CO2, adjusted by digital 

mass flow controllers (MC-100SCM, Cole-Parmer, USA); inlet and outlet gas concentration 

(Cc,g) was measured using a CO2 probable meter (G110, Geotech, UK). The control sample 

was aerated with air only (0.03 % CO2). The cultivation temperature (T) was varied from 

ambient 30°C down to 20°C using an incubator refrigerator (Temperature Cycling Chamber, 

LABEC, Australia). Continuous illumination at a light intensity (I) between 180 and 400 µE, 

provided by adjusting the number of 8W LED lights between 4 and 8, was measured by a light 

meter (LI-250A, LI-COR, US). All experiments were conducted in batch mode with 5 mL 

samples extracted daily for analysis, equating to a hydraulic and solids residence time of 50 

days, and all runs lasted for 10-13 days. 

For all nutrient tests the control sample contained 6 mg L-1 TP and 28 mg L-1 TN, based on the 

typical medium MLA composition stipulated by the supplier. 
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6.2.2 Experimental design and regression analysis 

Box Behnken Design (BBD) was employed to e the process based on algal growth, expressed 

as µ in d-1, biomass productivity PX in g (dry weight) biomass L-1 d-1, and: 

 CO2 capture (RC), as a function of feed Cc,g, I, and T, and  

 Nutrient removal, as a function of feedwater composition with reference to TN, TP and 

total carbon (TC). 

RC is given by C PX MCO2/MC, where C is the dried cells % carbon content, measured by an 

element analyser (CHNS/O analyser, PerkinElmer, USA), PX the biomass productivity, and 

MCO2 and MC are the respective molar weights of CO2 and carbon. 

BBD experimental design employs a matrix of tests based on a number of parameters, in this 

case three. The impact of each parameter is evaluated by selecting three or more values (or 

“levels”) of these parameters and then conducting tests which encompass every combination 

of each parameter value. The results of the experiments in terms of the impacting (or 

“response”) parameters can then be evaluated through a statistical model [232]. Two such 

multi-level, three-parameter BBD matrices were created to examine the synergistic 

relationships between these sets of three parameters within specific limits (Table 6.1). A total 

of 15 experimental runs, randomly sequenced in duplicate to reduce the effect of the temporal-

related errors, were conducted to determine the 10 coefficients of the second order polynomial 

generated from the statistical model [235]. JMP statistical discovery software (SAS v11.2.1) 

was used to complete the regression analysis and generate the graphical relationships. The 

variability of the factors was expressed as coefficient of determination (R2) values. The model 

equation was then used to identify the interaction between the variables within the specified 

experimental boundary conditions. Subsequent optimisation to identify the conditions for 

maximising µ, RC and nutrient removal was through maximising the desirability function using 

Derringer’s desired function (DDF) methodology.[244] 

Table 6.1 Parameter  values 

Parameters Range of values 

CAMPAIGN 1 Min  Max 

%CO2 Cc,g, v/v 0.04  5 

Light intensity I, μE 100  400 

Temperature T, ℃  20  30 

CAMPAIGN 2    

TC, mg L-1 0  20 

TN, mg L-1 0  56 

TP, mg L-1 0  12 
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6.3 Results and discussion 

6.3.1 Scoping trials: Growth as a function of CO2 concentration 

The specific growth rate µ at a fixed T of 24°C and I of 200 µE over a 10-day cultivation 

period increased from 0.64 d-1 (Rc = 0.328 g L-1 d-1) for Cc,g = 0.03% to 1.17 d-1 at 5%, with a 

corresponding Xmax of 2.94 g L-1 (Rc = 0.744 g L-1 d-1) at the higher Cc,g (Fig. 6.1 a-d) Increasing 

Cc,g further to 22% resulted in a decreased growth rate (µ = 0.097 d-1, Xmax = 1.11 g L-1, Rc = 

0.28 g L-1 d-1). 

 

(a)                                         (b) 

  

 

 
 

 (c) (d) 

Figure 6.1 Algal growth trends with feed gas CO2 concentration: (a) X, (b) Px, 

(c) Rc’, and (d) Rc.“Control” refer to the sample aerated with only air 

(0.03%), (I=200 μmol m-2 s-1, T=24 oC). 

The reduced biomass production at the highest Cc,g of 22% is likely to be due to the inhibitive 

impact of the associated low pH on growth and CO2 mass transfer, the latter pertaining to the 
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relatively slow rate of hydrolysis of CO2 to H2CO3 [21], and the associated suppression of 

photosynthesis [271, 272]. Low-intermediate Cc,g concentrations (0.03-5%), on the other hand, 

caused insignificant inhibition: these levels were associated with pH values in the optimum 

range of 7-7.5. A 25% increases in µ (from 0.52 to 0.65 d-1) has been previously reported as 

increasing Cc,g from ambient levels to 15%, whilst other reports [24, 107, 214, 273] have 

indicated that increasing Cc,g from 2.5% to 9.5% has little influence on growth. The 

pathway/mechanism through which CO2 affects the biomass growth is photosynthesis, which 

is outlined in Section 2.2.1.  

6.3.2 Scoping trials: Growth and nutrient removal 

Increasing the initial TN concentration (TNinit = 0-56 mg L-1) at a constant TP of 8 mg L-1 

produced the expected increase in C. vulgaris biomass growth (Fig. 6.2) and with close to 

100% TP removal within the TPinit range of 2.7-7 mg L-1. Against this, the initial TP 

concentration apparently has a significant impact on algal growth and TN uptake, with only 

30% N removal at the lowest TPinit concentration (1.2 mg L-1).  TN removal also declined from 

>90% to 75% removal at the highest TPinit concentration of 19 mg L-1, where the corresponding 

TP removal also declined to 53%. The low removal efficiency (RE) can be largely attributed 

to the excessive nutrient load and/or its unbalanced N/P ratio (Fig. 6.3), along with the 

impairment of light transmission by the high biomass concentration. Whilst high TP 

concentrations generally favour biomass productivity [214], studies conducted at a number of 

different N/P ratios (Table 2.8) have demonstrated that the ratio is crucial for effective nutrient 

removal. An optimum value of 8 has been reported [215] – within the range of 7-10 found for 

the current study (Fig. 6.3) – associated with a maximum specific growth rate of 1.04 d-1. 
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Figure 6.2  Xmax and % nutrient removal, 13 days cultivation, at different initial 

nutrient concentrations (TNinit and TPinit): normalised initial nutrient 

concentration = initial nutrient concentration / maximum initial 

nutrient concentration (TNinit,max and  TPinit,max = 56 and 19 mg L-1 

respectively). 

 

 
Figure 6.3  Specific growth rate and nutrient removal efficiencies after 13 days 

of cultivation and a function of N/P concentration ratio. 

6.3.3 Multiple regression analysis and analysis of variance 

Multiple regression analysis conducted to determine the relationships between the three 

response parameters of RC, TN and TP RE, and μ with respect to Cc,g, I and T generated the 

second-order polynomial equations from the BBD matrix of experimental data (Table 6.2): 

Table 6.2 BBD matrix, experimental outputs 
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Run Ccg,  

% 

I,  

µE m-2 s-1 

T,  

C° 

TN RE, 

% 

TP  RE, 

% 

µ,   

d-1 

RC, 

mg L-1 d-1 

1 5 250 20 98 100 1.30 958 

2 2.5 250 25 92 100 0.89 386 

3 0.04 250 30 74 76 0.64 358 

4 2.5 400 30 67 86 0.56 357 

5 2.5 400 20 72 90 0.61 363 

6 0.04 250 20 75 85 0.67 363 

7 0.04 100 25 80 100 0.72 377 

8 2.5 250 25 92 100 0.89 386 

9 5 400 25 80 100 0.9 539 

10 2.5 250 25 92 100 0.9 386 

11 2.5 100 30 100 100 1.35 899 

12 5 175 25 100 100 1.47 72 

13 5 250 30 95 100 1.25 525 

14 0.04 400 25 60 50 0.42 112 

15 2.5 100 20 100 100 1.32 900 
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RC, mg L-1d-1 = 4710 + 298 Cc‚g - 2.93 I – 331 T + 0.0128 Cc‚g I – 8.63 Cc‚g T - 
1.56 × 10-3 I T - 0.965 Cc‚g 2 + 3.23 ×10-3 I2 + 6.83 T2 

(6.1) 
 

TN RE (%) = 41.2 + 9.33 Cc‚g + 0.067 I + 3.00 T - 2.03×10-17 Cc‚g I - 0.040 
Cc‚g T + 1.42×10-017 I T - 0.812 Cc‚g 2 - 3.11×10-4 I2 - 0.060 T2    

(6.3) 
 

TP RE (%) = -32.2 - 1.71 Cc‚g - 0.049 I + 11.5 T + 0.012 Cc‚g I + 0.181 Cc‚gT - 
9.47 × 10-18 I T - 0.589 Cc‚g2 - 3.88×10-5 I2 - 0.245 T2 

(6.4) 
 

The coefficient of determination (R2) of the regression equations for the correlations for Rc, μ, 

and the RE values for TN and TP were 0.94, 0.98, 0.98 and 0.94 respectively (Fig. 6.4). The 

above quadratic expressions thus adequately describe the relationship between the factors and 

responses. 

Analysis of variance (ANOVA) was applied to generate the sum of squares, degree of freedom 

(df), mean squares, f-values and p-values by fitting the experimental results to the second-

order polynomials Eqs. (6.1-6.4). P-values below 0.05, i.e. representing a significant 

correlation, were generated for Cc,g and I for µ, Rc, and TN and TP removal. The impact of T 

was found to be less significant (p-values > 0.1) within the range examined. Whilst the linear 

terms (i.e. terms in Cc,g and I) were found to significantly influence µ (p-value<0.05), the 

combined terms (i.e. Cc,gT and IT) were less significant. N and P removals were both 

significantly influenced by the individual and combined initial terms Cc,g and I, whereas the 

influence of the Cc,gT and IT terms was less significant. Similarly, for RC there was better 

interaction between Cc,g  and T, but T itself remained insignificant in comparison with the other 

parameters. The satisfactory agreement found between the experimental and model data (Fig. 

