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We must trust to nothing but facts; these are presented to us by Nature and cannot 
deceive. We ought, in every instance, to submit our reasoning to the test of 

experiment, and never to search for truth but by the natural road of experiment and 
observation. 
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Summary 

Environmental conservation and climate change mitigation impose the need to 

investigate new routes for the treatment of wastewaters towards their valorization and 

mitigation of CO2 emissions. Wastewater streams contain valuable resources, such as 

water and nutrients, which are expected to become increasingly scarce for the 

foreseeable future. Due to their composition, wastewaters can be used as substrate for 

the cultivation of cyanobacteria, a sustainable feedstock for the production of biofuels 

and added value products. 

Cyanobacteria present higher photosynthetic activity than terrestrial plants and can 

remove/recover nitrogen and phosphorous from wastewater via assimilation into 

biomass, while fixating significant quantities of CO2 from atmospheric air or flue gases. 

This creates the opportunity for the development of processes that can offer tertiary 

wastewater treatment (nutrients removal) and CO2 emissions mitigation, while the 

generated biomass can be utilized in downstream valorization processes (Figure 1). 

From the plethora of cyanobacteria species that can be potentially used for wastewater 

treatment and valorization, this work focuses on the cultivation of freshwater 

cyanobacterium Synechococcus elongatus PCC 7942 monocultures in various nutrient-

rich wastewater media. Synechococcus elongatus PCC 7942 is a cyanobacterium that 

does not produce cyanotoxins and can be used as a more sustainable feedstock 

alternative for the production of fuels, food and chemicals. Furthermore, 

Synechococcus elongatus PCC 7942 can increase its intracellular sucrose synthesis 

when exposed to saline conditions present in some wastewater streams, hence it can be 

manipulated to produce added value biomass. The synthesized sucrose is a considered 

a valuable resource, as it can be utilized in various industrial applications, including 

bioethanol production. Moreover, sucrose can also be metabolically transformed by 

Synechococcus elongatus PCC 7942 to biohydrogen via anaerobic dark fermentation. 
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Figure 1. Schematic overview of wastewater treatment/valorization and CO2 mitigation via cyanobacteria cultivation. 
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However, cultivation of cyanobacteria in wastewater substrate and maintenance of 

monoculture constitutes a challenge for full scale application since both 

physicochemical parameters (temperature, nutrients depletion, etc.) and biological 

parameters (antagonistic species, predation etc.) may hinder culture growth. Moreover, 

the lack of extensive literature regarding the use of cyanobacteria for wastewater 

treatment/valorization and especially the lack of fundamental design and operational 

parameters for cyanobacteria-based processes renders their scaling up and 

implementation a difficult task. 

In this regard, an effort was made in this work (a) to propose proper low-cost 

disinfection techniques for the utilization of wastewater in the production of valuable 

cyanobacterial biomass, (b) to assess Synechococcus elongatus PCC 7942 adequacy for 

the treatment of secondary (biologically) treated industrial wastewater substrates (c) to 

provide critical design and operational data for the implementation of Synechococcus 

elongatus PCC 7942-based wastewater treatment process, as a supplementary or 

alternative tertiary wastewater treatment stage (d) to demonstrate the applicability of a 

Synechococcus elongatus PCC 7942-based wastewater treatment stage as a component 

for sustainable treatment and reuse of wastewaters that cannot be secondary treated due 

to the lack of organic constituents. 

In the first series of experimental setups, an attempt was made to propose efficient and 

low-cost wastewater media disinfection techniques for cyanobacteria cultivation. The 

disinfection techniques of filtration and chemical disinfection using NaClO or H2O2, as 

well as the novel and considered environmentally friendly disinfection method that is 

based on in-situ electrosynthesis of hexavalent iron species (ferrates), were evaluated 

individually or as a synergetic couple by measuring the removal of total viable count at 

22oC (TVC). TVC is an indicative parameter for the presence of biological 

contaminants in an aqueous medium. The effect of filtration medium characteristics, of 

chemicals dosage and contact time were assessed as a guideline for the selection of 

filtration medium or/and chemicals’ dosage in full scale cyanobacteria cultivation 

applications, with special emphasis on the multilevel action of ferrates as disinfectant, 

as oxidant of organic compounds and as coagulant for the removal of turbidity and 

harvesting of cultivated biomass.  
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The results showed that efficient disinfection of wastewater media for unhindered 

Synechococcus elongatus PCC 7942 proliferation can be achieved by coupling filtration 

at cutoff size ≤ 1.2 μm with chemical disinfection, preferably using ferrates produced 

via a Fe0/ Fe0 electrochemical cell in highly basic solution and by applying a dosage in 

terms of concentration-time (CT) ≥ 157 mg min L-1. Ferrates presented higher 

disinfection efficiency compared to the commonly used chemical disinfectants NaClO 

and H2O2 (Figure 2), while assisting in the removal of organic compounds (71-84% 

COD removal) and turbidity (89-97% removal) from wastewater media. Lowering 

turbidity increases light transfer efficiency in a photobioreactor (PBR), thus 

photosynthetic activity and biomass production. The respective NaClO and H2O2 

dosage in the filtrated wastewater media for complete disinfection are CT ≥ 270 mg 

min L-1, significantly higher than that of ferrates.  

 
Figure 2. Disinfection efficiency of sodium hypochlorite, hydrogen peroxide and 

ferrates in terms of TVC removal at different disinfectant dosages (CT). 

Neither the technique of filtration nor that of chemical disinfection alone could address 

the challenge of maintaining a Synechococcus elongatus PCC 7942 monoculture in the 

PBR. A combined application of filtration followed by chemical disinfection proved 

efficient for maintaining a Synechococcus elongatus PCC 7942 monoculture. 

Disinfection efficiency presented moderate positive correlation (Corr. Coeff. = 0.611) 

with pore-size, having high statistical significance (p = 0.020), as well as moderate to 

very strong negative correlation (Corr. Coeff. = -0.700) with filter thickness, having 

very high statistical significance (p = 0.005). It is thus concluded that filter thickness, 

which affects filtration duration, has a greater effect on disinfection efficiency than that 

of filtering media’s pore size. Thus, in full scale applications, an ultrafiltration 
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configuration or a slow sand filtration technique could be used as a low-cost preliminary 

disinfection process for the significant minimization of biological contaminants in 

wastewater-media. The followed chemical disinfection stage requires the lowest 

dosages of used chemicals. An illustration of the proposed downstream process for 

secondary wastewater treatment and valorization is presented in Figure 3. 

 
Figure 3. Proposed wastewater substrate disinfection process for cyanobacteria 

cultivation and tertiary treatment applications. 

In the second series of experimental setups, properly disinfected high strength 

wastewater of different composition that had been subjected to aerobic biological 

treatment were used for the assessment of Synechococcus elongatus PCC 7942’s 

adequacy as a biological component for sustainable wastewater treatment applications. 

The growth rate of Synechococcus elongatus PCC 7942 was evaluated in relation to 

cultivation temperature, in order to identify the temperature thresholds for its efficient 

cultivation.  

Moreover, the impact of cultivation duration i.e., of hydraulic residence time (HRT), 

on growth and nutrients assimilation rates was evaluated. Valuable correlation 

coefficients (conversion factors) between the parameters that can express biomass 

concentration (chlorophyll a, total suspended solids, volatile suspended solids and 

optical density at 750 nm) were experimentally obtained. They are of great importance 

in the assessment, interpretation and implementation of research results by scholars and 

engineers, as well as for the dimensioning and adoption of the proposed technology. 
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Figure 4 ilustrates the linear correlations between chlorophyll a (Chl a), total suspended 

solids (TSS), volatile suspended solids (VSS) and optical density at 750 nm of 

Synechococcus elongatus PCC 7942 cultures in BG-11 media. 

 

Figure 4. Correlation between parameters expressing biomass concentration of 
Synechococcus elongatus PCC 7942 cultures in BG-11 media  

The obtained conversion factors and correlation coefficients from the study of 
Synechococcus elongatus PCC 7942 cultivation setups are presented in Table 1. 

Table 1. Experimentally obtained conversion factors and correlation coefficients. 

Pair Value Unit 
Chl a to TSS 62.57 mgTSS mgChl a-1 
Chl a to VSS 56.31 mgVSS mgChl a-1 
TSS to VSS 0.90 mgVSS mgTSS-1 
O.D.750nm to Chl a 5.28 mgChl a AU-1 
O.D.750nm to TSS 290.87 mgTSS AU-1 

AU = absorbance unit 

Synechococcus elongatus PCC 7942 cultures in BG-11 media was assessed as a potent 

biological component for novel and sustainable biological nutrient removal processes 

for industrial wastewater treatment and valorization, as it can efficiently proliferate: 

- in properly disinfected industrial wastewaters that have been subjected to 

biological treatment 

- at a wide temperature range (16-32oC)  

- at relatively high salinities of approximately 0.2 M NaCl 

This is evident in Figure 5, where the average relative growth rate (RGRChl a) evolution 

in Synechococcus elongatus PCC 7942 cultures with BG-11 media, with treated, 

relatively saline (0.2 M NaCl) dairy wastewater and treated snack wastewater at 20oC 
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to 27oC are presented. The impact of temperatures from 16oC to 37oC on RGRChl a is 

illustrated in the inset of Figure 5. 

 
Figure 5. Synechococcus elongatus PCC 7942’s RGRChl a in relation to wastewater 

composition, temperature and cultivation duration.  

The observed in Figure 5 lag in the growth rate maxima of Synechococcus elongatus 

PCC 7942 cultivation setups with dairy wastewater (Dairy WW) is attributed to species’ 

acclimatization to saline conditions. Those initialy low RGRChl a values are 

compensated by the reatarded growth maxima that is observed during the second week 

of cultivation. 

The relative growth rate of all Synechococcus elongatus PCC 7942 cultures decreased 

over time regardless the growth media and the culture temperature, which is attributed 

to the obstruction of photosynthesis due to increased optical density in the PBRs and 

the subsequent intermittent flux of light as a result of mutual shading. This means that 

while increasing hydraulic residence time (HRT) i.e., PBR volume, leads to higher 

biomass yields, the efficiency of cultivation drops as an effect of increased culture 

density. Thus, the cultivation duration is managed by wastewater characteristics, PBR 

design and lighting configuration and must be carefully selected at case. 

The obtained results regarding the optimal operating temperature and salinity tolerance 

for Synechococcus elongatus PCC 7942 cultivation are considered suitable towards 

advantageous full-scale implementation of Synechococcus elongatus PCC 7942-based 
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wastewater treatment technologies, since a plethora of wastewater streams have 

temperatures and salinities at these ranges. However, a balance between efficient 

nutrient removal/recovery, biomass production and PBR volume has to be established, 

which is highly affected by the effect of cultivation duration on Synechococcus 

elongatus PCC 7942’s growth rate and its nutrients assimilation rate. In this regard, not 

only the effect of cultivation period on biomass yields was evaluated, but its effect on 

nitrates removal by assimilation was additionally studied. Figure 6 illustrates the 

average (a) relative nitrates removal rate (RRRNO3_N) and (b) RGRChl a of S7942 cultures, 

for the first week of cultivation and the overall duration of cultivation (20 days). It is 

evident that RRRNO3_N and RGRChl a are similar or even greater in experimental setups 

with wastewater as growth media indicating that the properly disinfected, biologicaly 

treated wastewaters from activated sludge processes provide all the necessary nutrients 

for Synechococcus elongatus PCC 7942’s cultivation.  

 

 

Figure 6. RRRNO3_N (a) and RGRChl a (b) of Synechococcus elongatus PCC 7942 test 

setups and control setups for a week and 20 days of cultivation. 

An opportunity to elevate sustainability of WWTPs via implementation of a 

Synechococcus elongatus PCC 7942-based nutrient removal stage, individually or as a 

synergetic couple with denitrification process, is at site, since according to the 
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comparative results between PBR and denitrification tank volume requirements, both 

volumes could be in the same order of magnitude. 

However, the lack of fundamental design and operational parameters hinders 

development, upscaling and implementation of cyanobacteria processes that are in 

compliance with circular economy and sustainability principles. In this regard, further 

study was conducted for dimensioning of a Synechococcus elongatus PCC 7942 

cultivation PBR for different salinity wastewaters. The effect of salinity was examined 

in terms of its impact on cell productivity and nutrients assimilation rate, since both 

parameters affect PBR volume. Moreover, the salinity threshold of cultivation media 

may have significant implications regarding process’ applicability region, as well as its 

viability in terms of increased value of obtained phototrophic biomass. The response of 

cyanobacteria into stressors, such as salinity and nutrients availability can trigger 

metabolic responses that increase the intracellular assimilation of valuable products 

(metabolites) that can be used in green energy production, such as direct biohydrogen 

production, as well as in other economic sectors.  

The study revealed that cultivation of cyanobacterium Synechococcus elongatus PCC 

7942 can serve as tertiary treatment for nitrogen and phosphorous removal/recovery 

from wastewaters with salinities as high as 0.45 M NaCl offering the possibility of 

enhanced valorization of wastewater and of the produced biomass. At increased 

wastewaters salinities up to the experimentally obtained salinity threshold value of 0.45 

M NaCl, despite the observed decline of cell productivity, nitrates removal rate remains 

constant, which is attributed to the metabolic changes of Synechococcus elongatus PCC 

7942 leading to higher nitrogen assimilation in biomass. Figure 7 ilustrates 

Synechococcus elongatus PCC 7942’s nitrates removal rate, specific nitrates utilization 

rate (SNUR), doubling time and biomass nitrogen content in relation to salinity levels 

of growth medium, which were set up to 600 mmol L-1 (sea water salinity levels). 



22 
 

 
Figure 7. Effect of salinity on Synechococcus elongatus PCC 7942 proliferation, 

nitrates removal and assimilation. 

As evident in Figure 7, salinity negatively affects cell productivity up to the point of 

completely inhibiting Synechococcus elongatus PCC 7942’s proliferation at salinities 

over 450 mmolNaCl L-1. Nonetheless, up until the salinity threshold of 450 mmolNaCl 

L-1, nitrates removal is relatively steady as a result of increased nitrogen assimilation in 

biomass, which is expressed as % TKN VSS-1 or SNUR. 

The higher SNUR values that are observed with increasing salinity, which along with 

cell productivity is one of the two experimentally obtained parameters for PBR 

dimensioning according to the proposed formula (Equation (1)), compensates the lower 

cell productivity observed at saline conditions (Figure 8) in a way that the PBR volume 

remains relatively constant regardless of salinity (volume change < 12 %). On the other 

hand, in the widely applied activated sludge (AS) denitrification processes the 

respective volume increases up to 260% analogously to salinity. 

𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁_𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑆𝑆𝑁𝑁𝑆𝑆𝑃𝑃∗𝑐𝑐𝐷𝐷𝑐𝑐𝑐𝑐 𝑝𝑝𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝑝𝑝

        (1) 

Where: VPBR is the photobioreactor volume (m3); N_Denitr is the daily nitrate-nitrogen 

load (kgNO3_N d-1); SNUR is the specific (nitrate) nitrogen utilization rate (kgNO3_N 

kgVSS-1) and cell productivity (kgVSS m-3 d-1). 
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Figure 8 illustrates the effect of salinity on cell productivity of Synechococcus elongatus 

PCC 7942 in BG-11 growth medium (control setups) or in properly disinfected 

wastewaters from industrial wastewater treatment plant (test setups). 

 
Figure 8. Impact of salinity on Synechococcus elongatus PCC 7942 cell productivity. 

It is concluded that PBR volume can be at the same order of magnitude to an activated 

sludge denitrification reactor given an optimal cell productivity and favorable light 

intensity. Even at non-favorable growth conditions of limited lighting (5-30 μmol m-2 

s-1) the resulting PBR volume in comparable to activated sludge denitrification reactors.  

The salinity induced metabolic changes of Synechococcus elongatus PCC 7942 that 

lead to increase of SNUR are attributed to higher protein synthesis for the production 

of intracellular osmolyte (sucrose). The enrichment in sucrose content enhances 

biomass use as a raw material both for the industrial sector and the renewable energy 

sector. Therefore, a Synechococcus elongatus PCC 7942-based process can be adapted 

as a supplementary or an alternative treatment stage to the widely applied activated 

sludge denitrification processes. 

Moreover, a Synechococcus elongatus PCC 7942-based treatment stage could be used 

for the treatment of wastewaters that do not contain the necessary quantities of organic 

carbon for biological treatment in activated sludge treatment plants (BOD:N:P ratio of 

100:5:1), such as those from hydroponic farms (HWW). A Synechococcus elongatus 

PCC 7942-based treatment stage can be a component of integrated management 

systems that are based on the principles of circular economy. Such a system was 

conceptualized and studied regarding the treatment of wastewater from hydroponic 
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farms. These wastewater streams may constitute another substrate for cyanobacteria 

cultivation and the production of added value products or/and bioenergy, whereas if not 

properly managed they can become a serious threat for the environment. 

The proposed solution for the integrated management of HWW is based on (i) the reuse 

of HWW for the preparation of new feeding solution via an Electric Conductivity (EC)-

control tool that rapidly quantifies chemicals dosage for enrichment, (ii) the 

treatment/utilization of HWW for the cultivation of cyanobacteria in a PBR and (iii) 

the advanced treatment of HWW or PBR effluents for reuse or disposal in the 

environment (Figure 9). 

 
Figure 9. Flowchart of proposed EC-controlled process for integrated management of 

hydroponic wastewater. 

In more detail, the hydroponic drainage is recycled to the feeding tank up until the EC-

control tool indicates increased presence of plant growth inhibiting ions. Then, recycle 

ceases, ions concentration is estimated via EC and effluent is either used in the 

preparation of new nutrient solution or is treated/utilized in Synechococcus elongatus 

PCC 7942 cultivation PBRs. When the recycled and utilized effluents can no longer 

used in the preparation of new nutrient solution i.e., when the concentration of 

hindering ions in the nutrient solution preparation tank is estimated to exceed the set 

threshold values, then advanced treatment is applied for complete water recycle.  

The results showed that properly disinfected via filtration/chemical disinfection HWW 

from open or closed hydroponic system (OHS or CHS) constitute a potent cultivation 

substrate for unhindered and efficient Synechococcus elongatus PCC 7942 proliferation 
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(Figure 10). Figure 10 illustrates the similar average cell productivity (Cp) values and 

the corresponding standard deviations of the studied control setups (BG-11 and diluted 

1:2 BG-11 media) and test setups with properly disinfected OHS and CHS HWW. 

 
Figure 10. Average cell productivity (Cp) values and corresponding standard 

deviations of control setups and test setups with properly disinfected HWW. 

Hydroponic wastewater substrates proved to be an efficient medium for Synechococcus 

elongatus PCC 7942 cultivation. Additionally, in the case of CHS’s effluent its higher 

nutrient content triggered higher nitrogen assimilation rate and higher phosphorous 

assimilation rate (Figure 11), expressed as specific nitrate or phosphate utilization rates 

(SNUR, SPUR).  

 
Figure 11. Specific nitrates utilization rate (SNUR) and specific phosphates utilization 

rate (SPUR) in relation to nitrates and phosphates concentration in experimental setups. 
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The higher the initial nitrates and phosphates concentrations the higher the assimilation 

of nutrients in the Synechococcus elongatus PCC 7942 biomass. SNUR has significant 

impact on PBR volume, since nitrogen is the predominant nutrient in wastewaters. The 

use of the proposed EC-control tool coupled with cyanobacteria or/and microalgae 

cultivation as a biological component for tertiary wastewater treatment applications, 

constitutes the basic stages for hydroponic drainage wastewaters’ integrated 

management. 