6.4), justified the use of the equations for generating the response surface correlations. 

 

µ, d-1 = 2.02 + 0.216 Cc‚g – 1.27 × 10-4 I - 0.090 T – 3.60 × 10-4 Cc‚g I – 5.24 × 
10-4 Cc‚g T - 2.36 × 10-5 I T + 4.26 × 10-3 Cc‚g 2 + 1.18 × 10-5 I2 + 1.90 × 10-3 
T2   

(6.2) 
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Figure 6.4 Comparison between experimental data and predicated values of Rc, 

TN and TP removal, and µ. The dotted curved lines indicate the 

>95% confidence bands; horizontal dotted lines represent the mean 

of the Y leverage residuals (i.e. the measure of agreement with the 

model). 

The statistical significance of the design was assessed according to an F-test for analysis of 

variance (ANOVA) (Table 6.3). The ANOVA analysis indicates that the quadratic polynomial 

Equations (6.1 – 6.4) significantly represent a definite relationship between the response and 

variables with p-values for Rc, μ, and the RE values for TN and TP of 0.01, 0.0006, 0.01 and 

0.0001 respectively. The model terms are significant when the p-values are less than 0.05. 
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Table 6.3  Analyses of variance results for the fitted models of RE (%) for TN, 

TP, µ (d-1), and RC (mg L-1) as influenced by different cultivation 

paramters of I(µE), C,cg (%), and T(℃) 

6.3.4 BBD analysis and optimization 

3D response surface and 2D contour plots (Figs 6.5 - 6.6) were generated from Eqs.(6.1-6.4) 

for two factors (Cc,g, I), the third (T) being kept constant. The discrete data points refer to actual 

experimental response data values, added to demonstrate the fit with the model-generated 

response surface. 

Rc increases with increasing Cc,g, between 0.03 and 5%, and also with I up to 100 μE (Fig. 6.5 

a-b), corroborating previous studies [274] reporting similar trends. However, growth 

decreased with beyond 100 μE m-2s-1. Microalgal cells exposed to high light irradiance may 

undergo damage of the photosynthetic units, making them non-functional and causing photo-

inhibition. Whilst this can take place at all irradiance levels, non-photochemical quenching 

(NPQ) processes become evident if the rate of photo-inhibition exceeds the rate of repair 

resulting in large proportions of the captured light being dissipated [96]. Conversely, as light 

irradiance decreases the level of photosynthesis-active radiation decreases to low levels which 

significantly reduce photosynthesis activity, as reflected in the CO2 fixation rates (see also 

Section 2.8). 

Source of variance Degree of 

freedom 

Sum of square Mean square F-ratio p-value, 

(prob<F) 

Generated models  

CO2 capture (RC) (mg L-1) 

Model 9 8.4 ×105 9.3×104 9.4 0.01 

Residual  -- -- -- -- -- 

Lack of fit 3 4.93×104 1.64×104 -- -- 

Pure error  2 0.00 0.00 -- -- 

Total  5 4.93×104 -- -- -- 

Specific growth rate, µ (d-1) 

Model 9 1.5 0.16 33 0.0006 

Residual  -- -- -- -- -- 

Lack of fit 3 2.4×10-2 8×10-3 2.5×102 0.004 

Pure error  2 6.6×10-5 3.3×10-5 -- -- 

Total  14 2.7 -- -- -- 

Removal efficiency TP (%) 

Model 9 9.26×102 1.02×102 9 0.01 

Residual  1629 5 3.25×102 -- -- 

Lack of fit 57.1 19.3 -- -- -- 

Pure error  0.00 2 0.00 -- -- 

Total  5 57.1 -- -- -- 

Removal efficiency TN (%) 

Model 9 2.44×103 270 32 0.0001 

Residual  -- -- -- -- -- 

Lack of fit 3 42.2 -- -- -- 

Pure error  2 0.00 0.00 -- -- 

Total  5 42.2 -- -- -- 
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Generally, growth and metabolic rates are enhanced by increasing the temperature until an  

optimum value is reached for a species; further temperature increases may then reduce cell 

growth through cell damage or death [275]. It has been reported that microalgae can grow in 

the temperature range between 20-35°C [276], whereas some other species have been reported 

as being temperature tolerant at 60°C [277, 278] (see also Section 2.8). For the current study 

the temperature range of 20-30°C selected was insufficiently broad to generate a significant 

change in Rc through either microbial or gas solubility impacts. The results recorded were 

nonetheless consistent with those previously reported [279], and were reflected in the related 

parameter μ which demonstrated similar trends (Fig. 6.5 c-d). 

TN RE followed a similar trend of increasing removal with increasing Cc,g and decreasing I 

over the ranges studied (Fig. 6.6 a-b), with ~100% removal attained at a relatively low 

irradiance (50-200 μE) and 3-5% Cc,g. TP trends indicated a flatter response with irradiation at 

the maximum Cc,g of 5% (Fig. 6.5 c-d). TN uptake appears to be reduced at low CO2 

concentrations [280]. Conversely, high CO2 concentrations activate N reductase, enhancing N 

assimilation [24] as well as increasing the HCO3
- concentration through reaction of CO2 with 

protons generated from N and P uptake by microalgae cells [281]. Viable algae thus maintain 

a neutral pH value, providing more favourable conditions for algal growth which are reported 

to lie between a pH of 5 to 8 [282] for chlorella vulgaris. A pH value of ~11, on the other 

hand, has been reported to negatively influence algal growth [283].  

TP was 100% removed at all irradiance levels studied at the highest Cc,g of 5%, only 

demonstrating irradiance dependency at lower Cc,g levels. Light stress associated with high 

light intensities arises when the energy imparted cannot be dissipated as fluorescence and heat.  

This can impair photosynthesis [284], potentially breaching the light saturation limit of the 

algae and negatively impacting on P removed. Consumption of TP was accompanied by 

photosynthesis uptake of dissolved inorganic carbon. However, P removal is impacted more 

than N removal by pH via abiotic precipitation, though assimilation by algae remains the 

primary P removal mechanism [285]. P removal close to 100% has been previously reported 

[86]. 
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+  
    (a)                                                               (c) 

 
                   (b)                                                                     (d) 

 

Figure 6.5  3D response surface and contour map for CO2 fixation rate (a ,b) and  

µ (c ,d), at the optimum temperature of 22 oC. 

 

                       (a) (b) 
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                (b)      (d) 

Figure 6.6  3D response surface and contour map for CO2 fixation rate (a ,b) and  

µ (c ,d), at the optimum temperature of 22 oC. 

According to the BBD results, the optimal conditions for maximizing Rc, μ, and the TN and 

TP removal efficiencies based on Derringer’s desired function (DDF) methodology were 

found to be at Cc,g = 5%, I = 100 µE m-2 s-1 and T = 22 ºC. Under these conditions, the predicted 

Rc, μ and TN, TP removal efficiencies were found to be 1000 mg L-1 d-1, 1.53 d-1 and 100% RE 

for both N and P respectively (Table 6.3). 

Table 6.4 Comparison between predicted and experimental optimum conditions 

6.4 Summary  

The application of the microalgae Chlorella vulgaris to combined CO2 capture and nutrient 

removal has been optimised using response surface methodology based on Box Behnken 

statistical experimental design (BBD). Experimental conditions employed comprised feed gas 

concentrations (Cc,g) of 0.03-22% CO2, irradiation intensities (I) of 100-400 μE, temperatures 

of 20-30°C and nutrient concentrations of 0-56 and 0-19 mg L-1 nitrogen (N) and phosphorus 

(P) respectively, the response parameters being specific growth rate µ, CO2 uptake rate Rc and 

%nutrient removal. Over a 10-day period the biomass concentration X reached almost 3 g L-1 

for a Cc,g of 5% CO2, with corresponding values of 0.74 g L-1 d-1 and 1.17 day-1 for Rc and µ 

respectively and 100% N and P removal. At the highest CO2 gas concentration of 22% the 

rates of both carbon fixation and biomass growth decreased by around an order of magnitude, 

Factors  Response Experimental Predicted  % error 

Cc,g = 5 % RC g L-1.d-1 1032 1000 3.4 

I  = 100 𝜇𝐸 μ, d-1 1.51 1.53 1.4 

T = 22℃ RE TN, % 96 100 4.0 

 RE TP, % 100 100 0.0 
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and nutrient removal also decreased to 79% and 50% for N and P respectively, indicating 

impairment of the photosynthesis process at these high irradiation levels. Response surface 

methodology (RSM) and Box-Behnken experimental design (BBD) were used to identify the 

optimum values of the three key parameters of Cc,g, I and temperature (T), based on the impact 

on µ, Rc, and nutrient removal. Optimum values 5% CO2, 100 µE and 22°C were identified 

for Cc,g, I and T respectively, with µ and Rc reaching 1.53 day-1 and 1000 mg L-1 d-1 respectively 

along with associated nutrient removal of 100%. Regression analysis indicated a good fit 

between experimental and model data. 

The current study demonstrates optimization of microalgae cultivation conditions using BBD-

RSM as offering a useful means for simultaneously improving CO2 fixation and nutrient 

removal in a single experimental campaign. In the case of real wastewaters the impact of 

organic carbon would need to be considered, as discussed in Chapter 4.      
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Chapter 7. 
  

Modelling algal 
photobioreactors for CO2 
bio-fixation and nutrient 

removal  
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7.1 Introduction 

7.1.1 Algal photobioreactor key system facets 

Environmental and operational factors, nutrient load and light irradiation have a direct 

influence on biomass productivity in an algal photobioreactor (PBR). Effective and efficient 

microalgae cultivation relies on a number of fundamental system properties which include (i) 

distribution of light dose throughout the biomass, (ii) enhanced CO2 mass transfer from the 

gas to liquid phase, (iii) enhanced CO2 assimilation by the algal biomass (largely achieved 

through (i)), and (iv) effective removal of O2 generated during the photosynthetic process 

which may otherwise inhibit the algal growth [13]. Carbon dioxide functions as the carbon 

source for most algae, with the assimilated carbon contributing about 50% of the algal 

biomass. The local carbon dioxide concentration at any point of a bubble column PBR should 

be above the minimum threshold to sustain photosynthesis to avoid carbon limitation  based 

on the cultivation conditions [42]. It has reported that a CO2 gas concentration of at least 1% 

needs to be provided to sustain the algal biomass [286], such that atmospheric CO2 levels 

(0.03%) are insufficient for supporting a high algal growth rate and biomass productivity in 

large scale process [287]. However, it is the CO2 load and transfer which represents the 

limiting factor, rather than the concentration, and sustainable PBR operation also depends on 

control of dissolved oxygen accumulation [288, 289].  

As with all microorganisms, algal species demand various nutrients to support growth, of 

which nitrogen (N) and phosphorus (P) are the most important. The total N and P 

concentrations (TN and TP), relative to that of the algal biomass, may thus determine both 

algal growth and the corresponding nutrient depletion rate through their bio-assimilation, as 

sustained by the light irradiation and the availability of dissolved CO2  [139]. Nitrogen 

starvation conditions have been extensively applied for maintaining metabolic fluxes to lipids 

[223] leading to protein synthesis, the excess photosynthesized carbon being stored as 

triacylglycerides or starch [224].  

Light intensity and photoperiod cycle (i.e. the relative durations of the light and dark periods) 

are crucial factors in determining algal growth rate, especially for photoautotrophic cultures 

[32, 225]. Inefficiencies arise when microalgae are exposed to light intensities above the 

saturation limits, as a result of photo-inhibition or overheating. Against this, at high algal cell 

densities commensurately higher light intensities are required to ensure light penetration 

through the bulk of the culture [33]. 

Microalgal PBR processes thus present a number of challenges for control and optimization. 

Mathematical models are thus needed which are capable of quantifying the impact of practical 
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system parameters such as bioreactor configuration, CO2 mass transfer, carbon and nutrient 

uptake and water quality (pH, temperature, etc) on microalgal growth. 

7.1.2 Previous mathematical model studies 

Many different studies have been undertaken to establish a mathematical model to successfully 

predict algal growth in batch system. These have included: 

 the fitting of experimental data to a biokinetic model for a batch PBR [290]; 

 

 the representation of the impact of light intensity (attenuated by culture media depth) and 

temperature on the photoautotrophic growth of Cyanothece [291]  (and subsequent scale-

up to pilot scale for biomass production [292, 293]; 

 

 the optimisation of nutrient removal by microlagae, calibrated and validated with both 

repirometric and titrimetric data [292]; 

 

 the construction and experimental validation of a model of microlagae biomass and lipids 

accumulation in a PBR using initial TN, light intensity and temperature as the primary 

inputs [293] 

 

 a simple model to predict biomass values, using kinetic growth parameters, as a function 

of HRT to maximise biomass productivity in a continuous PBR [294]. 

Despite the large number of mathematical models presented in the literature to simulate PBRs, 

no models have been proposed which comprehensively incorporate all phenomena relevant to 

combined biomass growth and nutrient removal from wastewater. Most of the published 

models, including the most recent [292], do not address the effects of the initial nutrient 

concentration on both the treated wastewater quality and algal growth. Whilst the classic 

mathematical dynamic model of microalgae growth proposed by Droop [295, 296] accounts 

for the dilution rate and effects of inorganic nitrogen concentration, the impact of all other 

parameters (including CO2 gas concentration Cc,g, light irradiation intensity I, and the nutrient 

uptake rate) is neglected. Models have otherwise been developed for lipid synthesis as it relates 

to algal growth rate and N uptake [297], and luxury uptake of phosphorus as polyphosphate as 

a function of the available P, light intensity and temperature so as to provide P removal 

efficiency[298]. Thus, whilst a wide range of base parameter values that have been employed 

in these models (Table 7.1), these have not led to the same sort of treated effluent nutrient 

concentration profile outputs as provided by classical biological nutrient removal (BNR) 

models [5]. 
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There is an evident need for a numerical mathematical model capable of simulating algal 

growth rates as a function of initial TP, TN including the influence of Cc,g and I. Such a model 

could then be employed to estimate nutrient removal and predicated dynamic behavior of a 

batch system.  

Table 7.1 Parameter values assumed in recently-published PBR mathematical 

models, batch processes 

µmax maximum specific growth rate; kd biomass loss rates; Qg gas flow rate; vvm = volume gas per volume liquid 

per minute; HRT  hydraulic residence time; Kl,C CO2 mass transfer rate; TP total phosphorus; TN total nitrogen; 

TC total carbon; I irradiation intensity, T temperature; aAtmospheric level; bContinuous or ssemi continuous 

system; c COD. 

7.2 Materials and methods 

More details related to experimental settings, procedures and analysis have been mentioned in 

Chapter 3. The model was initially parameterized using values and ranges taken from 

literature, modified according to the values used in the current study for N, P, C and light 

intensity. The range of values selected were 6-8 mg L-1 for P, 28-270 mg L-1 for N, 0.03-5% 

for CO2 and 180-250 µE for I. These ranges of values were considered appropriate for 

examining the model applicability to a real life scenario for combined CO2 fixation and 

wastewater treatment in a full-scale installation.   

The initial pH value was maintained within the range 6-8 using 0.1 M HCl and 0.1 M NaOH 

[270], and through control of the CO2 gas concentration injected into the cultivation media. 

PBR 

configur

ation 

µmax 

(d-1) 

kd 

(d-1) 

Cc,g 

(%v/v) 

Qg 
(vvm) 

HRT 

(d-1) 

Kl,C 

(d-1) 

TP, 

(mg L-1) 
TN, 

(mg L-1) 
TC, 

(mg L-1) 
T, 

(Cº) 
I, 

(µE m-2 s-1) 

Ref. 

Classical 

PBR 

0.1-

0.52 

-- 0.03a 0.5 3.3s -- 12.7 54.58 384c 20±3 
 

90 [290] 

 

Tubular 

PBR 

1.75 -- 10 0.02

8 

1.36b -- -- -- -- 25-

37 
275-23 [291] 

 

Flat plate 

PBR 

0.156 -- -- -- 1- 

10b 

-- -- -- -- 23 150 [299] 

 

Bubbled 

PBR 

-- -- 0.03a -- 280 -- 

1.12 12 

-- 25 250-30 [300] 

 

Breeding 

reactor 

0.1-2 -- 0.03a -- -- 5-10 4 6 -- 26 130-90 [292] 

 

Combine 

algal unit 

0.1-11 -- 2 2.5 -- 0.3-

19 

-- -- -- 20 90 [301] 

 

Solix 

PBR 

0.6 0.01 2.5  65 -- 1.12 12 -- 21-
24 

200 [293] 

  

Helical 

PBR 

1.77 -- 4 0.04

7 

15-

2.5b 

-- 5 260 5 24-

33 
156 [302] 

 

BIOSTA

T PBR 

0.52 -- 10 16 2.5 -- -- -- -- 25 -- [303] 

 

Flat 

panel 

PBR 

0.94 -- 5 0.63 3.4-

1.1b 

1.63 31 -- -- 20 250 [294] 
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7.2.1 Modelling equations 

The model development proceeded through the steps indicated in Figure 7.1. The 

mathematical model used to simulate the experimental data in this study was based on the 

classical homogenous model for a bubble column PBR operated in batch mode [302]. The 

model was developed as a set of parameterized nonlinear first order differential equations 

defined by fundamental physical and/or chemical mechanisms and base experimental data. 

Biological, gas and liquid phases considered in the PBR and mass balance equations were 

derived according to the following assumptions:  

 All cultivation conditions factors affecting Chlorella vulgaris growth were encompassed, 

including gas flow rate, light intensity, temperature, feed water quality.    

 

 The Henry constant (H) was considered to be unaffected by the gas pressure: values were 

taken at 25°C and atmospheric pressure for both CO2 and O2.  

 

 Microalgal cells were assumed to be able to fix dissolved inorganic carbon regardless of 

its form (i.e. CO2, HCO3
- and CO3

2-).  

 

 The light intensity was sufficient to ensure growth without being impaired by dissipation 

by the biomass concentration but not so excessive so as to cause light limitation, with the 

threshold biomass concentration assumed to be 1 g L-1 [42]. 

 

 Light inhibition (due to excessive irradiation levels of 500-2500 µE m-2 s-1 [304, 305]  

was ignored; a range of 100-250 µE m-2 s-1 light irradiation range was employed. 

 

 Operation was assumed not to be limited by the nutrient or carbon concentration. The 

culture media were continuously aerated with air and CO2 gas during cultivation to 

provide adequate carbon for the algal cells. A cultivation period of 10 days was selected 

to prevent N and P nutrient limitation.     

 

Some simplifying assumptions were made in developing the model to reduce the complexity 

of the model parameters: 

 

 The gas flow rate was considered to remain constant with time and culture depth: the gas 

was assumed to be uniformly distributed in the cultivation medium.  

 

 Spatial analysis was assumed to be negligible due to the small batch photobioreactor used 

(250 ml). 

 

 Oxygen inhibition was ignored, since it was removed to low levels in the experimental 

tests.  
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 A batch growth culture was considered, although the model could be readily adapted to a 

semi-batch or fed-batch reactor. 

 

 Only autotrophic growth from light irradiation was considered: other possible growth 

mechanisms were ignored.   