Synechococcus elongatus PCC 7942 cultivation can be incorporated in most high 

strength and high salinity wastewater treatment plants. PBR dimensioning must take 

into account nutrients assimilation rate. PBR volume calculation is a necessary step for 

the design and implementation of Synechococcus elongatus PCC 7942 cultivation. The 

increase of cell productivity in relation to PBR design characteristics and operating 

conditions must be further studied. 

It is concluded that S7942 cultivation coupled with wastewater treatment can present 

an innovative nutrients removal stage with high potential for commercial and energy 

valorization of high salinity and/or high nutrient load wastewater. The proposed 

photobioreactor sizing methodology, which follows the design philosophy of activated 

sludge systems, can assist in the development, design and full-scale implementation of 

such innovative wastewater treatment and utilization stages following the principles of 

circular economy and sustainable development. Improving cell productivity by 

controlling culture conditions and exploiting intracellular sucrose of S7942 for the 

production of bio-hydrogen and/or other biofuels and/or chemicals, as well as co-

processing of flue gases for CO2 capture/utilization are the next challenges that should 

be addressed.  

 

----------------------------------------------------------------------------------------------------------------- 
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1. Chapter 1. Introduction 

1.1. Environmental conservation 

Environmental conservation constitutes one of the greatest challenges of humankind in 

the 21st century, towards a sustainable future. More than half of the Sustainable 

Development Goals (SDG) of the 2030 Agenda for Sustainable Development (UN 

General Assembly, 2015), which has been adopted by all United Nations Member 

States, have an environmental focus or address the sustainability of natural resources 

(UN General Assembly, 2018). By taking into consideration the fact that the progress 

of one of the SDG (Figure 1.1) is inexplicably linked to the progress of another, it can 

be concluded that environmental conservation is a cornerstone of sustainable 

development.  

 

Figure 1.1. Sustainable Development Goals of the 2030 Agenda for Sustainable 

Development. Source: UN Department of Global Communications (2020) 

Therefore, all disciplines and sciences and by extension universities have the 

responsibility of producing knowledge that allows humans to lessen the impact of their 

lifestyle and even to modify the civilising logic that has caused environmental problems 

(Estermann, 2012), which are also social problems (Nunez and Moreno, 2016). The two 

major aspects of environmental conservation that must be thoroughly studied are (i) the 

control of pollution and mitigation of anthropogenic impacts on air, soil and water 

quality characteristics, as well as (ii) the sustainable consumption of natural resources, 

which both affect biodiversity and human health. 
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The increasing needs for food, energy and natural resources on a global scale increase 

the pressure on the environment by means of air, soil and water quality deterioration 

or/and depletion of resources. The adverse effect of environmental degradation on 

climate, resources availability and biodiversity has forced governments to take actions 

towards environmental conservation and sustainable development. That been said, 

international treaties and resolutions (Paris agreements, 2015; UN General Assembly, 

2018) have been adopted by most countries to address the challenge of environmental 

conservation and sustainable development, with emphasis on (i) climate change 

mitigation, (ii) conservation, recovery, reuse of natural resources and (iii) green energy 

and sustainable food production. 

1.2. Climate change and GHG emissions mitigation 

According to the Sixth Assessment Report of the Intergovernmental Panel on Climate 

Change (IPCC, 2022), there are ever closer linkages between climate change 

mitigation, development pathways and the pursuit of sustainable development goals 

(Figure 1.1, since development pathways largely drive GHG emissions and hence shape 

the mitigation challenge and the portfolio of available responses.  

In order to assess the impact of anthropogenic activities on GHG emissions and evaluate 

the response to the mitigation challenge, global GHG emissions sources are usually 

categorized to five broad sectors: (i) energy systems for electricity and heat production, 

(ii) industry, (iii) buildings, (iv) transportation and (v) agriculture, forestry and other 

land uses (AFOLU). The contribution of each sector on global and EU GHG emissions 

is illustrated in Figures 1.2 and 1.3 respectively. 

 

Figure 1.2. Global GHG emissions by economic sector based on global emissions from 

2010. Source: IPCC (2014) 
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Figure 1.3. GHG emissions by economic sector in EU based on emissions from 2019. 

Source: Eurostat (2021) 

All these sectors are responsible for the large increase in anthropogenic GHG emissions 

during the past century and each sector encounters its own challenges in terms of 

climate change mitigation. To elucidate, GHS emissions in energy systems sector are 

emitted in highly polluting units and the emissions are dominated by fossil fuels 

combustion; in transport and building sector are more diffuse and spread across many 

actors; in industry sector are linked to the production of metals, chemicals, cement and 

other basic materials demanded by economies (Lamb et al., 2021). Worth mentioning 

that the IPCC has defined Waste and Wastewater as a separate sector, while in the 

USEPA’s Sources of Greenhouse Gas Emissions page (2021), waste and wastewater 

emissions are attributed to the Commercial and Residential sector. According to IPCC 

(2022) report, the management of waste generated in the food system (including food 

waste, wastewater, packaging waste etc.) leads to biogenic GHG emissions and 

contributed GtCO2-eq yr-1 to food systems’ GHG emissions in 2018. Of these 

emissions, 55% were from domestic and commercial wastewater (30 MtCH4 yr-1 and 

310 ktN2O yr-1), 36% from solid waste management (20 MtCH4 yr-1 17 and 310 ktN2O 

yr-1), and 8% from industrial wastewater (4 MtCH4 yr-1 and 80 ktN2O yr-1). Emissions 

from waste incineration and other waste management systems contributed 1%. 

The IPPC (2022) report presented evidence which show that countries can grow their 

economies while reducing GHS emissions. That been said, the main GHG mitigation 

options for achieving the goal of limiting the global temperature increase to 1.5 ◦C and 
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2 ◦C above pre-industrial levels (Paris agreements, 2015) are reduction/prevention, 

sequestration and substitution (Table 1.1.). 

Table 1.1. GHG mitigation options (IPCC, 2014). 
GHG  

mitigation option 

Description 

reduction/prevention 

Reduction/Prevention of emissions to the atmosphere by conserving 

existing carbon pools in soils or vegetation that would otherwise be lost 

or by reducing emissions of CO2, CH4 and N2O 

sequestration 
Enhancing the uptake of carbon in terrestrial reservoirs and thereby 

removing CO2 from the atmosphere 

substitution 

Reducing CO2 emissions by substitution of biological products for fossil 

fuels or energy-intensive products. Demand-side options (e.g., by 

lifestyle changes, reducing losses and wastes of food, changes in human 

diet, changes in wood consumption) 

In general, there are three conceptually different modes of atmospheric CO2 reduction, 

which include the reduction of fossil fuel consumption, the removal of CO2 from the 

atmosphere and CO2 capturing (Benemann, 1997). Well established climate change 

mitigation approaches that are employed and carry an acceptable level of managed risk 

include decarbonization technologies and techniques that reduce CO2 emissions (Figure 

1.4), such as renewable energy, fuel switching, efficiency gains, nuclear power, and 

carbon capture storage and utilization (Shinnar and Citro 2008; Ricke et al., 2017; 

Victor et al., 2018; Bataille et al., 2018; Mathy et al., 2018; Bustreo et al., 2019; Fawzy 

et al., 2020). Moreover, novel technologies and techniques that capture and sequester 

CO2 from the atmosphere, referred as negative emission or as CO2 removal 

technologies, have been development during the past decades, such as bioenergy carbon 

capture and storage, biochar, enhanced weathering, direct air carbon capture and 

storage, ocean fertilization, ocean alkalinity enhancement, soil carbon sequestration, 

afforestation and reforestation, wetland construction and restoration, as well as mineral 

carbonation and the use of biomass in construction (McLaren, 2012; McGlashan et al., 

2012; Ricke et al., 2017; Lawrence et al., 2018; Lenzi, 2018; Palmer, 2019; Yan et al., 

2019; Lin, 2019; Pires, 2019; Goglio et al., 2020).  
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Figure 1.4. Major decarbonization technologies that focus on the reduction of CO2 

emissions related to the supply and demand sides of energy. (Modified from Fawzy et 

al., 2020)  

At the international level, Finance from Multilateral Development Banks (MDBs) is a 

major source of GHG mitigation finance in developing countries (MDB, 2015; Ha et 

al., 2016; Bhattacharya et al., 2018). Sectorwise, the MDBs mitigation finance for 2018 

is allocated to renewable energy (29%), transport (18%), energy efficiency (18%), 

lower-carbon and efficient energy generation (7%), agriculture, forestry and land use 

(8%), waste and wastewater (8%), and other sectors (12%) (MDB, 2019). According to 

IPCC (2022), at the national level, applied research has shown that integrated modelling 

of land, energy and water resources not only has the potential to identify superior 

solutions, but also reveals important differences in terms of investment requirements 

and required financing arrangements compared to the traditional sectorial financing 

toolkits (Welsch et al., 2014). 

Of the existing technologies, processes, techniques for removing and capturing CO2 

emissions, particular interest has been given to those based on the cultivation of 

cyanobacteria or/and microalgae. Bio-mitigation of CO2 emissions with microalgae and 

especially with cyanobacteria provides a complementary function that may moderate 

the cost of biofuels production and of industrial relevant products (Bothe, 1982; Mata 
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et al., 2010; Singh et al., 2014; Lau et al., 2015, Chittora et al., 2020), while the use of 

waste CO2 from power plants and other industries to enhance production of 

phototrophic biomass has been shown to be technically feasible, and hence, may be 

deployed to reduce production costs and for GHG emission control (Razzak et al., 2013; 

Fawzy et al., 2020). The cultivation of cyanobacteria is preferable to other phototrophic 

species due to their increased tolerance to high CO2 concentrations and increased 

carbon fixation rates (Viswanaathan et al., 2022), their enhanced light energy utilization 

efficiency (Khan et al., 2018), as well as due to their content in valuable metabolites, 

such as fatty acids, carbohydrates, phicobiliproteins and polyhydroxybutyrates (Robles 

et al., 2020), which are easier to obtained due to the softer cellular wall of cyanobacteria 

for their utilization in industrial and energy sector (Arias et al., 2017). 

It is worth mentioning at this point that according to life cycle analysis, biofuel from 

cyanobacteria or/and microalgae biomass is identified as one of the major renewable 

energy sources for sustainable development, with potential to replace the fossil-based 

fuels (Medipally et al., 2015) via production of biofuels, such as biohydrogen, biodiesel, 

bioethanol, biomethanol (Robles et al., 2020). In this regard, the production of 

biohydrogen from cyanobacteria biomass via intracellular fermentative conversion has 

gained great interest during the last decade, since it can be used as a low carbon source 

for heat and electricity production, as well as an efficient transportation fuel (Mishra, 

et al., 2019). Moreover, phototrophic biomass and cyanobacteria biomass in particular, 

is considered a renewable feedstock for obtaining a plethora of biopharmaceutical and 

nutraceutical products, such as pigments, fatty acids, proteins, vitamins (Trivedi et al., 

2015; Carrido-Cardenas et al., 2018; Khan et al., 2018).  

1.3. Resources conservation, reuse, recovery 

Responding to climate change is one series of measures for achieving environmental 

conservation and sustainable development. Additionaly, the conservation of natural 

resources constitutes another critical factor towards sustainability, which during the 

past decade has been approached following the practitioner-led principles of circular 

economy (Figure 1.5).  
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Figure 1.5. Circular economy principles. Source: Velenturf and Purnell (2021) 

It is widely established that the depletion of natural resources on a global scale and the 

associated carbon emissions continues to accelerate while paradoxically mountains of 

waste (and associated pollution) are still piling up (Velenturf and Purnell, 2017), and it 

is hence logical that circular economy strives to minimize resource exploitation and 

maximize waste prevention (Figure 1.5). 

Of the IPCC economic sectors, the wastewater treatment subsector presents significant 

opportunities for the application of technologies that are based on circular economy 

principles. Wastewaters contain water, valuable nutrients (nitrogen and phosphorous), 

micronutrients (metallic ions) and chemical energy (Hoek et al., 2016). Their recovery, 

recycle and utilization via nutrient removal/recovery technologies is a promising 

strategy for reducing the depletion of non-renewable resources and the environmental 

impact linked to their extraction and manufacture, but such technologies are not yet 

fully mature (Robles et al., 2020).  

Similarly to CO2 removal and capture processes, the phototrophic processes are those 

that are considered as a more sustainable and cost-effective alternative for nutrients 

recovery in waste streams in the context of circular economy (García et al., 2019). In 

this content, the cultivation of photosynthetic species in wastewater can result to an up 

to 90% recovery of nutrients (Romero-Villegas et al., 2018). Different types of 

wastewater and various photosynthetic species have been studied, at a 20-fold 

increasing rate during the past decade (Garrido-Cardenas et al., 2018), which all 

confirm nitrogen and phosphorus uptake and recovery by phototrophic biomass 
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(Guldhe et al., 2017). As aforementioned, phototrophic processes can utilize CO2 from 

flue gases, which further enhances viability of such remediation/recovery processes in 

terms of cost and environmental impact minimization (Guldhe et al., 2017). Thus, the 

adaptation of cyanobacteria-based processes in wastewater treatment sector, as well as 

in other economic sectors, can enhance sustainability of applied technologies and 

techniques (Singh and Ahluwalia, 2013) in terms of GHG emissions mitigation, 

production of green energy and recovery of natural resources. 

1.4. Application of cyanobacteria for sustainable processes 

Cyanobacteria in particular are rich in organic compounds that can be utilized in the 

production of biofuels, health and food supplements, pharmaceuticals and cosmetics 

(Figure 1.6) by providing a wide range of bioproducts, including polysaccharides, 

lipids, pigments, proteins, vitamins, bioactive compounds, and antioxidants (Pulz and 

Gross, 2004; Das et al., 2011; Borowitzka, 2013; Lau et al., 2015; Chittora et al., 2020).  

 

Figure 1.6. Illustration of potential uses of biomass from cyanobacteria or/and 

microalgae. (Modified from Khan et al., 2018) 

According to Wang and Yin (2018), in terms of chemical composition, cyanobacterial 

biomass is mainly composed of proteins, carbohydrates and lipids, with proteins 

account for 40–60% of dry biomass, followed by carbohydrate (20–30%) and lipids 

(10–20%). In Table 1.2 presents the general compositions of different cyanobacteria 

and microalgae species are presented.  
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Table 1.2. Protein, carbohydrate and lipid content, in percentage of dry weight basis, 

of different cyanobacteria and microalgae species (Becker, 2007). 
Cyanobacteria and/or 

microalgae species 

Proteins (%w/w) Carbohydrates 

(%w/w) 

Lipids (%w/w) 

Anabaena cylindrica 43-56 25-30 4-7 

Aphanizomenon flos-aquae 62 23 3 

Chlamydomonas rheinhardii 48 17 21 

Chlorella pyrenoidosa 57 26 2 

Chlorella vulgaris 51-58 12-17 14-22 

Dunaliella salina 57 32 6 

Euglena gracilis 39-61 14-18 14-20 

Porphyridium cruentum 28-39 40-57 9-14 

Scedesmus obliquus 50-56 10-17 12-14 

Spirogyra sp. 63 15 11 

Anthospira maxima 60-71 13-16 6-7 

Spirulina platensis 46-63 8-14 4-9 

Synechococcus sp. 63 15 11 

One can easily notice from Table 1.2 that most of the cyanobacteria species contain 

large amounts of proteins, dominantly enzymatic proteins or crude proteins (mainly 

amino acids), thus can provide high quality nutrients commonly found in foods and 

feeds for animals (Razzak et al., 2013). It is worth mentioning at this point that the lipid 

content of cyanobacteria and microalgae species is one to two orders of magnitude 

grater that of typical macroalgae species that can be cultivated and/or harvested for 

valorization (Cai et al., 2013). To elucidate, the lipid content of Laminaria sp. (brown 

seaweed) and Ulva sp. (green seaweed), two representative macroalgae species, is only 

2 %w/w and 0.6 %w/w respectively, significantly lower than the 11 %w/w and 14-22 

%w/w lipid content of the cyanobacterium Synechoccocus sp. and the microalgae 

Chlorella vulgaris respectively. This renders cyanobacterial biomass a great feeding 

stock for the production of biofuels via the potential paths presented in Figure 1.7, 

or/and for the provision of added value products, giving the additional merit of CO2 

capture. 
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Figure 1.7. Potential pathways from cyanobacteria to biofuels (Wang and Yin, 2018). 

Cyanobacterial and microalgae cultures are of increasing value given that: (i) they can 

be cultivated on non-agricultural land using wastewater, (ii) they can provide a high 

yield on a per unit of light irradiated area, (iii) their growth requires CO2 and nutrients 

that can be obtained from fossil fuel combustion and wastewater respectively and (iv) 

they contain high oil and starch making possible the production of high-quality 

biodiesel. It is worth mentioning at this point that salt tolerant cyanobacteria species 

can be used to produce biomass for biodiesel production by utilizing saline wastewater, 

addressing both challenges of saline wastewater treatment and provision of cultivation 

nutrients. A comparison of the sources (feedstock) used for biodiesel production, in 

terms of oil yield and land area requirements is presented in Table 1.3.  

Table 1.3. Comparison of feedstock for biodiesel production (Chisti, 2007). 

Crop Oil yield 
(L/ha) 

Land area requirements 
(Mha)a 

Percent of existing US cropping 
areaa 

Corn 172 1540 846 

Soybean 446 594 326 

Canola 1190 223 122 

Jatropha 1892 140 77 

Coconut 2689 99 54 

Oil palm 5950 45 24 

Microalgaeb 136900 2 1.1 

Microalgaec 58700 4.5 2.5 
a For meeting 50% of all transport fuel needs of the United States; b 70% oil (by wt) in biomass; c 30% 

oil (by wt) in biomass. 

https://www.sciencedirect.com/science/article/pii/S1364032113003663?via%3Dihub#tbl15fna
https://www.sciencedirect.com/science/article/pii/S1364032113003663?via%3Dihub#tbl15fna
https://www.sciencedirect.com/science/article/pii/S1364032113003663?via%3Dihub#tbl15fnb
https://www.sciencedirect.com/science/article/pii/S1364032113003663?via%3Dihub#tbl15fnc
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By taking into consideration that the environmental and economic sustainability of 

phototrophic processes is directly linked to the selection of biomass feedstock and its 

potential as raw material for the production biofuels, food, feed and valuable chemicals 

production in industrial scale (Ho et al., 2010; Abishek et al., 2014; Cerri et al., 2017; 

Khan et al., 2018), the merits of cyanobacterial or/and microalgae biomass cultivation 

are evident and undisputable.  

The selection of cyanobacteria for example, is preferable to conventional energy plants, 

since they can grow at a faster rate, they do not compete for arable land, they do not 

require fresh water for their growth and can assist in CO2 mitigation, as well as in the 

treatment of wastewater with positive energy balance (Park and Lee, 2001; Zamora et 

al., 2008; Singh and Ohlsen, 2011; Paniagua-Michel et al., 2011; Pandey, 2017). 

Moreover, the absence of lignocellulosic cellular membrane in cyanobacteria cell wall 

facilitates the pretreatment process and reduces the overall cost of extraction processes 

for the acquirement of valuable bio-compounds (Arias et al., 2017; Khan et al., 2018). 

A summary of various cyanobacteria, as well as microalgae production, harvesting and 

processing alternatives are presented in Figure 1.8. 