 

 

Model Input 

Model Parameters
( KN, KP, KTC,Kd,, KL, µmax) 

 
 

- Wastewater Conditions (TN,TP)

- Light intensity (I) 

- Input CO2 concentration (Cc,g)

 

TP profile TN profile Light  profile 

Predicted Biomass, X

Model processing 

 

Figure 7.1 Modelling strategy 
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7.2.2 Gases dynamics in liquid phase of PBRs  

The rate of CO2 transferred from the gas to liquid phase is represented by dual-film theory 

[306]: 

)1()( εVCCkR sCC   
(7.1) 

 

Where kC is the mass transfer coefficient for the transfer of CO2 from the gas phase to bulk 

culture phase, Cs is the saturated concentration of CO2, C is the concentration of inorganic 

carbon, V the reactor volume and ε the gas hold up. According to Henry’s law, Cs can be 

evaluated using Eqs.(7.2).  

1000MWHCO3
RTH

yp
Cs   (7.2) 

 

where p is the pressure, y is the gas phase CO2 fraction, R is the gas constant, T is the 

temperature, H is the Henry’s Law constant and MWHCO3 is the molar mass of bicarbonate, 

1000 is a conversion factor to convert (g L-1) into (mg L-1). kC can be estimated from 

correlations available [307] for the transfer coefficient for oxygen kO using the aqueous phase 

diffusivities of CO2 and O2 (DC and DO respectively): 

O

C
OC

D

D
kk   (7.3) 

 

ɛ was estimated by volumetric expansion as proposed by Chisti [58] based on the gassed and 

un-gassed height of fluid (hG and hL respectively) in each part of the PBR: 

G

LG

h

hh 
  (7.4) 

 

The uptake rate of carbon (dC/dt) by the algal culture can be expressed as a function of biomass 

concentration (X), the yield coefficient (total carbon consumed per algal biomass produced 

YC,tot) and µX, the algal specific growth rate: 

X µY-
dt

dC
Xtot C,1000  (7.5) 
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The total carbon dissolved in the algal culture can be obtained from subtract equations (7.1) 

and (7.5). 

  1000 )( )( XµY - ε-1V C-C k
dt

dC
XtotC,sC

total   (7.6) 
 

With appropriate initial conditions of:  

   totalinittotal CC ,  at t=0 
(7.7) 

 

The first term on the right hand side of Eq. (7.6) takes into account mass transfer phenomena 

from the gas to liquid phase and the second term is the CO2 consumption and concomitant 

liquid phase microalgae production process.  

The mass balance for total dissolved nutrients (N and P) not involved in the gas liquid mass 

transfer phenomena can be expressed as follows:  

 X µY - 
dt

dC
XPN

PN

,

,
1000  (7.8) 

 

With appropriate initial conditions: 

   initinit PNPN ,,   
(7.9) 

 

7.2.3 Biomass growth rate 

The final growth rate of algal biomass, dX/dt, can be written as: 

XK X  µ
dt

dX
dX   (7.10) 

 

Where Kd is the biomass loss rate. According to Monod model [308] the nutrient-limited algal 

growth rate Xµ can be expressed as 













ii

i
X

SK

S
µµ    max

 (7.11) 
 



 

104 

where Si is the nutrient (N or P) concentration, Ki the nutrient half saturation constant and maxµ

,  the maximum specific growth rate. 

The following integrated Monod model considering the effect of multiple factors (N, P, C and 

light intensity) on the specific growth rate of the algae was proposed by extending Equation 

(7.11):  
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(7.12) 
 

where SN, SP, TCc are the respective N, P and total carbon concentrations in the culture and KN, 

KP , KTC , KL  are the corresponding half saturation constants for nitrogen, phosphorus, total 

carbon and light respectively. The average light intensity Iav within the culture in cylindrical 

bubble PBR illuminated by a unidirectional parallel flux can be expressed by: 












  





dθrKXθ
r K X 

I
 I av ))cos(2exp()cos(1

2
2

0

 
(7.13) 

 

Where r represents the PBR radius. K is the overall light extinction coefficient, given by: 

K = Kc Cchl + Kw 
(7.14) 

 

where Kc is the chlorophyll-based light extinction coefficient of algae, Cchl is the chlorophyll 

concentration, which is a function of biomass concentration and is determined experimentally, 

and Kw is the light extinction coefficient of pure water.  

A schematic drawing of a completely mixed photobioreactor and the elements included in the 

model is shown in Fig 7.2.  
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Figure 7.2 A schematic drawing of the photobioreactor and the elements included 

in the model. 

The combined set of ordinary differential equations (ODEs) were coded in MATLAB to 

combine the time-dependent algal biomass concentration X (g L-1) and algal nutrient uptake 

functions with light intensity, and the simulations validated with the experimentally-

determined Cv growth data. A sensitivity analysis of a parameter Pj was conducted with 

respect to X to assess the response of biomass concentration to changes in each model 

parameter to assess the validity of the simplifying assumptions (Section 7.2.1): 

nom

jnom

j

x
X

P

P

X
 



  (7.15) 

 

where Pjnom is the parameter nominal value and Xnom the model response when nominal 

parameters are used. A ±20% variation in ΔPj was applied to obtain the test values to determine 

ΔX. Four biomass profiles were used in calculating the mean profile with the standard 

deviation estimated from the four runs. The sensitivity coefficient for each parameter was 

calculated from the average spread according to the method of Bernard et al. [309]. 
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An F–test was performed to determine the variance between the predicted and measured values 

using Jmp statistical discovery software (SAS version 11.2.1).  

7.3 Results and discussion 

7.3.1 Mass transfer coefficient 

kC was estimated from kO data using Equation 7.3. A previous reported correlation for bubble 

columns [203, 310]  was used to calculate kC in terms of ε measured at the corresponding gas 

flowrate. This procedure produced a kC of 5.8×10-6 s-1 at a gas flowrate of 50 mL min-1, towards 

the low end of the range of values reported in the literature of 3.8×10-6 s-1 [301] for different 

PBR configurations. 

7.3.2 Model calibration 

The influence of the parameters TNinit, TPinit, I and Cc,g on the kinetics of Cv was determined 

through mathematical simulation, and the reliability of the model data assessed using 

validatory experimental test data. Further experiments were carried out to evaluate the 

influence of the initial concentrations of dissolved inorganic carbon, N and P on algal growth 

by varying respectively the concentrations of sodium bicarbonate, sodium nitrate and 

potassium bisphosphate in the MLA cultivation medium. The feed gas Cc,g was also varied at 

a constant Qg of 50 mL min-1. A pH 6-8 was maintained throughout. 

The proposed model (combining growth and light profile) was fitted to experimental data 

conducted under different conditions (TP=6 mg L-1, TN=28 mg L-1, CO2=2.5 % , I= 250 µE 

m-2 s-1 and TP=6 mg L-1, TN=28 mg L-1, CO2=0.03 % , I= 250 µE m-2 s-1). Calibration was 

through determination of µmax from Equations 7.8 – 7.13 tuned through a nonlinear fitting 

procedure, with the parameters estimation based on non-linear least square fitting of the 

model-predicted data to that derived from experiments conducted at different conditions, the 

relative error obtained by the fitting procedure was around 1%. These parameters (KL, KTC, KN, 

KP, Kd, KC, Kw, n) were then numerically ed to obtain a best fit of the model to experiment data 

(Fig. 7.3) using the simplex search algorithm of MATLAB [311]. 
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Figure 7.3  Model calibration and fitting for different cultivation conditions (a) 

TP=6 mg L-1, TN=28 mg L-1, CO2=2.5 % , I= 250 µE m-2 s-1 and (b) 

TP=6 mg L-1, TN=28 mg L-1, CO2=0.03 % , I= 250 µE m-2 s-1. 

Best-fit values generated by simulation during the calibration process for estimated parameters 

are shown in Table 7.2. 

Values for the shape factor parameter n, accounting for light limitation caused by the biomass 

density, were adjusted according to the assumptions presented in Section 7.2.1. The best fit 

value obtained for n was 1.4, this value being slightly outside the range of 1.49-2.2 reported 

in previous studied [302, 312, 313]. 
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Table 7.2 Summary of base parameters values 

Symbol Unit Parameter value Notes  

µmax d-1 1.400 Current study,  estimated 

Kd d-1 0.198 Current study,  estimated 

KL µE m-2 s-1 16 Current study,  estimated 

K m2 g-1 2.5×10-1 Current study,  estimated 

Kp g L-1 4×10-2 Current study,  estimated 

KN g L-1 3.7 × 10-1 Current study,  estimated 

KTC g L-1 5 × 10-1 Current study,  estimated 

N - 1.42 Current study,  estimated 

He,C - 8.32 × 10-1 [314] 

He,O - 3.2 × 10-2 [314] 

Yctot gc gbiomass
-1   5 × 10-1 Current Study, calculated 

Yp gP gbiomass
-1   2.4 × 10-2 Current Study, calculated 

YN gN gbiomass
-1   2 × 10-1 Current Study, calculated 

YO gO2 gbiomass
-1   0.534 [315, 316]  

dB m 1 × 10-6 Current Study, calculated 

DC m2 s−1 14.7 × 10−9 [275]  

DO m2 s−1 8.0 × 10−9 [275] 

KLa,C d-1 0.499  Current Study, calculated 

Kw cm-1 0.0018 [317] 

Yi= (So-S)/(X-Xo), where i=ctot ,p, N 

7.3.3 Model validation 

The model was validated by comparing the experimentally-determined biomass concentration 

profiles for five sets of experimental conditions (Table 7.3) with model predications using the 

parameter values determined by the calibration process.  

Table 7.3 Set of experiments used for model validation 

Parameters Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 

TP (mg L-1) 6 6 6 7 8 

TN (mg L-1) 28 28 28 70 270 

CO2 (%) 2.5 5 0.03 0.03 0.03 

I (µE m-2 s-1) 250 200 250 180 180 
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Growth profile data for a range of different initial nutrient concentrations was produced. 

Within the ranges selected (Fig. 7.4) the validation provides a reasonable fit between the 

experimental and model data. The base parameters identified (Table 7.2) were thus used for 

subsequent sensitivity analysis (Section 7.3.4) and nutrient removal profile modelling (Section 

7.3.5). 

 
 

 

Figure 7.4 Model verification applying different cultivation conditions (a) TN = 

28-207 and TP = 6-8 mg L-1 for an air feed (Cc,g = 0.03% CO2); and 

(b) TN = 28 and TP = 6 mg L-1 for CO2-supplemented gas feed (Cc,g 

= 0.03-5% CO2)  for experimental (data points) and model 

(continuous trend) data. 
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7.3.4 Sensitivity and regression analysis 

The sensitivity of the growth profile to the parameters Lk, KN, TCK, Kp, Kd and µmax was 

examined based on the experimental conditions of Cc,g = 2.5%,  TN= 28 mg L-1, TP= 6 mg L-1 

and I = 250 µE m-2 s-1 used for the calibration step. The pre-defined model constants (Table 

7.2) were used as base values and individually varied by ± 20% and the impact on X. The mean 

predicted profile from four runs for each parameter is shown in Fig. 7.5 with the corresponding 

sensitivity coefficient estimated from Eq. (7.15), with sensitivity increasing with increasing 

σx. According to Fig. 7.5, µmax (σx = 0.52) and the biomass loss rate (Kd, σx = 0.11) were the 

most sensitive parameters followed by considerably reduced sensitivity for the half saturation 

constant for carbon and light at (σx = 0.008 and 0.004 for KTC and KL respectively). Sensitivity 

to µmax has been previously reported [318] and reflects the importance of this parameter on the 

accuracy of model prediction. The influence of remaining four parameters on biomass profile 

was negligible. 

Figure 7.5 Predicted mean algal biomass concentration profile and its variation 

based on ±20% variation in (a) µX, and (b) Kd, based on four runs. 

 

The model was further validated by applying the regression analysis for the experimental and 

predicted growth profiles using SAS software. Significance of the fits achieved between the 
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measured and predicated data (Fig. 7.6) is illustrated by R2 values of 0.94 and p values below 

0.0001 for the all validated points. The model appears to reflect the growth dynamics at various 

values of TN, TP, I and Cc,g with reasonable accuracy, comparable to that reported by Wang et 

al. [262] who investigated the kinetics of nutrient removal and characterised the extracellular 

polymeric substances (EPS) generated. The specific growth rate µmax calculated from Eq. 

(7.12) was found to be the most sensitive parameter. 

 

Figure 7.6 Regression analysis of fit between predicted and experimental 

biomass concentration R2 = 0.94, P = 0.0001 and p>F = <0.0001 (i.e. 

significant). Dotted curved lines indicate >95% confidence bands; 

horizontal dotted lines represent mean of the Y leverage residuals 

(i.e. the measure of agreement with the model). 

7.3.5 Nutrient removal 

The evolution of nutrient uptake and algal growth kinetics as a function of TNinit and TPinit was 

modelled and the outputs compared with experimental data. Modelled outputs were based on 

Eq. (7.8) and encompassed the yield coefficient for total N or P (YN,P), µx and biomass 

concentration X, each of these parameters directly affecting the nutrient uptake rate. 
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Nutrient consumption transients (Fig. 7.7a-d) indicated rapid removal of P to 100% removal, 

such that it becomes limited by around 6 days at the lowest TPinit of 6 mg L-1 (Fig. 7.7a). Whilst 

the extracellular phosphorous is depleted rapidly in the cultivation medium, the cells continued 

to grow over the period of the experiment (Fig. 7.7a). The luxury uptake of nutrients and 

storage for later growth is a well-established phenomenon in phytoplankton [296], although 

this does not influence the P uptake rate. TN removal efficiencies of 80-99% were recorded 

after 10-13 days for TNinit concentrations up to 70 mg L-1, whilst only 60% of the TN was 

removed after 13 days at the highest TNinit employed of 207 mg L-1 (Fig. 7.7c). The model 

appears to adequately predict the dynamic depletion of TN and TP in the cultivation medium, 

along with algal biomass production (Fig. 7.6), over the ranges of initial nutrient concentration 

(Figs. 7.7a,c) and feed gas CO2 concentration (Figs. 7b,d) studied. 

 

                     (a)                                                                       (b)                    

                

                      (c)                                                               (d) 

Figure 7.7 Evolution of total nutrient concentration under different conditions of 

initial aqueous nutrient concentration (a, c: Cc,g = 0.03%,) and feed 

gas CO2 concentration (b, d: TPinit and TNinit = 6 and 28 mg L-1 

respectively). 
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7.3.6 Light attenuation profile 

The predicted average irradiance Iav profiles over the course of the test period are shown in 

Fig.7.8. In all cases examined it was confirmed that the limiting step for autotrophic PBR 

operation was the availability of light energy: the maximum productivity is dictated by rate at 

which the light can be absorbed and transformed into biomass. 

There was a reduction in biomass concentration (of 1.6 and 2.9 g L-1) when the microalgae 

cells were illuminated at 200 and 250 𝜇𝐸 m-2 s-1 and fed with 5 and 2.5% CO2 gas respectively. 

Evidence therefore suggests that for irradiance values above the light saturation point photo-

oxidation takes place, damaging the photosystem and inhibiting photosynthesis and 

microalgae growth [319]. Under such circumstances, the photo-inhibition rate (which takes 

place at all irradiance values) exceeds the rate of repair of the algal cells [320]. However, 

below the light saturation point the expected proportional increase in biomass productivity and 

in CO2 uptake, from photosynthesis, with increasing light irradiance was observed. The 

photosynthetic rate is greater at lower biomass concentrations due to the increased light 

availability associated with the higher light transmission through the suspension. 

 

 

Figure 7.8 Average irradiance Iav profile during experiment period of 10 days in 

dished line and the predicated response in solid line. 
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7.4 Summary  

A comprehensive mathematical modeling method for chlorella vulgaris (Cv) has been 

developed to assess the influence of nutrient concentration (total nitrogen TN= 28-207 and 

total phosphorus TP= 6-8 mg L-1) and irradiation intensity (I = 100-250 μE) at feed gas CO2 

concentrations (Cc,g) of 0.04-5 %. The model encompasses gas-to-liquid mass transfer, algal 

uptake of carbon dioxide (Cd), nutrient removal efficiency (RE for TN and TP), and the growth 

biokinetics of Cv with reference to the specific growth rate µ in d-1. 

The model was validated using experimental data on the Cv species growth in an externally 

illuminated photobioreactor (PBR). The fitted parameters of the model were found to be in 

good agreement with experimental data obtained over the range of cultivation conditions 

explored. The mathematical model accurately reproduced the dynamic profiles of the algal 

biomass and nutrient (TN and TP) concentrations, and light attenuation at different input Cc,g 

values. The proposed model may therefore be used for predicting algal growth and nutrient 

RE for this algal species, permitting both process ation and scale-up.     
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Chapter 8. 
  

Enhancement of CO2 

biofixation and lipids 
productivity by chlorella 
vulgaris using coloured 

polypropylene film for light 
spectral conversion  
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8.1 Introduction 

Microalgae cultivation is strongly influenced by light irradiation conditions, these being 

ostensibly light intensity, wavelength and irradiation time [78-80]. Generally, reduced light 

intensity, or its impaired distribution, commensurately reduces algal growth whereas excessive 

lighting can lead to photo-oxidative damage of the cells [90-93]. There is also an impact on 

efficiency: low light intensities can lead to photosynthesis efficiencies (PE) of up to 80% of 

the theoretical maximum of 0.125 mol CO2 fixed per mol photons absorbed [90-93]. However, 

light utilisation is itself dependent on algal cell concentration. For a high cell-density culture, 

the light energy is predominantly absorbed close to the photobioreactor (PBR) walls, since it 

cannot penetrate deep into the bioreactor due to dissipation by the cells. Therefore, the algal 

cells nearest the reactor walls may be exposed to I values beyond the optimum limit which can 

be completely utilised for biochemical energy through photosynthesis process. This 

oversaturation leads to light energy lost through heat dissipation [94], resulting in a reduced 

PE compared with that obtained at lower  I.  

The above implies that optimization may be possible through manipulating the light conditions 

by providing an improved balance between light capture and the photochemical process [95-

97], thereby enhancing the PE. This can be achieved through minimizing the light absorption 

by shifting the wavelength of emitted light to the weakly absorbed green region through the 

use of a light filter (LF) or light emitting diode (LED), as demonstrated in recent studies on 

the most commonly studied Chlorella vulgaris (Cv) algal species (Table 8.1). The various 

pigments in green microalgae that can absorb light energy for photosynthesis at different 

wavelengths include chorophylls (450-475 and 630-675 nm) and carotenoids (400-500 nm) 

[50, 98, 321, 322]. 

A number of literature studies based on attenuating or adjusting the light source suggest that 

some efficiencies may be gained by employing a narrow range of wavelength (Table 8.1). 