 

Figure 1.8. Cyanobacteria and microalgae production, harvesting and processing 

alternatives. (modified from Juneja et al., 2013) 

It should be emphasized that the cultivation of phototrophic biomass must neither 

compromise food output nor the use of natural resources, such as water, nutrients and 
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minerals used in synthetic nutrient medium. In this accord, one of the biggest practical 

challenges in mass cultivation of phototrophic species has to do with low land 

requirements of cultivation installations, the availability of water and the consumption 

of nutrients. In order to cultivate phototrophic species in open ponds for example, large 

land area requirements and enormous amounts of water (~11–13 million liters per 

hectare) and macronutrients (N and P) are required contributing to 10–20% of the total 

biomass production cost that is estimated at EUR 10 kg−1, of which a considerable part 

accounts to nutrient inputs (Viswanaathan et al., 2022). Moreover, the enhancement of 

cellular growth in cultivation reactors is another significant challenge that needs to be 

addressed by means of photobioreactor design and optimization of operation 

conditions, such as culture mixing, fluid dynamics and hydrodynamic stress, culture 

depth, gas bubble size and distribution, gas exchange, mass transfer, dilution rate, toxic 

chemicals and pathogens, competition by other algae, harvest frequency (Razzak et al., 

2013). Thus, for large scale cultivation, phototrophic species should have desirable 

features. These are summarized in Table 1.4, which was obtained from Borowitzka 

(1992). 

Table 1.4. Desired characteristics of phototrophic species for mass culturing 

(Borowitzka, 1992). 

Species characteristic Advantages Disadvantages 

(1) Growth in extreme 
environments 

Reduced problems with 
competing species and 
predators 

Only limited numbers of species 
available. Culture difficult to maintain on 
a large scale under extreme environments 
(i.e. cold weather) 

(2) Rapid growth rate 

Provides competitive 
advantage over competing 
species and predators. It has a 
reduced pond area required 

Growth rate is usually inversely related 
to cell size; i.e. fast growing cells are 
usually very small in size 

(3) Large cell size, 
colonial or filamentous 
morphology 

Reduces harvesting costs Large cells usually grow slower than 
smaller size cells 

(4) Wide tolerance of 
environmental conditions 

Less control of culture 
conditions required for 
reliable culture 

- 

(5) Tolerance of shear 
force 

Allows cheaper pumping and 
mixing methods to be used - 

(6) High cell product 
content Higher value of biomass 

Products are usually secondary 
metabolites (not directly involved in 
normal growth). High concentrations of 
secondary metabolites normally mean 
slower growth 
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Although many phototrophic species have been evaluated and utilized for the 

production of valuable metabolites, the productive potential of cyanobacterial species 

has remained largely unexplored despite the advantages they offer in bioprocess 

engineering, such as (i) simple input requirements, (ii) tolerance of marginal 

agricultural environments, (iii) rapid genetics, and (iii) carbon-neutral applications that 

could be leveraged to address global climate change concerns (Ducat et al., 2011). In 

the context of global resource shortages and increasing environmental pollution, 

microalgal photosynthetic biomanufacturing provides a highly promising route for 

achieving sustainable development (Luan et al., 2020). 

Cyanobacteria are the only known photoautotrophic prokaryotes i.e., single-celled 

organisms lacking of a nucleus and other organelles (vacuole, chloroplasts etc.) that are 

capable of utilizing light to convert inorganic carbon (CO2, HCO3-) and water into 

organic compounds via oxygenic photosynthesis (Hamilton et al., 2016). Cyanobacteria 

presumably provided the first large‐scale biotic source of oxygen on early Earth’s 

history (estimated from 3.7 to 2.3 Gyr) (Ettwing et al., 2010) and are considered 

primary producers of organic carbon on Earth, estimated that approximately 20-30% of 

organic carbon is derived from photosynthetic CO2 fixation by cyanobacteria 

(Waterbury et al., 1979).  

Cyanobacteria are prime movers of global nitrogen and carbon cycling, responsible for 

an astonishing 50% of the planet's biological nitrogen fixation (Welsh et al., 2008) and 

present higher growth rates and photosynthetic efficiencies than terrestrial plants due 

to their simple structures (Li et al., 2008). The photosynthesis efficiency of 

cyanobacteria is several times higher than that of terrestrial plants, with reported 

efficiency values of 3-9% compared to ≤0.25-3% of terrestrial plants (Ducat et al., 

2011). Moreover, cyanobacteria are considered a more sustainable alternative feedstock 

for the production of biofuels and chemical compounds than plant-based feedstocks, 

since they do not require arable land for their cultivation and are high-yield sources for 

lipids (20-50% DW), starch and glycogens (20-50% DW) (Sheehan et al., 1998; 

Dismukes et al., 2008; Luan et al., 2020) 

1.4.1. Bioenergy 

Nowadays, 35% of the world's energy consumption is met by oil, 25% by natural gas, 

28% by coal, 7% by hydroelectric power and the remaining 5% by nuclear energy and 
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alternative energy sources (Kamshybayeva et al., 2022). Biofuels are considered an 

excellent alternative to fossil fuels and can be produced from several biomass sources, 

such as food crops, crop wastes or disposed fruits, woody parts of plants, garbage and 

phototrophic species including cyanobacteria and microalgae (Harun et al., 2010; Ho 

et al., 2010; Juneja et al., 2013; Elkatory et al., 2022). The current trend in the 

production of bioethanol, which is the most common biofuel that is now mainly 

produced from sugars of corn and sugarcane, is its production using renewable and 

sustainable feedstock, such as carbohydrates from cyanobacteria or/and microalgae 

biomass (Bothast and Schlicher, 2005; Goldemberg, 2009; Elkatory et al., 2022). This 

trend is attributed to the vigorous increase of bioethanol demand during the past decade 

(Licht, 2006) and the limited arable land availability, as well as on the fact that 

cyanobacteria or/and microalgae-based fuels are considered ecofriendly, nontoxic, with 

a strong potential of fixing CO2, since 1 kg of algal biomass is estimated that can fix 

approximately 1.83 kg of CO2 (Gendy and El-Temtanmy, 2013). Most of the 

cyanobacteria and microalgae species are favorable for biodiesel production due to high 

lipids contents 50–70% and may reach to 80% (Chisti, 2007; Powell and Hill, 2009; 

Mata et al., 2010). They also contain a significant amount of carbohydrates, such as 

glycogen, starch, agar and cellulose, compounds, which according to the review work 

Khan et al. (2018) can reach up to 60 % of the total dry biomass weight and can be 

easily converted to fermentable sugars for bioethanol production (Ueda et al., 1996). 

Nevertheless, there are significant drawbacks in the use of cyanobacteria and 

microalgae biomass as a competitive feedstock for biofuels production, which are 

associated with operational and maintenance cost for their cultivation (nutrient feeding 

solution, energy consumption for lighting, agitation etc.), cost of biomass dewatering 

and harvesting (cost of coagulants, energy consumption for filters, filter replacements 

etc.), pretreatment of biomass and ensuring maximum biomass growth and 

fermentation yields (Singh and Gu, 2010; Khan et al., 2018).  

Using new and innovative techniques for cultivation, cyanobacteria or/and microalgae 

biomass may allow the biodiesel production to achieve the price and scale of fabrication 

required to compete with, or even replace, petroleum (Razzak et al., 2013). According 

to Gendy and El-temtamy (2013), at least a decade of research and development is 

necessary for achieving economic viability of such biofuels. However, Yusuf and Yan 

(2011) estimated that the production of biofuels from cyanobacterial or/and microalgal 
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biomass can be economically viable if crude oil sell higher than 100 $ per barrel, a price 

that has been recently (March 2022) reached because of COVID-19 inflation-related 

economic crisis, as well because of the Russian-Ukrainian war that triggered a global 

energy crisis. 

Hence, an opportunity is presented for economically viable implementation of 

cyanobacteria or/and microalgae cultivation processes for sustainable biofuels 

production, as long as the utilized biomass is obtained in a sustainable manner and it is 

technically feasible (Juneja et al., 2013; Elkatory et al., 2022).  

1.4.1.1. Cyanobacteria biohydrogen production 

The cultivation of cyanobacteria is of increasing interest during the past decades due to 

their ability of metabolically producing hydrogen gas (H2) by diverging the electrons 

emerging from the two primary reactions of oxygenic photosynthesis directly into the 

production of H2 (Ghirardi et al., 2009; Kamshybayeva et al., 2022). Cyanobacteria can 

be cultivated in inexpensive media with high energy conversion efficiency (Angermayr 

et al., 2009) and are able to produce H2 via three main routes: (i) directly from the native 

bidirectional hydrogenase; (ii) from a native nitrogenase; (iii) from an introduced 

hydrogenase (Tamagnini et al., 2007). Nonetheless, all cyanobacteria species absorb 

energy from light (photons) by utilizing their antenna pigments (chlorophyll a, 

carotenoids and phycobiliproteins present in thylakoid membrane) in the photosystem 

2 (PSII) complex, which is transferred to pfotosystem 1 (PSI) via linear electron 

transport proteins, leading to an increase in the number of electrons and the 

accumulation of cellular energy in the form of ATP molecules by the 

protein ferredoxin (Fd). If required, these electrons are used to activate H2 enzymes 

(hydrogenase or nitrogenase) (Kamshybayeva et al., 2022). 

Due to fact that O2 is a bioproduct of oxygenic photosynthesis and that the presence of 

O2 at saturations over 0.1% reduces/stops the activity of the hydrogenase (Zhang et al., 

2015), two processes for biohydrogen production have been developed, the direct and 

the indirect biophotolysis (Figure 1.9). 

https://www.sciencedirect.com/topics/engineering/ferredoxin
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A 

 
B 

 
Figure 1.9. Scheme of direct (A) and indirect (B) photolysis by cyanobacteria cells 

(Elsevier License Number 5384190635646). 

As shown in Figure 1.9, the steps of photosynthesis and of H2 production via 

hydrogenase (Equations 1 and 2 respectively) are the same both in direct and indirect 

process (Acar and Dincer, 2018).  

Photosynthesis: 

2𝐻𝐻2𝑂𝑂 → 4𝐻𝐻+ + 4𝑒𝑒− + 𝑂𝑂2       Equation 1 

Hydrogen production:  

4𝐻𝐻+ + 4𝑒𝑒− → 2𝐻𝐻2        Equation 2 

In direct biophotolysis, under anaerobic conditions or upon excessive absorption of 

solar energy, some microorganisms release excess electrons with the help of 

hydrogenases, resulting in the conversion of extracted from water hydrogen ions into 

H2 gas (Kamshybayeva et al., 2022). On the other hand, indirect biophotolysis produces 

H2 from electrons derived from the breakdown of biosynthesised carbohydrates, as 

described in Equations 3 and 4 (Harwood, 2020). 

Biosynthesis of carbohydrates (sugars) during cyanobacteria oxygenic photosynthesis: 

12𝐻𝐻2𝑂𝑂 + 6𝐶𝐶𝑂𝑂2 → 𝐶𝐶6𝐻𝐻12𝑂𝑂6 + 6𝑂𝑂2       Equation 3 

Fermentative cyanobacterial H2 production: 

𝐶𝐶6𝐻𝐻12𝑂𝑂6 + 6𝐻𝐻2𝑂𝑂 → 12𝐻𝐻2 + 6𝑂𝑂2      Equation 4 
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What is different on a technical level is that in indirect biophotolysis the levels of O2 

can be better controlled because it occurs in another process stage, thus the activity of 

hydrogenase is not reduced. This two-stage process but it comes with a cost regarding 

the efficiency of converting solar energy into H2 (Bolatkhan et al., 2019), which is 

already considered low, arguably at 0.05% efficiency (Brenner et al., 2006). Some 

cyanobacterial strains that have been used in biohydrogen production are presented in 

Table 1.5. 

Table 1.5. Active cyanobacterial strains used in H2 production studies (modified from 

Kamshybayeva et al., 2022). 

Organism name Organism description Maximum H2 
production Growth condition 

Anabaena siamensis 
TISTR 8012 

Filamentous, hupS 
mutant 3 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Anabaena siamensis 
TISTR 8012 

Filamentous, hupS-
deficient mutant 30 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Anabaena sp. PCC 7120 Filamentous, hupL 
mutant 60 μmol mg-1 chl a h-1 Air, under light 

Anabaena sp. PCC 7120 Filamentous, hupL 
mutant 35 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Anabaena sp. PCC 7120 Filamentous, Hup 
mutant 29 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Anabaena sp. PCC 7120 Filamentous, hupW 
mutant 3.3 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Anabaena sp. PCC 7120 Filamentous, Hup 
mutant 63 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Anabaena sp. PCC 7120 Filamentous, hupW 
mutant 6.2 mL L-1 h-1 Air, under light 

Anabaena sp. UTEX 
1448 

Filamentous, wild-type 
strain 67 μmol mg-1 chl a h-1 Air, under light, BG-11 medium 

Cyanothece sp. ATCC 
51142 

N2-fixing, unicellular, 
wild-type strain 465 μmol mg-1 chl a h-1 Air, ASP2 medium, 25 μΕ (photons) 

m-2 s-1 
Cyanothece sp. Miami 
BG 043511 

N2-fixing, unicellular, 
wild-type strain 15.8 mL L-1 h-1 Air, ASP2 medium, 30oC, 30 μΕ 

(photons) m-2 s-1 

Cyanothece sp. ATCC 
51142 

N2-fixing, unicellular, 
wild-type strain 300 μmol mg-1 chl a h-1 ASP2 medium, 30oC, 30 μΕ (photons) 

m-2 s-1, 50 mmol glycerol 

Synechocystis M55 Unicellular, ndhB 
mutant 

200 nmol mg-1 chl a 
min-1 Air, 30oC, 50 μΕ (photons) m-2 s-1 

Synechocystis sp. PCC 
6803 

Unicellular, ctal/cyd 
mutant 

190 nmol mg-1 chl a 
min-1 

Air, modified Allen’s medium, 34oC, 
70 μΕ (photons) m-2 s-1 

Synechocystis sp. PCC 
6803 

Unicellular, ctal/cyd 
mutant 

115 nmol mg-1 chl a 
min-1 
 

Air, 28oC, 50 μΕ (photons) m-2 s-1 

Synechocystis sp. PCC 
6803 

Unicellular, narB/nirA 
mutant 

300 nmol mg-1 chl a 
min-1 
 

Air, 25-40 μΕ (photons) m-2 s-1 

Synechocystis sp. PCC 
6803 

Unicellular, wild-type 
strain 3.1 μl mg-1 chl a h-1 Air, 20 μΕ (photons) m-2 s-1 

Synechocystis sp. PCC 
6803 

Unicellular, wild-type 
strain 

37 μmol mg-1 chl a h-1 
 Air, 20 μΕ (photons) m-2 s-1 

Oscillatoria sp. Miami 
BG7 

Filamentous, wild-type 
strain 5.9 μl mg-1 DW h-1 Air, NH4Cl as combuined N2 source, 

100 μΕ (photons) m-2 s-1 

Oscillatoria limosa 23 Filamentous, wild-type 
strain 19.83 μl mg-1 chl a h-1 Air, nitrate-free medium, 1.2 lux 

photons 
Oscillatoria sp. Miami 
BG7 

Filamentous, wild-type 
strain 

260 μmol mg-1 chl a h-1 
 Air, 30-50 μΕ (photons) m-2 s-1 

Sybechococcus sp. Miami 
BG 043511 

Unicellular, wild-type 
strain 220 μmol mg-1 chl a h-1 Air, 28oC, 150 μΕ (photons) m-2 s-1 
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Synechococcus sp. Miami 
BG 043511 

Unicellular, wild-type 
strain 140 μmol mg-1 chl a h-1 Air, 200 μΕ (photons) m-2 s-1 

Synechococcus PCC 602 Unicellular, wild-type 
strain 15.77 μl mg-1 chl a h-1 Air, 20 μΕ (photons) m-2 s-1 

Synechococcus PCC 
7942 

Unicellular, hydA 
mutant 

162.52 μmol mg-1 chl a 
h-1 Air, 20-50 μΕ (photons) m-2 s-1 

Synechococcus PCC 112 Unicellular, wild-type 
strain 

0.019 μmol mg-1 chl a 
h-1 Air, 27oC, 30 μΕ (photons) m-2 s-1 

Phormidium valderianum 
BDU 20041 

Filamentous, wild-type 
strain 0.22 μl mg-1 DW h-1 Air, 30 W(photons) m-2 fluorescent 

light 

Phormidium corium B-26 Filamentous, wild-type 
strain 

0.003 μmol mg-1 chl a 
h-1 Air, 35 μΕ (photons) m-2 s-1 

Desertifilum sp. IPPAS 
B-1220 

N2-fixing, filamentous, 
wild-type strain 348 μmol mg-1 chl a h-1 Air, 30 μΕ (photons) m-2 s-1 

Freshwater cyanobacteria strains, such as Anabaena sp. PCC 7120 and Synechococcus 

elongatus PCC 7942, with tolerance to salt stress up to 0.6 M NaCl, accumulate sucrose 

and/or trehalose as major compatible solutes to compensate osmotic pressure at 

increasing salinities (Zhang et al., 2020). Worth mentioning that sucrose is also 

synthesized and accumulated as a complementary carbon pool in cyanobacteria (carbon 

sink) and used to adapt to the circadian rhythm and environmental changes during day–

night cycles (Damrow et al., 2016). 

Recently, many approaches have been investigated towards the improvement of 

cyanobacteria biohydrogen production efficiency, mainly by metabolic, genetic and 

technical means (Figure 1.10). 

 

Figure 1.10. Approaches for increasing cyanobacteria biohydrogen production (Dutta 

et al., 2005; Singh et al., 2016). 

Nonetheless, what remains an issue toward sustainable cultivation of cyanobacteria and 

other phototrophic species is the selection of cultivation medium, which should be of 
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low environmental and economic cost. Thus, the selection of a cultivation medium that 

aligns with the principles of circular economy (reduce-reuse-recycle) is of major 

importance towards the development and adaptation of novel cyanobacteria-based 

processes. In this accord, waste streams, such as wastewater from agroindustrial sector 

that contain significant amounts of nutrients, could be utilized as a sustainable 

cultivation medium. 

1.4.2. Waste streams treatment and valorization 

In accordance with the prevailing linear economic model, current production and 

consumption practices only consider treating waste streams when they involve a 

potential risk to the environment, whilst recovering valuable resources is only 

considered when it entails an economic benefit to the production process (Robles et al., 

2020). Moreover, the expense of nutrient feedstocks has motivated researchers to 

explore the integration of cheaper nutrient streams such as those from wastewater 

(Abdel-Raouf et al., 2012).  

Recycle and valorization of wastewater can provide additional sources of income for 

citizens and local authorities, which can sell energy generated from wastewater 

recycling to compensate for the wastewater management costs (Colenbrander et al., 

2017; Gondhalekar and Ramsauer, 2017; IPCC, 2022). Furthermore, recycling and 

valorization of wastewater can minimize the costs associated with the renewal of 

centralized wastewater treatment plants (Bernstad Saraiva Schott and Cánovas, 2015; 

Gharfalkar et al., 2015; Gonzalez-Valencia et al., 2016; Herrero and Vilella, 2018; 

Matsuda et al., 2018; Nisbet et al., 2019). 