Both light filters based on rigid acrylic sheets [323] and monochromatic light-emitting diodes 

(LEDs) [324] have been studied. However, the practical application of such strategies is 

constrained by capital cost. A potentially low-cost alternative is the use a simple light filter to 

apply directly to the external reactor walls. Coloured tape (CT) is a biaxial oriented (i.e. 

extruded in two directions) polypropylene (BOPP) film, and is used for applications as diverse 

as food packing, pressure sensitive tape, label printing, metallizing and decorative products 

[325-327].  Its use has been extended to many different applications by coating technology 

with solvent based acrylic adhesives [23] which make it highly transparent with excellent 

optical properties [23]. Since the material is produced in different colours, it can be used to 

filter light to provide the appropriate wavelength.  
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 Table 8.1 Light filter and LED based algal growth studies reported in the literature for Chlorella vulgaris (C. vulgaris) 

LED= light emitting diode ;* = normal external light source used, otherwise indicated;  LF= light filter; Lumi AS= Luminescent acrylic sheets contains dyes;  Cell p.= cellophane papers; Process desc= process description;  char.=characterization; 

cult.med.= cultivation medium; Btc Pr = batch process; thic.=thickness; pr.=production; MW= municipal wastewater; M.B= media bottle; Btc P= batch process; λ= wavelength number, B=blue, R= Red, C= control, G= green, O=Orange, V= violate, 

Y= Yellow, W= white,  SDS= synthetic domestic sewage; W= width; L= length; EF= Erlenmeyer flask; Z8= standard medium for green algae; MJ= standard cultivation medium; 3N-BBM+V= bold basel medium; BCPBR= bubble column 

photobioreactor; HRT = hydraulic residence time, aAtmospheric level, 1= calculated from  Rc = CO2 fixation rate which estimated from Chisti ratio: CO0.48H1.831N0.11P0.01; Rc = 1.88 × Px, Px = biomass productivity which estimated from ΔX/Δt,2= 

calculated from Eqs.1;  Not reported= nr..  

LF or 

LEDs 

used 

Process 

desc. 
Wavelength λ, nm Cult. 

Med. 

System 

Confi. 

TPin, 

mg L-

1 

TNin, 

mg L-1 

Inlet CO2 

Ccg, % v/v 

Light 

int, 

μE 

Xmax, 

g L-1 

Cd, 

Cells 

mL-1 

μ, 

d-1 

RE 

TP, 

% 

RE 

TN, 

% 

CO2 fixn. 

rate RC, g 

L-1 d-1 

Lipids pr. 

Plipids  mg L-1 

d-1 

HR

T, 

d-1 

Ref. 

*Cell p. Thi.  

3mm 
λB, 460 MW M.B 4 36 0.03a 50 0.47 nr nr 57 72 0.051 0.0082 nr 

 

[328] 

λR, 620 0.36 nr nr 45 42 0.041 0.0072 

Btc Pr C,620,540,430 0.27 nr nr 37 38 0.031 0.0032 

LF λG, 540 0.12 nr nr 35 16 0.011 0.0022 

*Lumi 

AS 

color 

dyes 

λG 3N-

BBM+

V 

nr 

 

31 4.1 nr 200-

250 

nr 43×106 0.1 nr nr 0.05 nr nr 

 

[323] 

λO, 585-620 nr 42×106 0.13 nr nr 0.05 nr 

Btc Pr λR, 600-700 nr 36×106 0.07 nr nr 0.02 nr 

LF λv, 400-450 nr 43×106 0.11 nr nr 0.05 nr 

*Lumi 

AS 

color 

dyes 
λB 3N-

BBM+

V 

BCPBR 31 4.1 0.03a 250 nr 41×106 0.5 nr nr 0.21 nr 90-

45 

[329] 

λG nr 43×106 0.51 nr nr 0.25 nr 

Btc Pr λY nr 41×106 0.36 nr nr 0.22 nr 

LF λO nr 40×106 0.37 nr nr 0.21 nr 

λR, 600-700 1.5 45×106 0.42 nr nr 0.24 nr 

LED W= 26 

mm 

L= 600 

mm 

λR, 620-630 SDS EF 5.2 43 nr 1000 0.28 nr nr 41 55 0.0484 nr 42 [324] 

λY, 590-600 nr nr nr nr nr nr nr 

λB, 460-470 nr nr nr nr nr nr nr 

λG, 525-550 nr nr nr nr nr nr nr 

Btc Pr λW, 380-760 nr nr nr nr nr nr nr  

LED  λB, 460 Z8 nr nr nr 0.03a 100 0.81 nr nr nr nr 0.20 0.0132 nr [330] 

λG, 535 0.63 0.16 0.0092 

λY, 585 1.59 0.40 0.0312 

λR, 620 1.26 0.31 0.0212 

λW, 400-700 1.33 0.33 0.0262 

LED Btc Pr λB, 430-460 MJ EF nr nr 0.03a 100 0.78 17.5×10
6 

nr nr nr 0.27** nr  

nr 

[331] 

λR, 620-665 0.84 25 ×106 nr nr nr 0.29** nr 

λW, 400-700 0.8 20 ×106 nr nr nr 0.28** nr 
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The current study employs a range of CTs to filter light to attain a specific λmax and 

accompanying I. The impact of the changing light characteristics on algal growth, nutrient 

removal, CO2 fixation and lipid productivity has then been evaluated, with the intention of 

potentially using the material as a potentially low-cost means of attenuating natural light. 

8.2 Material and methods 

Experimental details relating to the set-up, procedures and analysis are provided in Chapter 3, 

with details of the CT tests specifically given in Section 3.6. The standard deviation and mean 

data were analysed for significance using JMP statistical discovery software (SAS V11.2.1) 

though one way ANOVA. Results are reported as mean ± SD numerically or graphically as 

error bars.  

8.2.1 Coloured tape light filter (CT) 

To evaluate the effect of light wavelength on wastewater treatment and microalgae growth, 

coloured tape (CT) of different colours (red, blue, yellow, green and white) was used to filter 

the light. CT spectral characteristics, from spectra analysis software (Jasco V-670, JASCO 

Corporation, Japan), indicated them to produce illumination mainly in the visible range (Fig. 

8.1, Table 8.2) from a Deuterium Lamp (L64081, Deuterium Lamp, Japan) source. A spherical 

light meter was used to measure the light intensity in three different positions around the CT-

wrapped PBR (front, middle and behind). The mean and standard deviation values were then 

determined (Table 8.2).  

 
Figure 8.1 Light intensity (I) variation at different wavelength (λmax) CT of 

various colours: white (CTW), blue (CTB), green (CTG), yellow 

(CTY), and red (CTR) at fixed extrneal light intesity (IE) of 250 µE. 
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The biomass concentration (X), specific gowth rate (µ) and the Chlorella vulgaris (C. vulgaris) 

cell density (Cd) were evaluated at different wavelengths using the selected filtered light (If) 

sources, namely CTB, CTG, CTR, CTY and CTW along with a control using the unfiltered light 

source (U). 

Table 8.2 CT film characterization, 48 mm width,  tape 

*The average values of filtered light were measured at different points of wrapped PBRs, and 

compared with data obtained by light spectra analysis, as mean ± SD.   

 

8.3 Results and discussion  

8.3.1 Influence of I and λmax on Chlorella vulgaris growth 

The highest X of 2.26 g L-1 was obtained with CTW along with µ and Cd values of 0.95 d-1 and 

54×106 cells mL-1 respectively (Fig. 8.2). The corresponding values obtained with U were 1.14 

g L-1, 0.64 d-1 and 28.16 ×106 cells mL-1. Against this, lower X, µ and Cd values of 0.18 g L-1, 

0.45 d-1 and 2.8 ×106 cells mL-1 were respectively recorded for CTB. The values of 1.02 g L-1, 

0.61 and 25.9 cells mL-1 measured for CTY were comparable with those for U and CTR, with 

the CTG values being marginally lower. 

CTw provided a light wavelength range of 750-350 nm, with a peak of 413 nm, and reduced 

the control I (U) of 250 µE m-2 s-1 to If of 122±6 µE m-2 s-1. Non-photochemical quenching 

(NPQ) is known to arise if the rate of photo-inhibition exceeds the rate of repair, resulting in 

a large proportion of the captured light being dissipated at high I [21]. The lower X and µ 

values obtained for U suggest that growth is reduced at longer random wavelengths [323]. It 

has been suggested that the U spectrum supplied for microalgae cells does not necessary cover 

Colored tape 

(CTs) 

Wavelength 

range, nm 

Peak 

wavelength 
λpeak, nm 

If
* for wrapped 

PBRs 

CTs photos  

Red, CTR 575-750 616 63± 9.0 

 
Yellow, CTY 481-750 528 100 ± 5.0 

 
Green, CTG 400-600 518 64± 7.0 

 
Blue, CTB 345-549 451 55 ± 4.0 

 
White, CTW 350-750 413 122 ± 6.0 
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the absorption bands of microalgae pigments [332]. U may also contain the absorption bands 

of chlorophyll pigments of microalgae, or may comprise a combination of growth efficient 

and inefficient light spectra [321]. Recorded growth rates were higher than  those of Kim et al 

[331], who reported X and Cd values of 0.78 g L-1 and 17.5× 106 cells mL-1 respectively using 

LED lighting providing a wavelength band of 400-460 nm and an I of 100 µE m-2 s-1. Around 

a 78% reduction in incident I f to approximately 55±4 µE m-2s-1 was recorded for CTB, 

decreasing the level of photosynthesis active radiation (PAR) and thus photosynthesis activity 

accordingly. At lower I up to 80% of the theoretical maximum photosynthesis efficiency (PE) 

can be achieved [90-93], although a reduced I value results in a proportionally lower biomass 

production. 

 
Figure 8.2 Cultivation of C. vulgaris in MLA under different λmax and fixed I of  

250 μE m-2 s-1:  (a) X profiles, and (b) µ and Cd as function of λmax. 