Regarding resources sustainability for cyanobacteria or/and microalgae species 

cultivation, the use of wastewater, brackish water or sea water in open ponds or in 

closed PBRs, in which the evaporative water losses are negligible, are both potential 

solutions to the challenge of sustainable biomass production (Juneja et al., 2013). These 

substrates and especially wastewater could substitute the agricultural fertilizers that are 

commonly used to maintain steady growth in phototrophic cultures (Weissman and 

Tillett, 1992; Becker, 1994; Dalrymple et al., 2013), as well as the freshwater amended 

with chemical components (Bhatnagar et al., 2011). Water and nutrients contained in 

wastewater are expected to become increasingly scarce for the foreseeable future, while 

environmental conservation and climate change mitigation impose the need to 
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investigate new routes for the utilization of wastewater and CO2 to produce fuels, food 

and chemicals (Bich et al., 1999; Martinez et al., 2000; Wilkie and Mulbry, 2002; Aslan 

and Kapdan, 2006; Juneja et al., 2013; Ding et al., 2015; El-Sheekh et al., 2022). Using 

wastewater as a nutrient source for cyanobacteria or/and microalgae cultivation can 

decrease the overall biomass production cost by 30% and by 44% when they are 

cultivated in raceway ponds and thin layer cascade reactors respectively (Acien 

Fernandez et al., 2019). 

Moreover, the use of cyanobacteria or/and microalgae for removal/recycle of nutrients 

from wastewater, especially those from agroindustry (Figure 1.11), provides a 

sustainable approach for wastewater treatment, bioenergy production, as well as the 

production of food and added value products (Andrade et al., 2020; de Carvalho et al., 

2020, Melo et al., 2022). There is a vast potential for utilization of wastewater as 

substrate for their cultivation, since about 359 billion cubic meters of wastewater are 

produced globally due to household activities, industrial processes, farming and 

agriculture (Jones et al., 2021). In this context and according to Pahunang et al. (2021) 

algal photobioreactors can be used as a carbon sink in WWTPs by capturing the CO2 

generated during wastewater treatment, the CO2 generated from biogas combustion, as 

well as the CO2 contained in atmospheric air or in biogas streams (Shoener et al., 2014; 

Nayak et al., 2016; Vo Hoang Nhat et al., 2018; Corpuz Vermi et al., 2021). 

Figure 1.11. Scheme highlighting a sustainable approach system for the integration 
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between microalgae cultivation and agroindustry wastewater treatment (Source: Melo 

et al., 2022; Springer Nature License Number 5360131217586) 

Both raw and secondary-treated municipal and industrial wastewater can be utilized as 

substrate for cyanobacteria or/and microalgae cultivation, since they usually contain in 

excess all the required nutrients for their growth (Razzak et al., 2013). In this regard, 

wastewater streams from agro food industries present a high potential for cyanobacteria 

cultivation, since they are characterized by increased concentrations of readily 

utilizable by cyanobacteria nutrients, such as nitrates and phosphates. 

The removal or remediation of nutrients by cyanobacteria takes place through the 

metabolic pathways for nutrient uptake and assimilation during photosynthesis for 

biomass growth (Whitton et al., 2015). Nitrogen is assimilated into amino acids for the 

formation of proteins (Apandi et al., 2018), while phosphorous is removed via 

assimilation for the formation ATP (adenosine triphosphate) and ADP (adenosine 

diphosphate) (Gani et al., 2016) or/and via precipitation in cases of elevated pH levels 

(Powell and Hill, 2009). Cyanobacteria contain several times greater nitrogen and 

phosphorus contents than that of plants, approximately 10% and 11% respectively on a 

dry weight basis (Razzak et al., 2013). Due to the high phosphates assimilation rates, 

cyanobacteria can address the common challenge of biological treatment process that 

is the removal of phosphorous from wastewater streams (Pittman et al., 2011; Whitton 

et al., 2015), offering a simple and cost-effective solution to tertiary treatment processes 

(Tam and Wong, 1995). 

Worth mentioning at this point that nitrates and phosphates are the predominant form 

of nutrients after secondary aerobic biological treatment i.e., biological oxidation 

usually in widely applied activated sludge (AS) wastewater treatment plants (WWTPs). 

Thus, cyanobacteria-based systems can be employed as a tertiary wastewater treatment 

stage for the removal of nutrients from livestock wastes, agro-industrial wastes, 

industrial wastes, municipal wastewater and domestic wastewater (Abdel-Raouf et al., 

2012; Maizatul et al., 2017). According to Pahunang et al. (2021), the implementation 

of such systems can mitigate GHG emissions from WWTPs, which are estimated to 

produce 0.77 Gt of CO2 for the year 2010, equivalent to 1.57% of the global annual 

emissions of GHGs (IPCC, 2015). That been said, a WWTP coupled with cyanobacteria 

or/and microalgae tertiary treatment stage can lead to efficient wastewater treatment 
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and minimization of biomass production cost (Rosso and Stenstrom, 2008; Tseng et al., 

2016). Worth mentioning at this point that the use of wastewater as feedstock 

(substrate) for cyanobacteria or/and microalgae biomass production is expected to half 

the cultivation cost from EUR 10 kg-1 to EUR 5 kg-1 (Ranglova et al., 2020; Navarro-

Lopez et al., 2020; Bauer et al., 2021).  

Regarding the sustainable use of resources, wastewater, as well as flue gases can be 

used as feedstock for the production of cyanobacteria biomass through utilization of 

nutrients and CO2 via photosynthetic assimilation and carbon fixation respectively. 

International Energy Agency (2010) declared that the energy from wastes and 

combustible sources has higher potential as alternative fuel compared to other 

renewable sources. Due to their inherent ability to tolerate high concentrations of CO2, 

such as those of flue gases from power plants, cyanobacteria are considered important 

in CO2 sequestration programs and the development of CO2 capturing technologies 

(Viswanaathan et al., 2022).  

As illustrated in Figure 1.12, cyanobacteria and microalgae can remove/recover via 

assimilation into biomass nitrogen and phosphorous from wastewater and can fixate 

significant quantities of CO2, while producing biomass that can be further applied in 

downstream processes for the production of, fuels, food and chemicals (Whang and 

Yin, 2018). Worth mentioning at this point that the removal/recovery of nutrients from 

waste streams via assimilation into cyanobacterial or/and microalgal biomass, 

especially of phosphorous that is considered a non-renewable resource, is a strategy to 

address the serious challenges of sustainability, while addressing other ecological 

issues such as eutrophication (Juneja et al., 2013). However, maximizing biomass 

production and minimizing costs associated with cultivation medium and harvesting 

are critical to cost-effective nutrient removal system development (Hoffmann, 1998). 

Wastewater treatment processes that are based on cyanobacteria or/and microalgae 

cultivation are considered advantageous compared to the common treatment processes 

due to their minimal CO2 footprint, the significant cost saving and energy production 

potential, the effective nutrients and pathogen removal (Posadas et al., 2017), the 

minimization of oxygen requirements for aeration, which constitutes the major 

operational cost of a wastewater treatment plant (Mallick, 2002; Munoz and Guieysse, 

2006), and economic value addition to the algal by-products (Shashirekha et al., 2019). 
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Figure 1.12. Schematic overview of energy, food and chemicals production from cyanobacteria or/and microalgae cultivation in wastewater or 

synthetic media and with flue gases or atmospheric air CO2 utilization in downstream processes. (modified from Costa and Morais, 2011). 
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The potential use of sun’s photosynthetically active radiation (PAR) and wastewaters, 

as well as the lower area requirements for cyanobacteria or/and microalgae cultivation 

than those of traditional plant crops, gives a competitive advantage compared to 

conventional energy, food and chemical production processes (Markou and 

Georgakakis 2011; Khan et al., 2018; Gonzalez-Moralez et al., 2020; Elkatory et al., 

2022). Nevertheless, studies regarding cyanobacteria or/and microalgae cultivation in 

wastewater coupled with flue gases treatment are limited and there is a lack of 

fundamental design and operational parameters for their full-scale implementation. 

Various types of phototrophic biomass have been used and evaluated in terms of their 

molecular components and their potential for bioenergy or/and industrial applications, 

with increased interest on wastewater treatment and valorization using cyanobacteria 

or/and microalgae species (Table 1.6). Cyanobacteria and microalgae are able to 

effectively grow in wastewater conditions due to the abundance of nutrient inorganic 

species, as well as to efficiently remove nitrogen, phosphorus and other toxic materials 

from wastewater (Razzak et al., 2013). Worth mentioning at this point that 

cyanobacteria present the comparative advantages of being able to produce valuable 

compounds, such as phicobiliproteins and polyhydroxybutyrate (Robles et al., 2020), 

as well as being easier to digest due to their soft cell wall (Arias et al., 2017). 
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Table 1.6. Summary of indicative published studies using wastewater for cyanobacteria or microalgae cultivation and of the main objective 

or outcomes. 

Wastewater type Cyanobacteria or microalgae species Objective/outcome Reference 

Agricultural run-off Chlorella vulgaris Nutrients removal / Carbon 
sequestration 

Anand, 2010 

Agro-industrial 
wastewater 

Chlorella vulgaris Biofuels / Bioproducts Posadas et al., 2017 

Aquaculture 
wastewater 

Chlorella vulgaris, Scenedesmus obliquus Nutrients removal / Biomass Gao et al., 2016 

Brewery effluent Chlorella vulgaris; Scenedesmus obliquus Nutrients removal / Biomass Raposo et al., 2010; Mata et al., 2010 
Cafeteria effluent Scenedesmus sp. Nutrients removal / 

Elements removal 
Mohamed et al., 2015 

Dairy Chlorella saccharophila UTEX 2911, Chlamydomonas 
pseudococcum UTEX 214, Scenedesmus sp. UTEX 1185, 
Chlorella protothecoides, Tetradesmus obliquus; 
Rhizoclonium sp., Stigeoclonium sp., Cladophora sp. 
Gomphonema sp. Oscillatoria sp.; C. vulgaris. Synechococcus 
elongatus, Spirulina (Arthrospira) platensis; Euglena gracilis 
WZSL mutant; C. sorokiniana (2); C. pyrenoidosa; 
Scenedesmus, Pseudanabaena galeata, Scenedesmus 
dimorphus, C. polypyrenoideum; C. sorokiniana. C. 
protothecoides; S. obliquus 

Biofuels / Biomass / 
Bioproducts / Nutrients 
removal 

Viegas et al. (2021); Audu et al. (2021); 
Khalaji et al. (2021); Pishbin et al. 
(2021); Zapata et al. (2021); Zkeri et al. 
(2021); Barsanti et al. (2021); Santos et 
al. (2021); Ahmad et al. (2020); Asadi et 
al. (2020); Feng et al. (2020); Handayani 
et al. (2020); Lorentz et al. (2020); 
Ouhsassi et al. (2020); Espinosa-
Gonzalez et al. (2014); Girard et al. 
(2014); Kothari et al. (2013); González et 
al. (1997); Lincoln et al. (1996) 

Dairy and fish Chroococcus sp., Haematococcus pluvialis, Dunaliella sp., 
Coelastrella saipanensis, Chlorella sp. 

Bioproducts / Lipid 
production 

Vidya et al. (2021) 

Dairy and poultry Chlorella sp. Bioproducts / Lipid 
production 

Gumbi et al. (2021) 

Dairy and winery Leptolyngbya sp. Biomass / Biofuels Tsolcha et al. (2021) 
Digested distillery 
effluent 

Spirulina platensis Biomass Kaushik et al., 2006 

Food waste and 
municipal 

Chlorella sorokiniana Nutrients removal / Lipid 
production 

Chi et al., 2011 

Industrial (brewing, 
soy sauce pulp and 
paper, dairy and 
poultry) 

Dunaliella Nutrients removal / Biomass AL-Rajhia et al., 2012 

https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR122
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR11
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR64
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR90
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR128
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR132
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR12
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR102
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR2
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR10
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR41
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR53
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR75
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR85
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR40
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR47
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR67
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR49
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR72
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR121
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR51
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR114
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Municipal Chlorella minutissima, Auxenochlorella protothecoides 
UMN280, Scenedesmus sp. AMDD 

Nutrients removal / Biofuels Bhatnagar and Chinnasamy, 2011; 
McGinn et al., 2011; Zhou et al., 2012 

Municipal and dairy Arthrospira jenneri, Coccomonas sp., Polytomella sp.; 
Polytoma tetraolare, Chlamydomonas caeca, Geitlerinema, 
Synechocystis, Cyanobium, Glaucospira, Carteria sp., 
Lepocynclis ovum, Euglena clavate, Actinastrum, 
Scenedesmus, Chlorella, Spirogyra, Nitzschia, Micractinium, 
Golenkinia, Chlorococcum, Closterium 

Biomass / Nutrients removal 
/ Lipid production 

Woertz et al. (2009); Bernal et al. (2008) 

Palm oil mill 
effluent 

Chlorella sorokiniana, Chlorella sp. Lipid production / Biofuels Putri et al., 2011; Hadiyanto and Nur, 
2012 

Paper and pulp mill 
effluent 

Oscillatoria chlorina, Scenedesmus quadricauda, 
Scenedesmus sp. 

Biomass / Nutrients removal Saikia et al., 2011; Usha et al., 2016 

Potato, fish animal 
feed, yeast and 
coffee 

Phormidium, 
Oocystis, Microspora 

Nutrients removal Posadas et al. (2014) 

Poultry, swine, 
cattle, brewery, 
urban and dairy 

Scedesmus obliquus Biomass / Biofuels / 
Nutrients removal 

Ferreira et al. (2018) 

Poultry litter 
anaerobic digestion 
effluent 

Chlorella minutissima, Chlorella sorokiniana, Scenedesmus 
bijuga 

Nutrients removal Singh et al., 2011 

Slaughterhouse, 
municipal and dairy 

C. vulgaris, C. minutissima, C. pyrenoidosa, Chroococcus sp., 
Spirulina sp. 

Biomass / Nutrient removal Chawla et al. (2020) 

Sugar mill effluent Scenedesmus obliquus Nutrients removal Shashirekha et al., 2016 
Sweetmeat factory 
waste media 

Scenedesmus obliquus Live feedstock Toyub et al., 2008 

Swine wastewater Chlorella sp., Chlorella vulgaris, Chlamydomonas reinhardtii, 
Chlamydomonas debaryana, Scenedesmus sp. 

Biomass / Biofuels / 
Nutrients removal 

Hu et al., 2012; Hasan et al., 2014; Kim 
et al., 2014; Michelon et al., 2016 

Tannery—soak 
liquor Spirulina sp., Nannochloropsis sp. Biomass Abinandan et al., 2014 

Tapioca and cassava 
ethanol S. platensis; C. pyrenoidosa Bioelectricity / Biomass Hadiyanto et al., 2019; Yang et al., 2008 

Wet market effluent Scenedesmus sp. Nutrients removal Apandi et al., 2018 
 

https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR124
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR15
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR91
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR42
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR20
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR52
https://link.springer.com/article/10.1007/s11356-021-17427-0#ref-CR126
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1.4.3. CO2 Capture and Fixation 

Similarly to terrestrial plants, cyanobacteria and microalgae present a net positive CO2 

uptake, fixating CO2 only during daytime, while overnight some CO2 is emitted back 

to the environment (Razzak et al., 2013). Cyanobacteria in particular have an enormous 

biotechnological potential and play a key role in carbon fixation process on a global 

scale, since they present at least 10-fold higher CO2 fixation ability compared to 

terrestrial plants, rapid growth rates and tolerance to extreme environments (Bhola et 

al., 2014; Singh et al., 2014; Sanchez-Baracaldo and Tanai, 2020). Due to these 

attributes, cyanobacteria, along with microalgae are responsible for approximately 50% 

of the total global carbon fixation (Field et al., 1998; Swarnalatha et al., 2019), capable 

of sequestering approximately 513 tons of CO2 and converting it into approximately 

280 tons of dry biomass ha-1 year-1 by utilizing about 10% of solar energy (Sydney et 

al., 2010). More than 65 GT of carbon per year is been estimated to be fixed globally, 

corresponding to the carbon output of 65000 power plants of 500MW each 

(Weerahandi et al., 2012).  

It has been shown in a plethora of studies that several cyanobacteria and microalgal 

strains are capable of efficiently growing in the presence of flue gases that also contain 

other contaminants (SOx and NOx), while fixating 50% of the CO2 (Wang et al., 2008). 

Botryococcus braunii, Chlorella sorokiniana, Chlorella vulgaris, Chlorococcum 

littorale, Dunaliella tertiolecta, Nannochloropsis oculata, Scenedesmus dimorphus, 

Scenedesmus obliquus, and Spirulina platensis are some species that present 

extraordinary capability to fix CO2 (Cheah et al., 2015). Table 1.7 lists some of the 

studied species in relation to their CO2 fixation potential (rate). 

Table 1.7. CO2 tolerance and uptake by various cyanobacteria and microalgae 

(Viswanaathan et al., 2022). 
Cyanobacteria and 
microalgae species 

CO2 tollerance  
(% concentration) 

CO2 fixation rate 
 (% concentration) 

Chlamydomonas sp. 15 - 
Chlorella sp. 0.03 - 15 0.46 - 1.62 
Chlorella kessleri 18 0.16 
Chlorella (marine) 2 - 15 2.14 - 4.69 
Chlorella ryrenoidosa SjTU-2 5 - 50 0.029 - 0.071 
Chlorella vulgaris 2 - 18 0.25 - 0.43 
Chlorococcum littorale 20 - 60 0.246 
Chlorococcum cohaerens 0.03 0.78 
Cyanidium caldarium  100 - 
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Dunaliella sp. 3 0.31 
Dunaliella tertiolecta 10-15 0.27-5.82 
Eudorina sp. 20 - 
Euglena gracilis 45 - 
Haematococcus pluvialis 34 0.14 
Microcystis aeruginosa 15 0.134 
Microcystis ichthyoblabe 15 0.142 
Nannochloris sp. 15 - 
Phaeodactylum tricornitum 15 0.59 
Phormidium sp. 15 7.39 
Scenedesmus sp. 15 - 80 0.61 
Scenedesmus dimorphus 0.03 1.27 
Scenedesmus incrassatulus 0.03 1.50 
Scenedesmus obliquus 2.5 - 18 0.55-4.6 
Synechococcus elongatus 60 - 
Spirulina sp. 20 0.14 
Spirulina platensis 15 0.92 
Tetraselmis sp. 14 - 

Of the species presented in Table 1.7, it is evident that cyanobacteria show increased 

tolerance to CO2 concentrations, which can have significant implications in the 

development of carbon sequestration technologies for flue gases remediation. 

Indicative cyanobacteria CO2 sequestration applications are presented in Table 1.8. 

Table 1.8. CO2 sequestration and applications of cyanobacteria (Dalvi et al., 2021). 

Cyanobacteria Biotechnological application 

Thermosynechococcus CL–1 (TCL–1) CO2 biofixation and 
bioethanol production 

Phormidium valderianum BDU 2004 CO2 sequestration 
Synechocystis salina and 
Microcystis aeruginosa CO2 biofixation 

Phormidium sp. Bioethanol production 

Synechococcus aquatilis CO2 sequestration 
Synechococcus lividus and 
Mastigocladus laminosus 

CO2 sequestration 

Although able to withstand high concentrations of CO2, cyanobacteria and microalgae 

exhibit enhanced cell productivity only at CO2 concentrations of 10–40%, correlated to 

factors such as their tolerance limit to CO2 and CO2 utilization rate (Nagase et al., 1998; 

de Morais and Costa, 2007; Ramirez-Perez and Janes, 2009; Ramanan et al., 2010; 

Viswanaathan et al., 2022). There are different tolerance limits and fixation rates of 

CO2 present in flue gas, since among different species cultivated species in similar 

conditions, considerable variations in CO2 fixation rates are observed ranging from 
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200-1000 mg L−1 day−1 (Sydney et al., 2010; Larsson and Lindblom, 2011; Lizul et 

al., 2014; Cheah et al., 2015). 

The efficiency of CO2 removal or fixation in a closed culture system depends on algal 

species, CO2 concentration, photobioreactor design and operating conditions (Cheng et 

al., 2006; de Morais and Costa, 2007). The exact relation between CO2 concentration 

and fixation efficiency has not yet been established, since there is an apparent species 

dependence on the CO2 fixation efficiency, probably attributed to physiological 

conditions of algae, such as potential for cell growth and CO2 metabolism (Razzak et 

al., 2013). 

1.5. Parameters affecting biomass growth and composition 

Cyanobacteria and microalgae can rapidly grow with a theoretical yield of about 77 g 

m-2 day-1 which is about 280 ton ha-1 year-1 (Melis, 2009; Formighieri et al., 2012), being 

significantly lower in large scale culture systems and PBRs due to lower PAR transfer 

phenomena (Rodolfi et al., 2009; Bchet et al., 2013; Medipally et al., 2015). Their size 

usually ranges between 0.2 μm to 20 μm and their growth rate is determined by external 

factors such as light intensity and spectrum, alkalinity, salinity, nutrients availability 

and temperature (Mata et al., 2010). In general, cyanobacteria and microalgae thrive in 

neutral to alkaline conditions and at temperatures above 20 oC and below 40 oC, while 

light intensity, CO2 and nutrients availability play major role on their growth rate. 

Cyanobacteria can generally tolerate lower temperatures, higher CO2 concentrations 

and can thrive in relatively alkaline environments and in conditions of limited lighting 

(Singh et al., 2015; Viswanaathan et al., 2022). Other important factors that determine 

the success of cultivation include stirring and mixing, width and depth of the bioreactor, 

harvest frequency and dilution rate (Khan et al., 2018). 

The interest in cyanobacteria and microalgae as a renewable and sustainable feedstock 

for biofuels production has inspired a new focus in biorefinery pushing research 

towards the study of potential applications and of growth enhancement techniques 

(Khan et al., 2018). Extensive study is necessary to increase biomass productivity by 

means of optimizing cultivation conditions, as well as to obtain the required design and 

operational characteristics required for upscaling and implementing cyanobacteria 

cultivation processes on industrial scale. The critical factors that affect cyanobacteria 

and microalgae growth rate and composistion, such as culture lighting, temperature, 
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nutrients availability, pH and salinity, must be extensively studied in order to extract 

fundamental design and operational parameters for upscaling such processes. 

When cyanobacteria and microalgae are imposed to nutrients or salinity changes, 

cellular mechanisms are triggered as a response, which in most cases increase 

intracellular accumulation of target compounds, thus biomass value, but at a cost on 

cell productivity. There are stressors, such as changes of lighting conditions, pH, 

temperature or the presence of antagonistic or growth hindering microbial species, 

which alter synthesis and accumulation rate of target carbonaceous and nitrogenous 

compounds, such as carbohydrates, lipids, proteins, protein-based compounds and 

pigments (Markou et al., 2019). In Table 1.9, indicative cases of high-value compounds 

production using cyanobacteria and microalgae species under stress conditions are 

presented. 

Table 1.9. Indicative cases of high-value compounds production under different stress 

conditions (modified from Markou et al., 2012). 
Compound Strain Stressor Content (%w/w) 

Astaxanthin 

Hematococcus 
pluvialis  

Nitrogen limitation, high 
light  21% 

Hematococcus 
pluvialis High light, mixotrophy 10% 

Hematococcus 
pluvialis High temperature 5.5% 

Chlorella sp. 0.2 mM NaCl 4% 
Chlorella sp. High light 1.5 

β-carotene 
Dunaliella salina Hight light 3.1% 
Dunaliella salina Nitrogen limitation 2.7% 

Phycocyanin 

Arthrospira sp. 0.6 M NaCl 17.5% 

Arthrospira sp. 

Two-stage culture process, 
10 μmol E m-2 s-1 + 0.5 g L-1 

NaNO3 + 11.7 g L-1 NaCl + 
2.68 g L-1 K2HPO4 

16.09% 

Lipids 
Chlorella sp. Nitrogen limitation 65.1% 
Chlorella sp. Phosphorus limitation 47.7% 

EPA (eicosapentaenoic 
acid) 

Chaetoceros 
brevis 

Temperature and light 
(30°C, 75 μmol photons m-2 
s-1) 

31.5% of total fatty 
acids 

EPS 
(exopolysaccharides) 

Arthrospira sp. 
Two-stage culture process, 
10 μmol E m-2 s-1 + 40 g L-1 

NaCl 
1.02 g g-1 DW 

Chlorella sp. 50 μmol E m-2 s-1, 50°C 1.8 g L-1 

Nostoc sp. 160 μmol E m-2 s-1, 30°C, 
1% Glucose (w/v) 1.8 g L-1 
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Phenolics 

Spirulina 
platensis 

Light intensity (120 μmol 
photons m−2 s−1) 49.83 mg g-1 DW 

Selenastrum 
capricornutum 

Temperature 
(12°C) 42.8 μg g-1 DW 

Arthrospira 
plantensis 35°C, 2.5 g L−1 Nitrogen 5 mg GAE g-1 

Sucrose/biohydrogen 
Synechococcus 
elongatus PCC 
7942* 

Salinity up to 0.4 M NaCl, 
0.04% to  

Sucrose: molar ratio 
6.5 sucrose Chl a-1 
Biohydrogen: 0.76 

nM H2 mgChl a-1 h-1 

Sucrose/biohydrogen 

Synechococcus 
elongatus PCC 
7942 
(PAMCOD)* 

Salinity up to 0.4 M 

Sucrose: molar ratio 
13.5 sucrose Chl a-1 
Biohydrogen: 2.0 

nM H2 mgChl a-1 h-1 
*Vayenοs et al., (2020) 

Cyanobacteria in particular have evolved a plethora of cellular mechanisms to address 

changes in their environment (Table 1.10) and cope with the stressful conditions leading 

to physiological and biochemical alterations (Table 1.11). These mechanisms affect 

physiological processes of cyanobacteria, such as growth rate, pigments content, lipids 

and carbohydrates content, net photosynthetic rate and nitrogen metabolism. Thus, 

there are opportunities for the manipulation of cyanobacteria biosysthesis to an extent 

that will increase the value of cultivated biomass and render cyanobacteria-based 

technologies economically viable. 

Table 1.10. Molecular mechanisms employed by cyanobacteria for adaptation to major 

abiotic stress factors including high and low temperatures, UV radiation and salinity 

stress (modified from Rosic, 2021). 
Abiotic 
stressor Mechanisms Molecule Features 

 
Temperature 

Osmotic balance; 
Membrane fluidity 

Shorter chain 
polyunsaturated 
fatty acids 

Accumulation of shorter chain 
polyunsaturated fatty acids within the 
membrane 

Osmotic balance Trehalose 

Accumulations of compatible solutes 
allow 
tolerance to cold by decreasing the 
intracellular fluid freezing temperature 
and cell desiccation 

Adhesion, cellular 
protection 

Extracellular 
polysaccharides 
(EPS) 

Nostoc commune macroscopic colonies 
have cells embedded within the EPS 
improving cold and desiccation tolerance 

Differential gene 
expression/protein 
synthesis 

Heat shock proteins 
(HSPs) 

HSPs affect protein folding, unfolding, 
aggregation, degradation and transport 

 
UV radiation 

Photoprotection; 
Scavenging ROS 

Scytonemin 

Absorbing radiation in the UV-A range 
(315–400 nm) with max at 370 nm; 
antiproliferative, anti-inflammatory and 
antioxidant activities 

Mycosporine-like 
amino acids (MAAs) 

Absorbing radiation in the UVA and UVB 
(280–315 nm) ranges with max from 310 
to 362 nm; antiproliferative, anti-
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inflammatory; antiageing features; 
antioxidant activities 

Carotenoid 
pigments 

Absorbing radiation in the UVR and 
visible 
range 300–600 nm; light-harvesting 
molecules; antioxidant, anti-inflammatory 
and antiproliferative activities 

Scavenging ROS Polyphenols Antioxidant properties 

 
Hypersalinity 

Osmotic balance (via 
accumulation of 
compatible solutes) 

Disaccharides 
(sucrose and 
trehalose) 

In freshwater cyanobacteria (low-salt 
tolerance strains), protection against 
desiccation 

Glucosylglycerol 
(GG) 

In cyanobacteria from marine 
environments (moderate-salt tolerance); 
filamentous (e.g. Coleofasciculus) and 
unicellular (Synechocystis) halophilic 
cyanobacteria 

Glycine betaine 
(GB) 

In hypersaline environments, GB has 
accumulated plus GG, disaccharides at 
lower concentrations 

MAAs 
MAA secondary metabolites in the 
cytoplasm play a role in osmotic 
regulation and drought protection 

 

Table 1.11. Effects of various stress conditions on specific and common physiological 

and biochemical parameters in cyanobacteria (modified from Pandey et al., 2021). 

Stressor Substance Specific alterations Common alterations Cyanobacteria species 

Metal 
toxicity 

Cd2+ 

Increase in the thickness of the sheath 
layer, increase in number and size of 
polyphosphate granules to incorporate 
heavy metals into them 

Deterioration of thylakoid 
membranes Anabaena flos-aquae 

Pb2+  Decrease in heterocyst 
frequency Anabaena sp. 

Cr2+ 
Decline in EPS, exo-polysaccharide, 
the polymer of carbohydrates, and 
protein contents 

 

Nostoc muscorum 
ATCC 27893 and 
Anabaena sp. PCC 
7120 

As5+ 

EPS content increased at lower dose, 
depressions, and grooves on the 
surface for binding of the metal ions. 
White crusts over the apertures 
present more in Anabaena sp. than 
Nostoc muscorum 

Decline in 
phycobiliproteins 
(PBPs) 

Nostoc muscorum, 
Anabaena sp. 

Al3+  

Decrease in EPS 
secretion, 
decline in photosynthesis 
rate 

Anabaena PCC 7120 

Cu2+ 

Excretion of siderophores in huge 
quantities to alter chemical speciation 
of surface waters for either 
sequestration or decrease in copper 
toxicity source 

Nitrogen fixation affected Cyanobacteria 

Insecticide 

Deltamethri
n 
(2.8%) 

 
Induced carbohydrate 
accumulation, decline in 
nitrogen fixation 

Calothrix sp. 
(GUEco1002) 

Cypermethri
n Decline in PS II photochemistry 

Enzymatic antioxidant 
activity 
increased as defense 
mechanism 

Nostoc muscorum 

Salinity NaCl 

Osmotically derived hydrostatic 
pressure creates tension; thus, cell 
wall is expanded and stretched at 
junction of the septum and nascent 

 A. cylindrica 
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pole, increased plastoquinone, and a 
subsequent decrease in chl a 

NaCl  

Decrease in heterocyst 
frequency, increase in 
carbohydrate contents 
under low stress as 
adaptive measure 

A. cylindrica 

Drought  
Accumulation of considerable amount 
of proline that may act as 
osmoregulant 

Secretion of EPS to 
protect cell walls from 
damage during swelling 
and shrinkage associated 
with drought stress 

L. boryana 

Radiation 

UV-B  Decrease in heterocyst 
frequency 

Anabaena sp., Nostoc 
sp., Nostoc carneum, 
Scytonema sp. 

UV-A + 
UV-B 

Phycobilisomes are disarranged and 
form amorphous aggregates dispersed 
in cytoplasm. Polyphosphate granules 
get converted into amorphous 
structure from round structures 

Drastically damaged 
thylakoids 

Cylindrospermopsis 
raciborskii CYRF-01 

Microcystin 
toxicity  PSII is direct target site of 

microcystin and inhibits it  Synechococcus 
elongatus 

1.5.1. Light 

By definition, photosynthesis (Figure 1.13) is the process of complex organic 

compounds synthesis by utilizing the energy of light. It is the biological pathway that 

all plants, algae and cyanobacteria follow for their growth by converting light, inorganic 

or/and organic carbon, nutrients and micronutrients to organic molecules used in 

cellular synthesis. Consequently, light availability, in fact light intensity, light 

frequency and photoperiods, is one of the major factors that affect the growth rate of 

phototrophic species (Carvalho et al., 2011; Stockenreiter et al., 2013; Gris et al., 2014; 

Liao et al., 2017; Abu et al., 2016; Binnal and Babu, 2017; Ferro et al., 2018; Iasimone 

et al., 2018; Lehmuskero et al., 2018; Mehan et al., 2018). 

 
Figure 1.13. Simplified illustration of photosynthesis process (Mayer, 2008). 

Light intensity, usually expressed in μmol of photons that impact on a square meter per 

second (μmol m-2 s-1), proportionally affects the growth rate of phototrophic species 

until reaching a saturation point at which the photosynthetic activity of microalgae 



60 
 

achieves its maximum value (Raeisossadati et al., 2019). According to Schuurmans et 

al. (2015), the optimum level of light intensities for most cyanobacteria and microalgae 

species is 200 to 400 μmol m−2 s−1, whereas the optimal light intensity for 

cyanobacterial biomass production was computationally determined to be 261 μmol 

m−2 s−1. When light intensity exceeds the saturation point, the phenomenon of 

photoinhibition appears, which limits cellular growth due to light induced damages in 

photosystems I (PSI) and II (PSII) (Binnal and Babu, 2017; Ramanna et al., 2017). The 

three distinguished phases of the photosynthetic light-response curve are depicted in 

Figure 1.14. 

Moreover, the excess of absorbed photons is emitted as heat or fluorescence, which 

results in reduced photosynthetic efficiency (Baker, 2008; Behera et al., 2018; 

Lehmuskero et al., 2018). Cyanobacteria and microalgae may respond to the light 

induced reduction of photosynthetic efficiency via photoadaptation/photoacclimation 

process and the plethora of mechanisms involved, such as the changing the types and 

quantities of pigments, cellular growth rate, dark respiration rate or the availability of 

essential fatty acids (Fabregas et al., 2004). 

 
Figure 1.14. PI-curve that relates photosynthesis rate to irradiance. Ic: Compensation 

irradiance, the point at which photosynthetic oxygen production balances respiratory 

oxygen consumption; Ih: Irradiance value at which photoinhibition sets in and light 

become injurious; Ik: The irradiance at which control passes from light absorption and 

photochemical energy conversion to reductant utilization; Is: Saturation value, the point 

at which P does not increase despite the increased irradiance. (Source: Tredici, 2010) 

Photoinhibition can occur both in cases of natural or artificial lighting and is highly 

associated with cultivation bioreactor (photobioreactor, PBR) design and light transfer 

efficiency. Light distribution significantly differs depending on light source intensity, 
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optical light path and the physicochemical characteristics of culture solution. Light 

intensity is higher near the light source, usually in the surface of tank bioreactors or at 

the walls of a PBR and is reduced towards their bottom or their center respectively. The 

rate at which light intensity reduces follows the inverse square law, while is highly 

affected by light scatter and light adsorption phenomena (Ogendal, 2019). Thus, 

photoinhibition may occur locally, whereas in deeper areas within the PBR dark zones 

may appear, where light intensity is significantly lower limiting photosynthesis (Gris et 

al., 2014; Barcelo-Villalobos et al., 2019). Moreover, the increase of biomass content 

in a PBR induces a phenomenon called shelf-shading which is caused by scattering of 

light upon impact on particulate matter, such as cyanobacteria and microalgae biomass 

(Park and Lee, 2001; Martinez et al., 2018). The volume of the dark zone depends on 

light intensity, light path, particulate matter concentration, type of photosynthetic 

pigments in cells, culture turbidity and color, as well as PBR opacity (Lehmuskero et 

al., 2018; Abu-Ghosh et al., 2016; Wagner et al., 2018; Martinez et al., 2018; Bauer et 

al., 2021).  

Both photoinhibition and shading phenomena can be resolved on the basis of PBR 

design and operation i.e., by means of reactor geometry and lighting orientation, 

lighting cycle alteration, culture agitation and regulation of optical density through 

biomass harvesting (Wang et al., 2012; Iluz and Abu-Gosh, 2016; Barcello-Villalobos 

et al., 2019; Gonzalez-Camejo et al., 2019). 

It is worth mentioning at this point that among the phototrophic species, cyanobacteria 

and red algae present a comparative advantage that allows their growth even at very 

low light conditions, as they possess antennae structures arranged as complexes, termed 

phycobilisomes, on top of the membrane near the reaction centers of photosystem II 

(Figure 1.15) that can collect light of very low intensity (Heldt and Piechulla, 2011; 

Viswanaathan et al., 2022). 

https://www.sciencedirect.com/topics/engineering/biomass-concentration
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Figure 1.15. Schematic presentation of phycobilisome structure as proposed by Bryant 

et al. (1979) and illustrated by Heldt and Piechulla (2011). (Elsevier license number: 

5357621118400) 

The phycobilisomes or phycobiliproteins (PBPs) play prominent role in absorption of 

the light energy and transfer it to photosystems for initiating the photochemistry and 

they are responsible for the bluish-green color of cyanobacteria when cultivated under 

low-light conditions, since PBPs can constitute up to 40–50% of the total proteins in 

the cell (Book 3.2 Tiwari et al.,). PBPs are classified into three major categories: 

allophycocyanin (APC), phycocyanin (PC), and phycoerythrin (PE) with characteristics 

spectrum referred as blue-green (650–655 nm), blue (610–620 nm), and pink (540–570 

nm), respectively, in both cyanobacteria and red algae (Moraes and Kalil 2009; Sonani 

et al., 2014a, b). It is estimated that around 50% of absorbed light by PBPs is transferred 

to photosystems that involve in CO2 fixation during the process of photosynthesis 

(Tavanandi et al., 2018). In order to protect their photosynthetic apparatus, 

cyanobacteria have photoprotective pigments named carotenoids, which minimize 

oxidative stress by quenching singlet oxygen, while performing a role as accessory 

light-harvesting pigments that are also involved in photochemical quenching (Melnicki 

et al., 2016). Moreover, To overcome oxidative stress, cyanobacteria endowed 

antioxidant defense system involving enzymatic antioxidants, viz. superoxide 

dismutase (SOD), catalase (CAT), guaiacol peroxidase (POD), ascorbate peroxidase 

(APX), glutathione reductase (GR), dehydroascorbate reductase (DHAR), glutathione-

S-transferase (GST), and nonenzymatic antioxidants; and cysteine (Cys), proline (Pro), 

and NP-SH (Kumar et al., 2018). These substances are of high-value and can have 

various applications in pharmaceutical, cosmetics and food industry. 
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1.5.1.1. Light frequency and photosynthetic pigments 

The duration and intensity of light are not the only factors affecting photosynthetic 

activity of cyanobacteria and microalgae, as the frequency of the emitted light 

significantly affects light energy attenuation from photosynthetic pigments. Although 

rate of growth under increasing light intensity is a function of strain and culture 

temperature, the growth rate of algae is maximal at saturation intensity and decreases 

with both increase or decrease in light intensity (Sorokin and Krauss, 1958). Different 

phototrophic species have different pigments or have different pigments ratio for 

capturing photons, thus utilize different light wavelengths from the PAR spectrum. As 

evident in Figure 1.16, the absorption spectrum among photosynthetic pigments 

significantly differs. Chlorophylls present an affinity for the lower wavelengths of PAR 

spectrum (400 nm to 500 nm), while phycobilines (phycierythrin, phycocyanin, 

allophycocyanin) for higher wavelengths and up to 680 nm. It is worth mention at this 

point that the energy content of blue light (400–480 nm) is greater than that of red light 

(620–750 nm), fewer photons of blue light are required to achieve an equivalent 

magnitude of energy intensity using red light. Selecting light sources that emit at 

specific desirable wavelengths for achieving efficient photosynthesis (Emerson and 

Lewis, 1943) and enhances specific cellular processes, such as cellular division (Voigt 

and Munzner, 1994), polysaccharides synthesis (You et al., 2004), starch formation 

(Miyachi and Kamiya, 1978). 