Similar growth patterns were obtained for CTY and U despite a ~60 % reduction in I for CTY, 

which has λmax of 750-481 with a peak of 528 nm and If value of 100±5 (Table 8.2). This 

wavelength range has been reported as being optimal for an Xmax of 1.5 g L-1 based on an initial 

light intensity of 250 µE m-2 s-1 [329]. The longer wavelengths/lower energies associated with 

CTR have been reported to improve the algal growth in a PBR by sustaining light penetration 

through improving mixing within the reactor and increasing the depth of light penetration 

under higher light intensity [323, 329]. However, in the current study based there was no 

significant difference between the red light data and that of the green and yellow light, even 

though the irradiation intensity for CTY was 70-80% greater than that of CTR or CTG. The 

significant improvement using white light can thus be readily attributed to greater irradiation 

intensity for light wavelength encompassing the red, yellow and green ranges (Fig. 8.1). 
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8.3.2 Nutrients removal under different λmax  

The correlation of N and P removal efficiency (RE TN and RE TP) by Chlorella vulgaris (C. 

vulgaris) with wavelength (Fig. 8.3) indicates the expected maximum removal (92% RE for 

TN, 100% for TP) for CTW in accordance with growth rate trends. Removal otherwise appeared 

to peak for CTY (65% RE for TN, 72% for TP), and was significantly lower (15-18% for both 

nutrients) for CTB. The results show there is a significant difference in the RE TN obtained in 

CTW and U - about 1.27 fold higher for CTW - attributable to the lower λmax of the unfiltered 

light source (If). TP RE for CTW and CTN were similar at 92% and 90% respectively.  

P removal is impacted more than N removal by pH via abiotic precipitation, although 

assimilation by algae remains the primary P removal mechanism. The CTW filtered spectrum 

contains a wide variety of wavelengths, peaking at 413 nm that can significantly enhance C. 

vulgaris growth and so nutrient uptake. CTW thus appears to offer an optimal light wavelength 

band for removing both TN and TP in terms of λmax at fixed external light intensity of 250 μE 

m-2 s-1. 

Removals overall are significantly greater than those reported by Yan et al [324] for the same 

algal species using LEDs with various colors. These authors reported TN and TP REs of 41% 

and 55% for a 620-630 nm wavelength based on a 42-day cultivation time in a batch operation 

with I of 1000 µE m-2 s-1, compared with 122 ± 6 – 100 ± 5 µE m-2 s-1 If for a 413-528 nm 

wavelength irradiation at 10 days cultivation time in the current study (Table 8.1). 

 
Figure 8.3 TP, TN removal efficiencies under different λmax. 



 

122 

8.3.3 λmax and I impacts on lipids production of Chlorella vulgaris 

Lipid productivity (Plipid) and CO2 fixation rate (RC) under the different light conditions follow 

a similar pattern to that of growth and nutrient removal, with CTW providing the greatest lipid 

production and CO2 fixation and the trend otherwise peaking for CTY (Fig. 8.4). According to 

Ruysters [333] a λ of 400-500 nm assists in the regulation of gene transcription and activation 

of enzymes. In the biosynthesis process of lipid, the two key components of acetyl-coA 

carboxylase (AAC) and nicotinamide adenine dinucleotide phosphate (NADPH) are produced 

by the concerted actions of ATP citrate lyase (ACL), malic enzyme (ME), and fatty acid 

synthase (FAS); these enzymes are effectively active only at wavelengths of 400-500 nm 

[334].  

The results are comparable to those of Kim et al [331], based on a batch process using LED 

with wavelength ranges of 620-665 nm, 430-460 nm, and 400-700 nm, and a filtered light 

intensity of 100 µE m-2 s-1. However, Plipid reported by  Hultberg et al. [330] for a batch LED 

process providing mean wavelengths of 460, 535, 585 and 620 nm using LED were 

significantly lower than that in the current study (Table 8.1). It must be acknowledged, 

however, that significant data scatter was evident in the current study results (Fig. 8.4) and the 

scope of the investigation was very limited. Nonetheless, results indicate a clear benefit from 

the use of light attenuated with CTW compared with other filters and the unfiltered light source.  

 
Figure 8.4 CO2 fixation and lipids production rate at different wavelength. 
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8.3.4 Growth and productivity normalisation 

Normalisation of key growth and lipid productivity parameters against irradiation intensity 

indicates significant differences between the different filtered light sources (Fig. 8.5). The 

Naderi et al. [225] studies based on the same algal strain using an unfiltered light (U) source 

at light intensities of 100 and 50 μE m-2 s-1 compared with 250 μE m-2 s-1 in the current study 

suggested unfiltered light to be 33-50% less effective at promoting algal growth and 75% less 

effective at promoting lipid productivity than filtered CTW in the current study. Naderi 

indicated a similar trend of about 20-30% reduced influence in supporting algal growth 

compared with CTW, although there was a slight enhancement in about 13-20% in algal growth 

compare with current study as a results of lower light intensity used. The optimum irradiance 

intensity for maximum C. vulgaris growth was previously reported as being 100 μE m-2 s-1 

[225, 335].   

 
Figure 8.5  Normalised growth parameters and lipids productivity against light 

wavelength; normalised parameters = Vlaues of selected parameter 

(RC, µ, Xmax and Plipids) / filtered light intensity (If). 

Normalisation of algal growth parameters against light filtered ( If ) yields similar values of 

the specific growth rate across all If tests, whereas the normalised maximum algal biomass 

concentration was 4-5 times lower for blue light (λpeak = 451 nm) than for longer light 

wavelengths (λpeak > 518 nm). Normalised lipid productivity was similarly 85% less for blue 

light than for the longer light wavelengths, and <5% of the value determined for filtered white 

light. Excessive irradiation (250 µmol photons m-2 s-1) appears to be detrimental to algal 
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growth and lipid productivity, as is light in the blue range, although reducing the light intensity 

to below (250 µmol photons m-2 s-1 ) enhances the algal growth in [225]. 

8.4 Summary 

The microalgae Chlorella vulgaris (C. vulgaris) was cultivated with light at different 

wavelengths (λmax) and fixed external irradiation intensities (I) by applying coloured tape (CT) 

as a simple, inexpensive solar light filter. C. vulgaris was cultivated in a standard medium 

using blue (CTB), green (CTG), red (CTR), yellow (CTY), and white (CTW) coloured tape to 

filter the light, as well the unfiltered light (U). The CT-filtered light spectrum was 

characterized in terms of λmax and filtered light intensity (If), and the influence of these 

parameters on algal growth (specific growth rate, µ), nutrient removal efficiency (% RE of 

total nitrogen, TN, and phosphorus, TP), CO2 fixation rate (RC) and lipid productivity (Plipid) 

were evaluated. Growth and nutrient removal parameters were normalised against If for 

comparison. 

For the un-normalised data the order of the growth and lipid productivity parameters was 

CTW> unfiltered light (U) ≈ CTY > CTR > CTB. The highest biomass concentration Xmax of 2.26 

g L-1 was measured for CTW of 123 μE m-2 s-1
   If  with corresponding µ, TN and TP RE, RC and 

Plipid values of 0.95 d-1, 92% and 100%, 0.67 g L-1 d-1 and 83.6 mg L-1 d-1 respectively. For the 

normalised Plipids parameters, however, the order of growth impacts CTW > CTY > CTR > CTG 

> U > CTB. The normalised algal growth and Plipids parameters for U were significantly lower 

than in CTW of 33-50% and 75% respectively. The corresponding non-normalised parameter 

values for CTB  with corresponding If  of 53 μE m-2 s-1
 were significantly lower at 0.45 d-1, 0.18 

g L-1, 15% and 37%, 0.03 g L-1 d-1 and 1.2 mg L-1 d-1.  Results suggest a significant efficiency 

impact of both light intensity and wavelength, with up to a 50% increase in growth and an 

associated improvement in nutrient removal efficiency from optimising these two parameters. 

Whilst the outcomes provide an indication of the practical viability of the low-cost light 

filtering method, it should be noted that the entirely heuristic approach does not lend itself to 

a rigorous appraisal of the individual wavelength and irradiation impacts on an individual 

basis. Specifically: 

 a correlation of impacts against different wavelength ranges at a fixed light intensity 

is needed as a control 

 the dynamic impacts of the above, through the recording of the impacted parameters 

against time 
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  a more comprehensive study of lipid productivity against other conditions, such as 

the solution chemistry (carbon and nutrient sources, pH, alkalinity, etc), so as to 

delineate between these effects and that of wavelength.    
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Chapter 9. 
  

Conclusions  
and  

Recommendations   
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9.1 Conclusions  

The potential ability of microalgae C. vulgaris (Cv) to remove macro and micro nutrients from 

different wastewater quality, along with biomass production has been investigated. The 

influence of key cultivation process parameters of light intensity, CO2 gas concentration, 

temperature and N, P have been studied. Response surface methodology (RSM) and Box 

Behnken Design (BBD) was used to optimise these parameters for maximizing algal biomass, 

nutrients removal and CO2 fixation. A mathematical model for predicting algal growth, N, P 

nutrients depletions and light intensity profile has been developed and validated. Finally, the 

influence of light wavelength and intensity has been investigated. 

1. Studies of the growth rate and bulk, macro and micro nutrient removal capability of 

Chlorella vulgaris (Cv) for three different wastewaters (primary wastewater, PWW, 

secondary wastewater, SWW, and petroleum effluent, PE) blended with MLA medium at 

different volume ratios revealed: 

a) The maximum biomass accumulated (Xmax) and bulk nutrient (N and P) removal was 

achieved using PWW, where Xmax was 1.6 g L-1 after 13 days of cultivation, with 80% 

and 100% N and P removal respectively attained; 

b) The use of PWW resulted in the highest specific growth rate (μ) of 1.21 d-1 as well as 

the highest overall removal efficiency of a range of macro and micro nutrients; 

c) On blending this water with MLA, μ progressively decreased to 0.75 d-1 for a 

75%:25% PWW:MLA blend to 0.54 d-1 for a 25:75 blend. The corresponding TN 

removal efficiency decreasing to 85% and 76% respectively; 100% removal of TP was 

recorded for all samples based on PWW; 

d) For SWW and PE TN removals of 79-83% TN was recorded, with corresponding Xmax 

and μ values of 1.16-0.69 g L-1 and 0.62-0.31 d-1. 

e) Whilst increasing the organic carbon (OC) concentration generally increased growth 

and nutrient removal, at the highest OC concentration for PE water growth was 

severely inhibited – presumably because of toxicity; 

The work would appear to corroborate previous observations that algal growth is promoted 

by wastewater carbon sources, albeit susceptible to possible toxicity for some industrial 

effluents, compared to synthetic ones. 