  
Figure 1.16. Absorption spectrum of cyanobacteria photosynthetic pigments (left) and 

of microalgae (right) (Heldt and Piechulla, 2011). (Elsevier license number: 

5357621118400) 
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Thus, when artificial lighting is implemented as the sole or supplementary lighting 

source of a PBR, the light source spectrum in relation to the cultivated phototrophic 

species’ photosynthetic pigments must be taken into serious consideration for the 

selection of the most efficient solution for cyanobacteria and microalgae cultivation. 

The selection of lighting source is one of the most critical components for cyanobacteria 

and microalgae cultivation systems, as it must ensure increased cell productivity via 

emission of specific light intensity and wavelengths, with relative low energy 

consumption, low heat dissipation, high reliability and low installation/operational cost 

(Carvalho et al., 2011). Table 1.12, obtained from Gonzalez-Camejo et al. (2019) 

briefly summarizes some advantages and disadvantages of different artificial light 

sources applied in cyanobacteria and microalgae cultivation. 

Table 1.12. Advantages and disadvantages of different artificial light sources 

(Gonzalez-Camejo et al., 2019). 
Light 
source 

Advantages Disadvantages Reference 

Incandescent 
light bulbs Low cost 

- Light emitted in infrared 
region 
- Light radiated in all directions 

(Matthijs et al., 1996; 
Carvalho et al., 2011) 

Halogen 
lamps 

Better energetic 
efficiency than light 
bulbs 

- Light emitted in infrared 
region 
- Light radiated in all directions 

(Matthijs et al., 1996; 
Carvalho et al., 2011) 

Fluorescent 
lamps 

Similar spectrum to 
daily light 

More expensive than light bulbs 
and halogen lamps (Matthijs et al., 1996) 

LED lamps 

Narrow wavelength 
High efficiency 
Long lifespan 
Reduce light stress 
Dissipate less energy 

High cost 

(Matthijs et al., 1996; 
Carvalho et al., 2011; 
Yan et al., 2013; Singh et 
al., 2015; Nwoba et al., 
2019) 

 

The phicobiliproteins of cyanobacteria and red algae give them an evolutionary 

advantage over other algae and higher plants, as they allow phycobilisomes to absorb 

green light very efficiently (Figure 1.16), while phycocyanine and phycoerythrin 

enhance the absorbance of shorter and longer wavelengths respectively (Heldt and 

Piechulla, 2011). The optimum light absorbance spectrum for cyanobacteria and 

microalgal growth differs from strain to strain, however, blue (420–470 nm) and red 

(660 nm) wavelengths seem to be more suitable for green algae growth and lipid 

accumulation, whereas cyanobacteria tend to prefer red, yellow, or green light (Markou 

et al., 2019). It is worth mentioning at this point that the cultivation medium should 
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allow the efficient light penetration of specific wavelengths into culture in order to 

increase cell densities (Teo et al., 2014; Schulze et al., 2014). 

The photosynthetic pigments of cyanobacteria and microalgae, especially 

phycobiliproteins and carotenoids, are the most successful commercial products 

derived from such biomass (Markou et al., 2019), having many applications in 

bifunctional food production, cosmetics industry and other economic sectors (Leu and 

Boussiba, 2014; Sonani et al., 2017). The global market value of phycocyanin and 

carotenoids is at an increasing trend in view of the environmental and health consumers 

advantages (Ranga Rao et al., 2018a,b), estimated at $138.6 million for phycocyanin 

and $1.5 billion for carotenoids regarding the years 2020 (AMR, 2020) and 2017 (BCC, 

2018) respectively. 

Production of cyanobacterial pigments has already a firm position in the market and 

gains increased interest especially in view of environmental and health consumers 

advantages (Ranga Rao et al., 2018a,b). -carotene, astaxanthin, and phycocyanin 

available in markets are commercialized under classical forms such as powders, tablets, 

or liquids. The price of phycobiliproteins varies from US$3/mg to US$25/mg (Pandey 

et al., 2019). The global market was estimated to reach approximately US$60 million 

in 2019. Recently, advanced forms are emerging, especially for phycocyanin, and 

include microcapsules, nanoparticles, and nanofibers (de Morais et al., 2018). The 

global market value of carotenoids reached $1.5 billion in 2017 and should reach $2.0 

billion by 2022 (BCC, 2018), while the phycocyanin market value in 2018 was 

estimated at $122.3 million and estimated to touch a value more than $233 million by 

2028 (BCC, 2018). 

In order to enhance the prospects of economic feasibility of cyanobacteria or/and 

microalgae production, nutrient starvation has been one step applied to the process. For 

example, astaxanthin content gets enhanced in Haematococcus when exposed to 

nutrient starvation, such as nitrogen, phosphorus, or sulfur, or under salt stress, high 

temperature, and high light intensity (Dominguez-Bocanegra et al., 2004; He et al., 

2007). Another example is the production of β-carotene from Dunaliella under nutrient 

starvation with probable combination with salinity stress (Ben-Amotz, 1999; Phadwal 

and Singh, 2003). 
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1.5.2. Temperature 

Temperature is one of the most influential environmental factors that can affect algal 

growth rate, cell size, biochemical composition, as well as nutrient solubility, 

requirements and uptake (Juneja et al., 2013; Viswanaathan et al., 2022). In general, 

cyanobacteria and microalgae (i) can grow in a wide temperature range from 15 to 40 
oC, with optimal temperature usually between 20 to 35 oC depending on species and 

other environmental conditions (Viswanaathan et al., 2022), (ii) their growth rate 

increases with increasing temperature but declines markedly above the species- or 

strain- specific optimum as the increased photorespiration impacts cell productivity 

(Konopka and Brock, 1978; Renaud et al., 2002; Singh and Singh, 2015), while (iii) at 

optimal growth temperature their cell size is minimal (Rhee, 1982; Harris, 1986), 

whereas (iv) at non-optimal temperatures their efficiency for carbon and nitrogen 

utilization decreases (Darley, 1982), which is probably attributed to cytoplasmic 

viscosity changes (Hope and Walker, 1975; Raven and Geider, 1988). Moreover, it has 

been suggested that temperature has a significant effect (v) on photoinhibition threshold 

light intensity value (Vonshak and Torzillo, 2004), as well as (vi) on the level of 

unsaturation of fatty acids in the lipid membrane, the accumulation of polysaccharides 

(Kalacheva et al., 2002; Thompson, 1996; Harwood, 2004; Guschina and Harwood, 

2009) and starch content (Emerson et al., 1944). Increasing temperature beyond the 

optimum reduces protein synthesis and leads to decreased growth rates, cellular death 

and lysis (Konopka and Brock, 1978). Although the algal productivity increases with 

increasing temperature, beyond the optimum range, photorespiration negatively 

impacts its productivity (Harker et al., 1995). It is worth mentioning at this point that 

exceeding the optimum temperatures by only 2–4 °C may result in the total culture loss 

(Richmond, 1999). 

As previously mentioned, (§1.5), temperature can impose stressful conditions in 

cyanobacteria and/or microalgae proliferation. In this regard, cyanobacteria species 

have evolved mechanisms to cope with temperature changes, some of them been able 

to withstand even extreme temperatures. During temperature adaptation, the metabolic 

changes in cyanobacteria may result in the synthesis of valuable compounds. For 

example, during temperature stress of Synechococcus elongatus PCC 7942, the 

production and accumulation of carotenoids increases, since the specific pigment 

performs the protection mechanism against peroxidation process (Latifi et al., 2009). 
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Thus, temperature not only affects cyanobacteria growth rate, but may also alter the 

biochemical composition of biomass and subsequently its uses and value.  

1.5.3. pH 

In most cases, fresh water eukaryotic algae can grow well in slightly acidic 

environments (with pH around 6.5–6.8); however, alkaline conditions (pH 7–9) are 

mostly desired by cyanobacteria (Viswanaathan et al., 2022), such as the alkaliphilic 

cyanobacterium Synechococcus elongatus PCC 7942 (Billini et al., 2008). The impact 

of pH on algae growth differs among species, while it is been established that pH 

determines the solubility and availability of CO2 and nutrients in the cultivation 

medium and can have a significant impact on cyanobacteria and microalgae metabolism 

(Goldman, 1973; Chen and Durbin, 1994). In cyanobacteria and microalgae cultures, 

pH determines the speciation of carbon in the solution, thus the availability of carbon 

that is usually bioaccumulated in the form of CO2 via passive flux or HCO3- via active 

transport (Nielsen, 1975; Azov, 1982; Chen and Durbin, 1994; Moazami-Goudarzi and 

Colman, 2012). Figure 1.16 illustrates the speciation of inorganic carbon in water in 

relation to pH. Thus, the control of pH in cyanobacteria and microalgae cultures can 

assist in CO2 feeding and the minimization of CO2 losses (Razzak et al., 2013). 

 
Figure 1.16. Relative speciation (%) of carbon dioxide (CO2), bicarbonate (HCO3-), 

and carbonate (CO3) in water as a function of pH (Pedersen et al., 2013). (Elsevier 

license number: 5357640490547) 

Regarding the effect of pH on nutrients availability, it is widely established that at 

alkaline conditions and high dissolved oxygen concentrations, the availability of 

phosphates and of metallic ions may be compromised due to their potential 

transformation to precipitating salts (Cai et al., 2013). On the other hand, at acidic pH 
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the uptake of nutrients can be disturbed or metal toxicity may be induced (Sunda, 1975; 

Anderson and Morel, 1978). Cyanobacteria species in particular present significant 

decrease in photosynthetic activity when exposed to pH levels below 6.0 (Coleman and 

Coleman, 1981), but they may adapt in such conditions (Goldman and Azov, 1982), 

while pH values continuously rising during the active growth phase due to the release 

of OH- ions (Kaplan et al., 1980; Hansen, 2002). 

1.5.4. Microbial contaminants 

The presence of microbial contaminants in cyanobacteria or/and microalgae cultures 

has a significant impact on biomass yields, since microbial stains may hinder the growth 

of the cultivated phototrophic specie(s) due to cell shading phenomena, the antagonistic 

consumption of nutrients or/and light, as well as due to the predating behavior of 

various protozoan and metazoan species. There are two ways that microbial 

contaminants can infestate a culture, either by being a component of a non-properly 

disinfected cultivation medium or by external contamination, such as airborne 

microbial contaminants. 

Microbial contamination poses a serious threat to cultivation systems, especially the 

open pond systems that are susceptive to external contamination, thus must be quickly 

and effectively controlled, as these organisms can rapidly cause complete loss of 

production batches (Yu et al., 2015; Jaiswal et al., 2018; Gonzalez-Morales et al., 

2020). In this regard, closed photobioreactors (PBR), which allow for better control of 

cultivation conditions, can provide a more sterile environment that enables the 

optimized growth of a specie(s) for producing a desired product (Kuan, 2015). 

In order to control biological contaminants, various disinfection treatment techniques 

are often used, such chemical treatment (use of herbicides, antibiotics, detergents, 

hypochlorite, phenol etc.) and filtration/separation techniques (Da Silva and Reis, 2015; 

Gupta et al., 2019). Another strategy to deal with contamination is the use of selective 

culture environments, such as pH control and the regulation of salt concentrations for 

halotolerant strains (Bacellar et al., 2013).  

The practice has shown that the disinfection efficiency, the installation and operation 

cost, as well as the complexity of the applied process or technique are the parameters 

that dictate the applied disinfection protocol in full-scale installations, such as in water 

refineries and wastewater treatment plants. That been said, on full-scale imthe 
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commonly applied techniques of filtration or chemical disinfection will always be 

preferred to those based on UV radiation, ozonation or the strict control of culture 

environment. 

1.5.5. Salinity and Nutrients 

Salinity, which is usually expressed as sodium chloride concentration unless otherwise 

specified, is a physichochemical parameter that can affect the growth rate of 

cyanobacteria and microalgae, as well as nutrients assimilation rate and biomass 

composition (Juneja et al., 2013; Ravishankar and Ranga Rao, 2020). Each species has 

a specific range of salinities where it can proliferate. Moreover, cyanobacteria and 

microalgae may respond to changes of salinity by altering their biochemical 

composition, such as changing their content in lipids, proteins, carbohydrates and 

pigments (Ben-Amotz et al., 1985; Renaud and Parry, 1994; Takagi and Yoshida, 2006; 

Zhila et al., 2011; Vayenos et al., 2020). 

In the case of freshwater cyanobacteria, which are less tolerant of high salinity 

conditions, under salt stress they accumulate additional quantities of disaccharides, 

such as sucrose and trehalose, as compatible solutes (organic osmotic solutes) to 

counter high salinity conditions by maintain osmotic balance (Hagemann, 2011; Oren, 

2015). In more detail, in response to salt stress, which is caused by the increased ionic 

strength leading to influx of potentially harmful ions intracellularly (Allakhverdiev et 

al., 2000), as well as by the high external osmotic pressure leading to loss of water and 

reduced cell turgor that inhibits cell growth, cyanobacteria have adopted the salt-out 

strategy (Liang et al., 2020) i.e., the maintenance of relatively low intracellular ion 

concentration by actively pumping out inorganic ions and accumulate high levels of 

compatible solutes, which are small water-soluble organic compounds such as sucrose, 

glycerol, glycine betaine, ectoine, etc., by either de novo biosynthesis or uptake from 

the environment to ensure osmotic balance (Galinski and Truper, 1982; Hagemann, 

2011).  

Similarly, the bioavailability of essential nutrients for cyanobactria and microalgae 

growth, mainly of carbon, nitrogen and phosphorous, can control growth rate and 

biomass composition by altering metabolic processes (Markou et al., 2017). Typically, 

under nutrient limitation/starvation carbon fixation pathways are altered and cells 

synthesize and accumulate carbon-rich macromolecules such as carbohydrates or lipids 
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(Ravishankar and Ranga Rao, 2020). Additionally, nutrient limitations may affect the 

synthesis rate of photosynthetic pigments of cyanobacteria and microalgae, such as 

accumulating or downregulating their content in β-carotene, astaxanthin, chloropyll a 

and phycobilines (Yeh and Chang, 2011; Praveenkumar et al., 2012; Chen et al., 2015; 

Panis and Carreon, 2016; Vayenos et al., 2020). Worth mentioning at this point that any 

limitations of bioavailable micronutrients, such as iron and magnesium, induce the 

phenomenon of chlorosis i.e., the loss of photosynthetic pigments, leads to inhibition 

of cyanobacteria and microalgae growth. 

Thus, cyanobacteria and microalgae cultures can be manipulated towards the synthesis 

of desired bioproduct for specific downstream processes by selecting appropriate 

cultivation medium that will trigger specific metabolic responses. For example, 

cultivating the freshwater cyanobacterium Synechococcus elongatus PCC 7942 in 

saline conditions up to 0.4 M NaCl results in increased sucrose synthesis (Vayenos et 

al., 2020). Nonetheless, the golden section between trigerring metabolic changes that 

enhance the synthesis of specific target compounds and maintaining an efficient culture 

growth rate must be approached (Robles et al., 2020). That been said, the threshold 

values for each stressor have to be evaluated at case i.e., for each cultivated microbial 

strain and for specific operational conditions and photobioreactor design. 

1.6. Cyanobacterium Synechococcus elongatus PCC 7942 

Cyanobacteria are prokaryotes responsible for 20 to 30 % of organic carbon on the earth 

by photosynthetic CO2 fixation (Waterbury et al., 1979) having a photosynthetic 

efficiency tenfold higher than that of plants and algae (Ducat, 2011). They evolved after 

the Great Oxidation Event (2.32–2.4 billion years ago) and since then have played a 

significant role on earth’s oxygen levels (Sanchez-Baracaldo and Cardona, 2020). 

Cyanobacteria are photosynthetic producers of organic compounds (including 

hydrocarbons, alcohols, and fatty acids) of possible commercial interest (Vayenos et 

al., 2020). Moreover, they present special interest as they can photosyntheticaly 

produce H2 by reducing H+ by hydrogenases, an enzyme present in green algae and 

cyanobacteria (Bothe 1982) and by nitrogenases that are present only in cyanobacteria 

(Saper et al., 2018). 

Of the presented phototrophic species, the cyanobacterium Synechococcus elongatus 

PCC 7942 presents significant interest, since it is a widely studied cyanobacterium 
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regarding its biology that can be utilized for the production of sucrose and biohydrogen. 

Synechococcus elongatus PCC 7942 is a unicellular, obligate photoautotroph 

cyanobacterium that requires only inorganic nutrients and light for its growth (Collier 

and Grossman, 1992). Under salt stress, the fresh water unicellular cyanobacterium 

Synechococcus elongatus PCC 7942 responses by producing and accumulating sucrose 

as the only compatible solute and in order to balance out the external hyperosmolarity 

(Blumwald et al., 1983; Reed et al., 1986; Qiao et al., 2018). 

This organic carbon source may constitute a novel source of sugar feedstock in 

microbial fermentation processes for green energy production (Ducat et al., 2011; Duan 

et al., 2016) or/and may be directly used intracellularly by cyanobacteria for H2 gas 

production by means of microbial dark fermentation, which may offer an economically 

promising approach (Vayenos et al., 2020). According to Mishra et al. (2019), the 

stoichiometrically feasibility of dark fermentation yields close to 12 mol of hydrogen 

as stored in a glucose molecule and the thermodynamic prospective of glucose 

metabolism produces 2 mol of acetate including 4 mol of hydrogen molecule during 

acetate-type of dark fermentative (Equation 5). Furthermore, based on Gibbs free 

energy change, butyrate-type fermentation is more dominant than acetate reaction, 

producing only 3.3 ATP molecules and having a maximum H2 production of 2.5 mol 

of H2 per mole of glucose stoichiometrically (Equation 6). The reactions describing the 

production of H2 from propionate and lactate are presented in Equations 7 and 8 

respectively (Baeyens et al., 2020). 

𝐶𝐶6𝐻𝐻12𝑂𝑂6 + 2𝐻𝐻2𝑂𝑂 → 2𝐶𝐶𝐻𝐻3 𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 4𝐻𝐻2 + 2𝐶𝐶𝑂𝑂2 (Acetate Fermentation )  (5) 

𝐶𝐶6𝐻𝐻12𝑂𝑂6 + 2𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐻𝐻3 𝐶𝐶𝐻𝐻2 𝐶𝐶𝐻𝐻2𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 2𝐻𝐻2 + 2𝐶𝐶𝑂𝑂2 (Butyrate Fermentation) (6) 

Propionate: 𝐶𝐶3𝐻𝐻6𝑂𝑂2 +  4𝐻𝐻2𝑂𝑂 + 𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒 → 7𝐻𝐻2 + 3𝐶𝐶𝑂𝑂2    (7) 

Lactate: 𝐶𝐶3𝐻𝐻6𝑂𝑂2 +  3𝐻𝐻2𝑂𝑂 + 𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒 → 6𝐻𝐻2 + 3𝐶𝐶𝑂𝑂2    (8) 

The freshwater cyanobacterium Synechococcus elongatus PCC 7942 presents a notable 

acclimation to nutrient stresses and adaptation to variations in temperature, light 

intensity and salinity (Kuan et al., 2015). It grows best in BG-11 (Rippka et al., 1979) 

nutrient composition (Suh et al., 1998), as well as at temperatures and light intensities 

of approximately 33oC (Kuan, 2015) and 194 μmol m-2 s-1 respectively (Silva et al., 

2014). Its upper salinity tolerance limit (threshold value) is 0.4 M NaCl (Nomura et al., 
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1995; Deshnium et al., 1995; Vayenos et al., 2020) and the optimal pH values for its 

proliferation is around 8.5-9.0 (Farias-Silva et al., 2017; Vayenos et al., 2020). 

Synechococcus elongatus PCC 7942 utilizes light using the photosynthetic pigments 

chlorophyll a (Chl a) and the phycobiliproteins allophycocyanin (APC) and 

phycocyanin (PC), which according to Collier and Grossman (1992) are associated with 

the photosynthetic apparatus in the thylakoid membranes (Figure 1.17). 

 
Figure 1.17. Cyanobacterial structure (Source: Singh et al., 2014; Springer Nature 

License Number 5360150458208). 

Like other cyanobacteria, Synechococcus elongatus PCC 7942 exhibits a complex suite 

of morphological and physiological changes when deprived of an essential nutrient, a 

general aspect of which appears to be the phenomenon of chlorosis, or bleaching, i.e. 

the change in cell appearance from normal blue-green to chlorotic yellow or yellow-

green due to changes in photosynthetic pigments (Collier and Grossman, 1992). 

Bleaching of Synechococcus spp. in response to nutrient deprivation was first 

documented in detail by Allen and Smith in 1969. According to Collier and Grossman 

(1992), many investigators have quantified changes in various cell components during 

bleaching relative to culture volume, protein, Chl, cell volume, and optical density at 

750 nm, where it was evident that bleaching was less severe in P-deprived cells than in 

N- or S-deprived cells, attributed to the fact that P-deprived cells show little evidence 

of net phycobilisomes degradation and maintain a higher phycocyanin level, and 

therefore a higher phycocyanin to chlorophyll ratio, than N- or S- deprived cells 

(Ihlenfeld and Gibson, 1975). The rate of phycobilisomes degradation and synthesis is 

different under P deprivation than under N or S deprivation because Synechococcus 

elongatus PCC 7942 and his ancestors evolved strategies to survive under P-limiting 

conditions (most likely to occur in freshwater ecosystems) by storing polyphosphate 
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reserves intracellularly (Wetzel, 1983; Collier and Grossman, 1992). Worth mentioning 

that a small percentage of nutrient-deprived Synechococcus cells can survive in the 

chlorotic state for weeks by entering a dormant state until nutrients are once again 

available (Collier and Grossman, 1992; Forchhammer and Schwarz, 2018). 

In Synechococcus elongatus PCC 7942 cultures, degradation of phycocyanin is 

observed with increasing salinity. Moreover, under salt stress, increases its cytoplasmic 

sucrose concentration at up to approximately 5 mol mol−1 Chl a, or 300 mM cell-1 in 

order to balance out the external osmotic pressure (Ladas and Papageorgiou 2000a, b; 

Suzuki et al., 2010; Klähn and Hagemann, 2011). Synechococcus elongatus PCC 7942 

intracellular sucrose accumulation, thus the potential for biohydrogen production via 

dark fermentation of sucrose to H2, can be remarkably improved by means of genetic 

engineering, such as its genetic transformation with the codA gene of Arthrobacter 

globiformis, a gene that enables the engineered strain (strain designated as PAMCOD) 

to convert choline to glycine betaine enhancing this way its photosynthetic functions 

and stabilizing its photosynthetic structures (Deshnium et al., 1995; Ladas and 

Papageorgiou, 2000a,b; Vayenos et al., 2020). At the near optimal pH in the cell 

suspension and in the presence of 0.4 M NaCl, Syn7942 cells yielded by means of dark 

fermentation 0.76 nmol H2 mg Chl a−1 h−1, while PAMCOD cells yielded 2 H2 mg Chl 

a−1 h−1 (Vayenos et al., 2020). 

While the biology of Synechococcus elongatus PCC 7942 is widely studied and even 

though its biomass can be utilized for the production of added-value products and/or 

bioenergy, it has not been studied with similar vigor regarding its potential 

biotechnological applications, especially those that can utilize/treat waste streams for 

its cultivation. 

1.7. Challenges in application of cyanobacteria processes in wastewater treatment 

Despite that decades of research regarding wastewater treatment via cultivation of 

phototrophic species, scaling-up and industrial applications of cyanobacteria and/or 

microalgae processes requires key breakthroughs to achieve economical application 

(McGaughy et al., 2019). Their full-scale implementation is challenging, since it 

depends on the successful combination of key principles of engineering, biology and 

biochemistry (Scott et al., 2010), as well as the ability to reliably and accurately 
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simulate full-scale performance in response to reactor and process design, influent 

composition, environmental conditions and operating parameters (Shoener et al., 2019).  

That is to say, there is a big gap regarding the full-scale implementation of algae-based 

wastewater treatment systems, since there is a lack of fundamental design and 

operational parameters that could address all considerations related to process 

efficiency. In more detail, there are several issues that have to be addressed prior full-

scale implementation, namely the applicability boundaries of the process that are 

associated with wastewater characteristics (temperature, salinity etc.); maintaining 

monoculture growth in the PBR; assessing cell productivity and nutrients assimilation 

rate in relation to the physicochemical profile of cultivation medium and interpreting 

design and operational data of other relevant studies; calculating the PBR volume 

requirements based on a standard methodology (Abinandan and Shanthakumar, 2015; 

Wang and Curtis, 2016). Moreover, according to Vayenos et al. (2020) the efficient 

means to export a targeted metabolite, i.e. biomass harvesting and the recovery of 

cytosolic products, represents a significant technical barrier to the economic feasibility 

of microbially synthesized commodities, since cell harvesting and lipid extraction may 

represent up to 30% of the total production costs (Kovacevic and Wesseler, 2010). 

Collection and concentration of biomass from cultivation systems contribute heavily to 

the operation cost of the overall process and therefore, more efficient and economical 

harvesting technology should be developed to enhance the commercial viability of the 

microalgae biofuels industry (Razzak et al., 2013). The challenge of biomass 

harvesting/recovery must be addressed towards the viable full-scale application of 

cyanobacteria and microalgae cultivation, as it contributes up to 30% of the overall 

operational cost (Grima et al., 2003). According to Viswanaathan et al. (2022), 

sedimentation, flocculation, centrifugation filtration, sonication, precipitation and 

flotation are some of the techniques usually applied for biomass harvesting/recovery, 

with every technique exhibiting its own advantages and disadvantages, such as time, 

economy, damage to the biomass, ease of operation, continuous operations, occupation 

of space, energy, chemicals, fouling, clogging of machines, etc. (Grima et al., 2003; 

Bosma et al., 2003; Munoz and Guieysse, 2006; Brennan and Owende, 2010). Further 

study is necessary to achieve high biomass recovery efficiency of species that may have 

size in the order of micrometers and to minimize harvesting processes’ cost and 

environmental footprint, a harvesting system is the major limiting factor for adoption 
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of cyanobacteria or/and microalgae-based wastewater treatment by industries (de-

Bashan and Bashan, 2010). 

Another challenge that has to be addressed to achieve success on a commercial scale is 

the fermentative hydrogen production from cyanobacteria, which despite being a 

process that shows great potential in sustainable energy generation, its efficiency has to 

be improved by means of operational design control and a proper combination of 

different treatment methods (Wang and Yin, 2018). The major challenges in current 

biological hydrogen production are summarized in the work of Gupta et al. (2013) and 

is presented in graphical format in Figure 1.18. 

 

Figure 1.18. Major challenges in current biological hydrogen production technologies. 

According to Nagarajan et al. (2021), to scale up biohydrogen production to a 

commercial level, the light conversion efficiency to hydrogen must be in the range of 

5–10%, while in reality, the highest light conversion efficiency attained is around 3% 

even though the theoretical maximum is indicated at approximately 12–14%.  

Finally, the invasion of contaminant organisms has long being recognized as a major 

constraint for large-scale algae cultivation (Gonzalez et al., 2013), which occurs not 

only in open cultivation systems, but also on closed and hybrid systems that have been 

specially designed to decrease contamination risks (Wang et al., 2013; Mcbride et al., 

2014). The need for disinfection of the growth media so as to maintain the desired 
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monoculture increases operating costs, thus the study for efficient low-cost disinfection 

techniques is essential for process viability. 

1.8. Scope of the thesis 

Now more than ever, there is an imperative need to reduce carbon emissions, to recover 

resources and to sustainably produce energy and goods by following the principles of 

circular economy. Hence, the cultivation of cyanobacteria for the production of added 

value products or/and bioenergy has attracted a lot of attention during the last decade 

due to the higher biomass yields compared to that of plant crops, their tolerance and 

adaptability, as well as their increased CO2 fixation ability. Moreover, increased interest 

is been observed regarding the application of cyanobacteria or/and microalgae for the 

treatment and utilization of wastewater streams or/and flue gases. It has been suggested 

by various studies that the implementation of microalgae and especially of 

cyanobacteria-based processes in various industrial sectors can enhance their 

sustainability. Cyanobacteria species, such as Synechococcus elongatus PCC 7942, 

have shown increased potential for sustainable production of resources and bioenergy. 

Their cultivation, especially if it is combined with resources recovery, could constitute 

a sustainable alternative process not only in agro-food and chemicals production 

sectors, but also in the wastewater treatment sector. The nutrient content of a plethora 

of wastewater could be potentially utilized for the cultivation of cyanobacteria and the 

removal/recovery of nitrogen and phosphorous. However, there are limited data 

regarding the technical aspects of applying cyanobacteria-based processes in 

wastewater treatment, especially regarding the application of cyanobacteria 

monocultures. Such applications could constitute a sustainable alternative to commonly 

applied nutrients removal processes that have been criticized regarding their inability 

to recover resources and energy. 

That been said, the objective of the present work is to evaluate the applicability of a 

Synechococcus elongatus PCC 7942-based nutrients removal/recovey process from 

biologically treated industrial wastewaters and hydroponic wastewaters for the 

production of biomass and the acquisition of added value products or/and green energy. 

The proposed process will be evaluated in terms nitrates and phosphates removal rates 

by assimilation, as well as regarding biomass productivity. Fundamental design and 

operational parameters will be obtained from the evaluation of growth and nutrients 

removal/recovery rates on various wastewater substrates, which can be applied for 
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adopting and upscaling the proposed process. An effort to present the necessary steps 

for the utilization of industrial wastewater or wastewater from hydroponic crops for the 

cultivation of Synechococcus elongatus PCC 7942 will be made, as the later cannot be 

treated with common biological processes and contain significant quantities of nutrients 

that may result to environmental degradation if not properly managed. 
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2. Chapter 2. Experimental procedures 

This chapter introduces in brief the main experimental strategy followed in this Thesis. 

In more detail, (a) the procedures for cyanobacteria inoculum preparation and 

inoculation are described, (b) the analytical methods and the used apparatus are 

presented in brief and (c) the methodology for assessing disinfection efficiency, as well 

as the methodology for obtaining the measured parameters that describe biomass 

growth and nutrients removal and assimilation rates are presented. Moreover, (d) the 

procedure for the in-situ electroproduction of ferrates is presented, as well as the 

procedures followed for the advanced treatment of effluents. 

2.1. Synechococcus elongatus PCC 7942 cultivation setups 

In this work, control and test Synechococcus elongatus PCC 7942 cultivation 

photobioreactors were setup using sterilized glass flasks with sterile cotton caps for 

uninhibited air transfer inside the PBR and protection from airborne biological 

contamination (Figure 2.1). The sterilization of glassware, of prepared solutions and of 

dilution water was performed using an ASTEL autoclave at 120oC. 

 
Figure 2.1. Synechococcus elongatus PCC 7942 cultivation setups. 
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For control setups, BG11 cultivation media (Rippka et al., 1979) was used as substrate, 

whereas for test setups four types of wastewaters were used, two from the secondary 

biological treatment stage of a dairy industry wastewater treatment plant (WWTP) and 

of a snack industry WWTP after sedimentation, and two from the drainage of an open 

and a closed hydroponic system (OHS and CHS). 

Each individual component (solution) used in the preparation of BG11 growth medium 

was prepared separately, at sterile conditions and then sterilized again in autoclave. 

Wastewater substrates were used in test setups both raw i.e., as obtained from the 

WWTP, and disinfected via the techniques described in later section. 

The nutrient content of BG11 growth medium and of the four wastewater substrates 

that were used in this study are presented in Table 2.1, along with their pH and electric 

conductivity (EC). The presented values are obtained from 8 batches of BG11 growth 

medium, three batches of dairy and snack industry’s wastewater and one batch of open 

and closed hydroponic systems drainage that were used in this study. 

Table 2.1. BG11 growth medium and wastewater substrates composition. 

Parameter BG11  
growth 
medium 

Dairy 
wastewater 
substrate 

Snack 
wastewater 
substrate 

OHS 
wastewater 
substrate 

CHS 
wastewater 
substrate 

pH 7.0 - 7.3 7.1 – 7.5 7.2 – 7.4 7.5 4.4 
Electric 
Conductivity (EC) 
(mS cm-1 at 25oC) 

1.78 – 2.06 8.71 – 12.22 1.67 – 1.93 1.32 5.11 

Nitrate nitrogen 
(mg L-1) 208.4 – 230.9  34.3 – 69.8 54.1 – 91.3 87.8 482.6 

Ammonia 
nitrogen (mg L-1) 0.01 – 0.08 0.9 – 3.8 0.5 – 2.3 0.1 9.8 

Total (dissolved) 
phosphorous, mg 
L-1 

8.7 – 13.6 8.3 1.3 4.6 45.0 

Both control setups and control setups were inoculated with the cyanobacterium 

Synechococcus elongatus PCC 7942 from previously isolated cultures in BG11 growth 

medium. After approximately four days of cultivation in thermostatic conditions at 

30oC, the inoculum cultures were centrifuged at 5000 rpm for 10 to 15 minutes, the 

supernatant was discarded and the condenced biomass was resuspended using 

deionized water. Thereafter, from these suspended Synechococcus elongatus PCC 7942 

cultures, specific volume was used as inoculum in the new control or test setups in order 

to obtain a specific initial biomass concentration. 
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The initial cell concentration in the setups, expressed in terms of chlorophyll a (Chl a) 

concentration, ranged from 0.81 mg L-1 to 1.73 mg L-1. The duration of Synechococcus 

elongatus PCC 7942 cultures systematic monitoring was up to 21 days, but cultures 

with cultivation duration over two months were kept and periodically assessed. All 

cultures were kept under continuous (24 h/d) agitation/artificial lighting and exposed to 

ambient room light. Light intensities in the cultures ranged from 5 to 30 μmol m-2 s-1. 

Cultivation temperature was controlled and set to values between 16 °C and 37 °C. In 

order to minimize power requirements for lighting, all culture setups were exposed to 

ambient light and to constant low-light intensity (5 - 10 μmol-photons m−2 s−1) artificial 

lighting using fluorescent lamps. Thus, light intensity during night hours was minimal, 

while during daytime and depending on weather conditions, the ambient light increased 

light intensities up to 30.2 μmol-photons m−2 s−1. All setups and analyses run in 

duplicates, i.e. two identical PBR configurations for each substrate used for 

Synechococcus elongatus PCC 7942 cultivation and duplicate analysis of the collected 

samples. 

2.2. Monitoring parameters and calculations 

The fact that phototrophic biomass concentration is expressed in different formats by 

researchers and engineers, such as in terms of chlorophyll a, optical density (usually at 

730 nm or 750 nm), total solids (TS) or total volatile solids (TVS), total suspended 

solids (TSS) or total volatile suspended solids (VSS), renders it difficult for engineers 

involved in the design of WWTPs to adopt and implement phototrophic-based 

wastewater treatment processes. Thus, in this study, in order to assist the interpretation 

of the results and the adaptation/scaling-up of the proposed S7942-based treatment 

process, the parameters of (i) chlorophyll a (Chl a), (ii) optical density at 750 nm 

(O.D.750 nm) and (iii) total and volatile suspended solids (TSS, VSS) were measured, 

pair plotted and presented in later chapter. 

All Synechococcus elongatus PCC 7942 cultivation media that were used in this study 

contained nitrogen in the form of nitrates with insignificant quantities of nitrite and 

ammonium ions. Thus, nitrogen assimilation was assessed by monitoring nitrate 

nitrogen removal from the solution, along with biomass concentration and its organic 

nitrogen content in terms of Total Kjeldhal Nitrogen (TKN), i.e. the sum of ammonium 

and organic (cell-bound) nitrogen. The effect of wastewater salinity on Synechococcus 

elongatus PCC 7942 growth was examined via comparison of control setups in BG-11 
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growth media versus the test setups with NaCl addition. The soluble organic content of 

the photobioreactors, in terms of chemical oxygen demand (COD), was also monitored. 

The evaluation of S7942 growth rate was made in terms of chlorophyll a (Chl a) 

concentration and the cell productivity rate was calculated using Equation (5). 

𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑆𝑆𝑆𝑆1−𝑉𝑉𝑆𝑆𝑆𝑆0
𝐷𝐷

         (5) 

Where, Cp (mg VSS L-1 d-1) = the cell productivity 

VSS0 (mg L-1) = the initial VSS concentration 

VSS1 (mg L-1) = the final VSS concentration in (mg L-1) 

 t (days) = the duration between initial and final VSS concentration. 

The calculation of S7942’s growth rate, nitrates utilization rate (mgNO3_N L-1 d-1) and 

phosphates utilization rate (mgPO43- L-1 d-1), resulted from slope of the linear regression 

of Chl a concentration, nitrate-nitrogen and phosphates concentration over time 

respectively. 

Specific nitrates utilization rate (SNUR), expressed as mgNO3_N mgVSS-1, was 

calculated according to Equation (6) by dividing nitrates utilization rate with cell 

productivity (Cp).  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷𝑁𝑁 𝑝𝑝𝐷𝐷𝐷𝐷𝑐𝑐𝐷𝐷𝑢𝑢𝑁𝑁𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷 𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷
𝐶𝐶𝑝𝑝

       (6) 

Similarly, specific phosphates utilization rate (SPUR), expressed as mgPO4 mgVSS-1, 

was calculated according to Equation (7) by dividing nitrates utilization rate with cell 

productivity (Cp).  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃ℎ𝑝𝑝𝑁𝑁𝑝𝑝ℎ𝑁𝑁𝐷𝐷𝐷𝐷𝑁𝑁 𝑝𝑝𝐷𝐷𝐷𝐷𝑐𝑐𝐷𝐷𝑢𝑢𝑁𝑁𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷 𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷
𝐶𝐶𝑝𝑝

       (7) 

In this study, a Metrohm (Switzerland) ion chromatographer (model 881 compact IC 

pro equipped with Metrosep A Supp 5 - 250/4.0 and Metrosep C 4 - 250/4.0 columns) 

was used for the determination of nitrates, ammonium, phosphates, potassium, calcium, 

magnesium, sulphates, chloride and sodium, according to standard methods (ISO 

14911:1998; ISO 10304-1:2007). The measurement of EC and pH was conducted 

following standard methods for the examination of water and wastewater (APHA, 2017 

2510 B & 4500-H+ B), using benchtop meters of Thermos Scientific (USA) (pH-meter: 
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model ORIONSTAR A111 equipped with a UZ1-11066 electrode; EC-meter: model 

ORION 3 STAR equipped with an Orion013005MD electrode). 