 

2. The study of the ability of Cv to remove N and P at various N and P concentrations and 

N/P ratios (0-56 mg L-1 TN, 0-12 mg L-1 TP and 0-20 mg L-1 Total carbon (TC)), based on 

an MLA medium and using Box Behnken design (BBD) and response surface method 

(RSM) for process optimization revealed:  
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a) Unavailability of N or P in the cultivation media was found to be fatal to Cv; 

b) A balanced N/P ratio was found to be crucial for maximizing biomass growth and 

nutrient removal, with the highest µ value of 0.95 d-1 obtained at N/P ratios of 7-10 

(TN=55 mg L-1, TP=7.9 mg L-1) with accompanying complete nutrient removal, 

according to the BBD outcomes; 

c) 100% removal efficiency for both N and P was recorded after 13 days of cultivation, 

along with a specific growth rate of 1 d-1 and a biomass concentration of 1.58 g L-1 

when cultivated in MLA medium with 7 mg L-1 P and 70 mg L-1 N (N/P=10); 

d) A significant decline in TN removal efficiency from 100% to 28% was recorded when 

the N/P ratio increased from 10 to 58; growth was impaired at lower N concentrations, 

although nutrient removal efficiencies were improved;  

e) A synergy between TN and TP concentrations was evident for both nutrient removal 

and growth rate. The total carbon concentration showed no significant influence within 

at 0-20 mg L-1; higher TC concentrations may negatively affect growth and N and P 

removal. 

f) The regression coefficient values of 0.92, 0.95 and 0.95 for the specific growth rate, 

TN and TP removal efficiencies respectively indicated that the quadratic equations 

can adequately describe the relationship between the factors and responses: values 

computed by the model were in reasonable agreement with those measured 

experimentally. 

g) The obtained results from the statistical analysis using ANOVA revealed the TN and 

TP concentrations to significantly influenced specific growth rate (µ) and the TN and 

TP removal efficiencies (p-value < 0.05). The influence of TC concentration was less 

significant in the within the concentration range examined, the p-values being > 0.1. 

h) The TN-TC and TP-TC interactions were not significant within the experimental data 

range. Instead, TN removal efficiency was significantly influenced by the initial 

concentration values of TN and TP. 

i) ~100% removal efficiency could be achieved at initial TN concentrations between 50 

and 60 mg L-1 and initial TP concentrations of 6-12 mg L-1, while TC was maintained 

constant at its central point of 10 mg L-1. 

j) The optimized TP, TN and TC concentrations in the medium that support 100% 

removal efficiencies of both P and N, along with a specific growth rate of 0.95 d-1, 

were 7 mg L-1, 54.84 mg L-1and 10 mg L-1 respectively. This equated to a balanced 

N/P ratio of 7.85 with higher desirability factor (d=0.94), corroborating the model 

outputs. 
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3. The assessment of CO2 gas concentration (Cc,g), light irradiation (I), temperature (T), and 

aqueous nutrient concentrations (TN and TP) on the growth parameters of specific growth 

rate μ and CO2 uptake rate Rc, along with nutrient removal revealed;  

Excessive Cc,g values were deleterious to μ and Rc, as well as to nutrient removal: Rc 

and μ declined  2.6 and 12 fold respectively on increasing Cc,g from 5 to 22%. This 

was attributed to both pH effects and impaired CO2 mass transfer; 

a) Complete nutrient removal was observed after 10 days of cultivation, with higher µ 

and Rc values (of 1.17 d-1 and 744 mg L-1d-1 respectively) for MLA medium with a 

starting concentration of 6 mg L-1 P and 28 mg L-1 N. 

 

4. BBD optimization of the cultivation parameters carried out based on a Cc,g range of 0.03% 

(i.e. ambient levels) to 5%, along with a temperature range of 20-30°C and light intensity 

of 100-400 μE revealed:  

a) A synergy existed between Cc,g and I for both Rc and µ, with temperature having no 

significant effect within the range studied; 

b) Optimum values of  5% and 100 μE were determined for Cc,g and I respectively for 

maximum CO2 fixation rate with complete nutrient removal (N and P) and a 

corresponding μ value of 1.53 d-1, these conditions being validated through a 

subsequent experiment;  

c) The quadratic algorithms generated for the Rc, µ and nutrient removal trends through 

BBD with multiple linear regression analysis of the outputs, and ANOVA analysis 

confirming the relative importance of the different parameters, were found to 

adequately describe the system. 

 

5. The modelling of the MCT process with reference to both biomass growth and nutrient 

uptake and for a determined light profile, calibrating using a base set of experimental 

conditions of Cc,g = 2.5% and initial nutrient concentrations of 28 and 6 mg L-1 for TN and 

TP respectively and an irradiation intensity (I) of 250 µE m-2 s-1 revealed:,  

a) Model outputs were sensitive only to the maximum specific growth rate (µmax) and the 

biomass loss rate Kd; 

b) There is a maximum possible ±46% deviation in the computed algal biomass 

concentration X associated with a ±20% variation in µmax;  

c) Regression analysis revealed a correlation coefficient (R2) of 0.94 for mathematically-

predicted vs experimentally-determined values of X over a wide range of input 

parameter values of feed gas and initial nutrient concentrations, reflecting the 

calibrated model predicted the X with reasonable accuracy; 
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d) R2 values of 1.00 and 0.95 for the model prediction on N and P profiles were obtained, 

compared with a lower value of 0.91 for the average light profile; 

The calibrated model obtained was successfully demonstrated for the prediction of algal 

growth and nutrient removal, encompassing the prediction of the average light intensity 

within the biomass bulk as a function of biomass concentration. The latter would be 

expected to inform the appropriate dilution ratio in a continuous process.  

 

6. The influence of light wavelength (λmax) and irradiation intensity (I) on μ, RC, nutrient 

removal efficiency and lipids production (Plipid) using coloured tape (CT), coloured blue 

(CTB), green (CTG), red (CTR), yellow (CTY), white (CTW), as a low-cost means of 

adjusting the wavelength, compared to unfiltered light (U) revealed:  

a) the use of CT to filter the external light reduced IE generally benefitted the algal growth 

through suppressing photo-inhibition;  

b) The order the order of the growth and lipid productivity parameters was CTW> U ≈ 

CTY > CTR > CTB; 

c) Filtered white light (CTW) was found to enhance growth, giving Xmax, RC, μ and Plipids 

values of 2.26 g L-1, 0.67 g L-1 d-1, 0.95 d-1and 83.6 mg L-1 d-1 respectively compared 

with 1.14 g L-1, 0.28 g L-1 d-1, 21.3 mg L-1 d-1 for U;  

d) CTW provided significantly faster growth than colour-filtered light (CTY, CTR, CTG 

and CTB), in part due to the greater If  and λmax;  

e) Similarly, CTW was also more beneficial for N and P removal, at 92% and 100% 

respectively. Lowest growth-related parameter values were recorded for CTB, with μ, 

Xmax, RC and Plipids of 0.45 d-1, 0.18 g L-1, 0.03 g L-1 d-1 and 1.2 mg L-1 d-1 respectively; 

f) Results for CTY were otherwise comparable with U, at 0.61 d-1, 1.02 g L-1, 0.22 g L-1 

d-1 and 16.6 mg L-1 d-1;  

g) Slightly reduced growth for CTR and CTG was recorded;  

h) Normalisation of algal growth parameters against I yielded similar values of μ across 

all filtered light tests, but indicated a change in the order of growth impacts overall to 

CTW > CTY > CTR > CTG > U > CTB. 

 

9.2 Recommendations  

Based on the outcomes of the study the following recommendations can be made regarding 

future studies: 

1. In the current study focusing on macro nutrient (mainly: nitrogen N, phosphorus P) 

removal was studied using the microalgae Chlorella vulgaris based on batch experiments. 

Whilst Cv is a reasonable algae to use, based on its widely recognised relatively high 
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growth rate and reasonable robustness, it is possible that other species may be more 

effective for nutrient removal across a wider range of N:P ratios. The work should also 

be extended to semi-batch and continuous systems in order to establish a minimum 

retention time for viable application. The results obtained could be used to inform large-

scale process design for wastewater treatment and biomass production with reference to 

macro-nutrient demand in a PBR.  

2. The work was primarily focused on nutrient and carbon dioxide abatement rather than on 

biofuel generation. The latter demands a study of lipid generation, this being the precursor 

to biofuel production. The viability of combined carbon capture from flue gases and 

nutrient removal from wastewaters will be dependent on the value of the biomass 

generated, which is critically dependent on the lipid content. The latter was only measured 

for the final part of the study (light wavelength influence). 

3. The mathematical model presented has been successfully validated for the relatively 

small experimental data set generated from the study across a range of nutrient and feed 

CO2 concentrations. Its validity both for other operating conditions (and in particular 

semi-batch and continuous) other feedwater qualities and more extended operating 

conditions (such as light intensity, temperature, mixing, and the impact of accumulated 

O2 gas) needs to be appraised and the sensitivities established. Of particular relevance is 

its robustness to scaling, since algal processes must necessarily be implemented at a very 

large scale to be viable. 

4. The work could be extended to (a) other effluents to established the system robustness to 

possible toxic shocks, and also examine the influence of other organic carbon sources and 

nutrient ratios, and (b) other key operational determinants, such as gas flow rate, mixing 

intensity and gas hold-up. 

5. Although is only indirectly related to this work, the key aspect of cost benefit must be 

addressed. The most recent reviews of process cost suggest that even for mitigation of 

operating costs by combining flue gas with wastewater feeds in appropriate sites where 

the feed sources are co-located, the cost benefit offered may still be insufficient to 

compete with mineral fuel sources and conventional flue gas and wastewater treatment. 

This is clearly pivotal in the further development of MCT.     
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