2.3. Culture contamination and disinfection 

The evaluation of Synechococcus elongatus PCC 7942 culture contamination and the 

identification of growth hindering microbial species in the PBRs was conducted via 

microscopical examination of cultures using a Leica DM100 phase contrast microscope 

and based on relevant databases (Oyadomari 2001; APHA 2017).  

The disinfection performance of filtration (at pore size of 0.45 μm up to 5–13 μm), the 

use of NaClO (chlorination), hydrogen peroxide (H2O2) and ferrates (Fe(VI)) in 

wastewater-media were evaluated prior the Synechococcus elongatus PCC 7942 growth 

assessment. The disinfection efficiency of each technique was determined by 

microbiological examination (total viable count—TVC at 22 °C) and microscopic 

examination of Synechococcus elongatus PCC 7942 cultures. Moreover, the 

effectiveness of the disinfectants was evaluated in terms of Concentration-Time (CT) 

calculation and TVC measurement (ISO 6222/99). CT is defined as the disinfectant 

residual concentration (C) multiplied by the effective contact time (T), expressed as mg 

min L−1. The growth of biological contaminants in the test setups was checked via 

microscopic examination using a Leica phase contrast microscope (× 40 up to × 1000 

magnification). 

For the production of ferrate solution, an electrochemical Fe0/Fe0 cell in 25 M NaOH 

solution was set up. In more detail, a DC power generator, set at 15 V and 2A, was 

connected to two iron plate electrodes (16 cm x 9 cm x 0.1 cm) having approximately 

2 cm distance between them. The two plate electrodes were submerged 4 cm deep into 

a 500 mL vessel containing 250 mL 25 M NaOH solution and agitated at 50 rpm with 

magnetic stirrer. The concentration of hexavalent iron (Fe(VI)) in the prepared solution 

was determined based on a modified indirect volumetric analytical method (Schreyer 

et al., 1950). This method is based on Cr(III) to Cr(VI) oxidation by Fe(VI). The 

resulting chromates are titrated against a known concentration of divalent iron solution 

(0.025 N Ferrous ammonium sulphate solution) in order to determine Fe(VI) 

concentration stoichiometrically. 
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Synechococcus elongatus PCC 7942 biomass growth rates, expressed as relative (%) 

growth rate (RGRChl a), were calculated on the basis of chlorophyll a concentration 

(Moran 1982) and according to equation (1) (Vayenos et al., 2020).  

𝑆𝑆𝑅𝑅𝑆𝑆𝑐𝑐ℎ𝑐𝑐 𝑁𝑁 = [([𝐶𝐶ℎ𝑐𝑐 𝑁𝑁](𝐷𝐷 𝑝𝑝)
[𝐶𝐶ℎ𝑐𝑐 𝑁𝑁](0 𝑝𝑝)

)(1 𝐷𝐷� ) − 1] × 100     (10) 

Where, n is the days of cultivation; [Chl a](n d) is the chlorophyll a concentration after 

the nth day; [Chl a](0 d) is the initial chlorophyll a concentration.  

Equation (1) was also used for the calculation of relative (%) nitrates removal rate 

(RRRNO3_N) and relative (%) phosphates removal rate (RRRPO4_P), by replacement of 

Chl a concentration values with the corresponding measured values of nitrate-nitrogen 

(APHA 4500-NO3-b) or phosphate-phosphorous concentrations (APHA 4500-P-c) 

respectively.  

All physicochemical and microbiological analyses were performed at the accredited 

according to ISO 17025 Environmental Chemistry & Water and Wastewater Treatment 

Laboratory of University of Western Macedonia, Greece, by following standard 

methods and having calculated measurement uncertainties (Amanatidou et al., 2011; 

Amanatidou et al., 2012; Trikilidou et al., 2020). 

2.4. Advanced effluent treatment 

For the advanced treatment of effluents, the widely applied techniques of ion-exchange 

and adsorption were evaluated based on experimentally obtained data. Different types 

of commercially available ion-exchange resins and adsorption materials and 

nanomaterials were evaluated in terms of ion removal efficiency in relation to the 

imposed operational conditions. In more detail, a regerenable anion exchange resin in 

OH- form, a regerenable cation exchange resin in H+ form and a non-regerenable mixed 

bed resin were evaluated regarding their selectivity and efficiency for anions or cations 

removal.  

Moreover, the adsorption efficiency of Activated Carbon (AC) particles of different 

diameter (granular 3 mm, powder 0.6 mm, fine powder <0.075 mm) were evaluated, as 

well as of two commercially available nanomaterials (Carbon Black and Cloisite 30B) 

that had been previously studied for the fabrication of nanocomposites (Stimoniaris et 

al., 2012; Stergiou et al., 2015). Furthermore, the effect of sonication in the adsorption 
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efficiency of AC and of nanomaterials was evaluated by using either pre-sonicated 

adsorption nanomaterials or by applying ultrasounds during the treatment process in 

order to suppress the possible formation of agglomerates via a 200W Hielscher 

(Germany) ultrasonic processor, model UP200S. The applied contact time, as well as 

sonication time ranged from 1 min up to 60 min. 
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3. Chapter 3. Wastewater substrate disinfection for cyanobacteria cultivation 

as tertiary treatment 

Cultivation of cyanobacteria or/and microalgae in nutrient-rich wastewaters offers an 

opportunity for enhancing sustainability of tertiary wastewater treatment processes via 

resources/energy recovery/production, mitigation of emitted GHGs and provision of 

added value products. However, maintaining a monoculture in wastewater-media 

constitutes a significant challenge to be addressed. In this regard, the present work 

assesses the efficiency of the low-cost wastewater substrate disinfection techniques of 

filtration, use of NaClO, H2O2 or Fe(VI), as a preliminary treatment stage upstream a 

cyanobacteria cultivation photobioreactor. The growth rate of cyanobacterium 

Synechococcus elongatus PCC 7942, as well as nitrates and phosphates removal rates 

were experimentally assessed in cultivation setups with biologically treated dairy 

wastewater that had been subjected to a single or a synergetic couple of disinfection 

techniques. The results showed that filter thickness has a greater effect on disinfection 

efficiency than filter pore size. Furthermore, the disinfection efficiency of Fe(VI), 

which was produced on-site by electrosynthesis via a Fe0/Fe0 cell, was greater than that 

of NaClO and H2O2. Filtration at ≤ 1.2 μm pore size coupled with chemical disinfection 

led to unhindered Synechococcus elongatus PCC 7942 growth and efficient nitrates and 

phosphates removal rates, at dosages of CT ≥ 270 mg min L-1 for NaClO and CT ≥ 157 

mg min L-1 for Fe(VI). The coagulation action of Fe(III) species that result from Fe(VI) 

reduction and the oxidation action of Fe(VI) can assist in turbidity, organic compounds 

and phosphorous removal from wastewater-media. Moreover, the residual iron species 

can assist in Synechococcus elongatus PCC 7942 harvesting and may enhance 

photosynthesis rate by increasing light transfer efficiency. Thus, a filtration 

configuration coupled with chemical disinfection, preferably using ferrates, 

downstream of sedimentation tank of a secondary biological wastewater treatment stage 

is proposed as a necessary, efficient and low-cost disinfection technique for full-scale 

scale implementation of cyanobacteria cultivation as tertiary wastewater processes. 

 

The results of this chapter are published as: Samiotis G., Ziagova M., Amanatidou 

E. (2022). Wastewater substrate disinfection for cyanobacteria cultivation as tertiary 

treatment. Environmental Science and Pollution Research. 

https://link.springer.com/article/10.1007/s11356-022-20369-w 

https://link.springer.com/article/10.1007/s11356-022-20369-w
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3.1. Introduction 

The preservation of freshwater quality and mitigation of climate change are inextricably 

linked to the development and full-scale application of sustainable technologies that 

align with the concept of circular economy i.e., reduce-reuse-recycle (Sakai et al., 

2011). Thus, the implementation of the best available technologies, practices and 

techniques (BAT) for the protection of the environment, the recovery of resources and 

the control of greenhouse gases emissions must be the response to the challenge of 

sustainability. In this regard, the wastewater treatment sector offers significant 

opportunities for application of BAT that align with the concept of circular economy, 

due to the high nutrient and energy content of wastewaters (Hoek et al., 2016).  

Wastewater treatment processes that are based on algae or/and cyanobacteria for the 

removal/recovery of nutrients suggest the evolution of activated sludge (AS) systems. 

In particular, cyanobacteria have received much attention as a novel and alternative 

approach for carbon footprint mitigation in wastewater treatment and for the production 

of third generation biofuels, hydrocarbons, proteins, pigments and biopolymers for 

pharmaceutical, chemical and food industries (Trivedi et al., 2015; Vassilev and 

Vassileva 2016; Pathak et al., 2018; Maurya et al., 2021; Goswami et al., 2022; Melo 

et al., 2022). Moreover, the utilization of wastewater streams is considered promising 

for reducing the cost of full-scale cyanobacteria cultivation (Arias et al., 2017; Samiotis 

et al., 2021). Cyanobacteria cultivation for the production of biofuels, especially if it is 

combined with wastewater and/or flue gases treatment, outperforms in terms of 

sustainability the conventional technologies that utilize sugar, starch, vegetable or 

animal fats, because of the competitive consumption of food resources and the 

associated commitment of arable land (Rosegrant et al., 2006; Gonaalves et al., 2016; 

Almomani et al., 2019). However, full-scale application of cyanobacteria in wastewater 

treatment constitutes a challenge due to the plethora of parameters that may influence 

their performance, such as influent composition, environmental conditions and 

operating parameters (Shoener et al., 2019).  

Many studies on cultivation of phototrophic species in wastewaters have been adapted 

to laboratory settings and thereby somewhat have been detached from real world 

conditions, as in many cases (i) external source of nutrients is provided, (ii) synthetic 

wastewater as cultivation medium is used, (iii) very short cultivation duration is 

applied, and (iv) costly wastewater sterilization techniques are applied, ignoring this 
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way the possible challenges such as unbalanced nutrients or chemical and biological 

contaminants (Tejido-Nuñez et al., 2019). Biological contaminants of wastewaters 

mainly consist of procaryotic bacteria (eubacteria and archaebacteria) and eucariotes 

(fungi, protozoa, rotifers and nematodes) (Gerardi 2006). These biological 

contaminants constitute a serious threat to phototrophic species cultivation, as they may 

compete for nutrients (Sorensen et al., 2021), they can hinder photosynthesis due to 

cell-shading phenomena (Flynn 2021) or may result to population demise of cultivated 

species due to predating phenomena (Day et al., 2017). Thus, co-presence of other 

microorganisms needs to be limited by the application of low-cost disinfection 

techniques, which usually include filtration or the addition of chemical disinfectants, 

such as sodium hypochlorite (NaClO) and hydrogen peroxide (H2O2) (Collivignarelli 

et al., 2018). 

Besides disinfection with NaClO or H2O2, novel and considered environmentally 

friendly disinfection techniques have been developed, with those based on hexavalent 

iron (ferrates) production showing a particular interest due to their benign nature 

(Sharma et al., 2022). The merits of using ferrates (FeVIO42–, Fe(VI); FeVO43–, Fe(V); 

and FeIVO44–) for disinfection are that they present high oxidation ability and that they 

are completely transformed to non-toxic trivalent iron species, simultaneously acting 

as a coagulant (Al Umairi et al., 2021). Ferrates can oxidize organic compounds, 

microorganisms and spores that are present in wastewaters. Furthermore, the 

aggregation action of resulting trivalent iron species can assist in organic compounds 

and turbidity removal from wastewater cultivation media, as well in the collection 

(harvesting) of cyanobacteria or/and microalgae from a photobioreactor (PBR), a 

process that has been criticized due to its low efficiency and/or the high associated cost 

(Addison et al., 2021; He et al., 2021). Thus, the application of ferrates in wastewater-

media can remove biological contaminants that may hinder monoculture cultivations 

and lead to clearer growth media, where photosynthetically active radiation (PAR) can 

travel unhindered by turbidity (Škulcová et al., 2021). On the other hand, the minimal 

stability of ferrate compounds in environmental conditions renders them non proper for 

commercial use both in terms of storage (poor shelf life) and provision (scarce and 

highly priced substance) (Wang et al., 2021). Nevertheless, on-site ferrates production 

via a low-cost Fe0/Fe0 electrochemical cell can alleviate both drawbacks (Mácová et 

al., 2009). 
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The aim of this work is to assess the possibility of utilizing biologically treated 

wastewaters as substrate for cultivation of Synechococcus elongatus PCC 7942 

monocultures in a PBR, which can be used for tertiary treatment applications. For this 

aim, the efficiency of low-cost wastewater substrate disinfection techniques for the 

removal of biological contaminants is being evaluated and the growth rate of 

Synechococcus elongatus PCC 7942, as well as the nutrients removal rate in properly 

disinfected wastewater-media are being studied. This work is of great importance for 

the implementation of cyanobacteria-based or/and microalgae-based wastewater 

treatment processes, as sustainable alternative or supplementary treatment stage to 

conventional biological nutrient removal processes. 

3.2. Materials and Methods 

Sterilized 500 mL Erlenmeyer flasks were used as Synechococcus elongatus PCC 7942 

cultivation PBRs and the assessment of biologically treated wastewaters’ adequacy as 

Synechococcus elongatus PCC 7942 growth medium. Sterile cotton caps were applied 

for uninhibited air transfer inside the PBRs and protection from airborne biological 

contamination. A culture of Synechococcus elongatus PCC 7942 in BG-11 growth-

medium (Rippka et al., 1979) was used as inoculum for control and test setups. The 

inoculums were separated from BG-11 growth-medium via centrifugation at 5000 rpm 

for 10 minutes. The PBRs were kept under continuous agitation and lighting, at 

controlled room temperatures ranging from 20.4 oC to 26.2 oC. The average wastewater 

substrate temperature was 22.9 oC, having a standard deviation of 1.3 oC. Agitation at 

approximately 200 rpm was provided using magnetic stirrers and 5 cm magnetic rods. 

In order to minimize power requirements for lighting, PBRs were exposed to ambient 

light and to constant low-light intensity (5 μmol-photons m-2 s-1) artificial lighting using 

fluorescent lamps (Phillips model XX). Thus, light intensity during night hours was 

minimal, while during daytime and depending on weather conditions, the ambient light 

increased light intensities up to 30.2 μmol-photons m-2 s-1. 

The control and the test setups had an initial Synechococcus elongatus PCC 7942 

biomass content, in terms of chlorophyll a concentration, of approximately 1 mg L-1 

and were monitored for 20 days regarding the growth rate of Synechococcus elongatus 

PCC 7942 and the achieved nutrients (nitrogen and phosphorous) removal rate. All 

setups and analyses run in duplicates i.e., two identical PBR configurations for each 

substrate used for Synechococcus elongatus PCC 7942 cultivation and duplicate 
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analysis of the collected samples. The control setups contained BG-11 medium, while 

the test setups contained biologically treated industrial wastewater (wastewater-

medium) that had been subjected or not to a single or a combination of low-cost 

disinfection techniques. The wastewater-medium was obtained from the nitrification 

tank of a dairy industry’s activated sludge (AS) wastewater treatment plant (WWTP), 

after suspended solids removal via sedimentation. Biologically treated dairy 

wastewaters are considered suitable microalgae growth medium (Asadi et al., 2019) 

and high strength wastewaters. Their high nitrogen load and increased salinity can result 

in significant yields of phototrophic biomass and added value products (Samiotis et al., 

2022; Melo et al., 2022). Moreover, if phototrophic processes are combined with novel 

and more sustainable biological treatment processes, such as the complete solids 

retention process (Amanatidou et al., 2016 a, b), minimization of WWTPs’ ecological 

footprint can be achieved via excess sludge minimization, production of added value 

products from phototrophic biomass and carbon emission mitigation. Furthermore, 

dairy wastewaters are characterized by increased salinity, which may have significant 

implications regarding the utilization of Synechococcus elongatus PCC 7942 for the 

treatment of wastewater and the production of added value products, since increased 

salinities may lead to increased nitrogen removal via assimilation (Samiotis et al., 2022) 

and increased intracellular sucrose production for direct biohydrogen production via 

the anaerobic dark fermentation metabolic path (Vayenos et al., 2020). 

The disinfection performance of filtration (at pore size of 0.45 μm up to 5-13 μm), the 

use of NaClO (chlorination), hydrogen peroxide (H2O2) and ferrates (Fe(VI)) in 

wastewater-media were evaluated prior the Synechococcus elongatus PCC 7942 growth 

assessment. The disinfection efficiency of each technique was determined by 

microbiological examination (total viable count - TVC at 22oC) and microscopic 

examination of Synechococcus elongatus PCC 7942 cultures. Moreover, the 

effectiveness of the disinfectants was evaluated in terms of CT calculation and TVC 

measurement (ISO 6222/99). CT is defined as the disinfectant residual concentration 

(C) multiplied by the effective contact time (T), expressed as mg min L-1. The growth 

of biological contaminants in the test setups was checked via microscopic examination 

using a Leica phase contrast microscope (x40 up to x1000 magnification).  

The disinfection technique with ferrate is considered environmentally friendly (Al 

Umairi et al., 2021) and presents coagulation ability, which was assessed in this study 
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in terms of organic compounds (chemical oxygen demand, COD), phosphates and 

turbidity removal from the wastewater-media. For the production of ferrate solution, an 

electrochemical Fe0/Fe0 cell in 25 M NaOH solution was set up. In more detail, a DC 

power generator, set at 15 V and 2A, was connected to two iron plate electrodes (16 cm 

x 9 cm x 0.1 cm) having approximately 2 cm distance between them. The two plate 

electrodes were submerged 4 cm deep into a 500 mL vessel containing 250 mL 25 M 

NaOH solution and agitated at 50 rpm with magnetic stirrer. The concentration of 

hexavalent iron (Fe(VI)) in the prepared solution was determined based on a modified 

indirect volumetric analytical method (Schreyer et al., 1950). This method is based on 

Cr(III) to Cr(VI) oxidation by Fe(VI). The resulting chromates are titrated against a 

known concentration of divalent iron solution (0.025 N Ferrous ammonium sulphate 

solution) in order to determine Fe(VI) concentration stoichiometrically. 

Synechococcus elongatus PCC 7942 biomass growth rates, expressed as relative (%) 

growth rate (RGRChl a), were calculated on the basis of chlorophyll a concentration 

(Moran 1982) and according to equation (1) (Vayenos et al., 2020).  

𝑆𝑆𝑅𝑅𝑆𝑆𝑐𝑐ℎ𝑐𝑐 𝑁𝑁 = [([𝐶𝐶ℎ𝑐𝑐 𝑁𝑁](𝐷𝐷 𝑝𝑝)
[𝐶𝐶ℎ𝑐𝑐 𝑁𝑁](0 𝑝𝑝)

)(1 𝐷𝐷� ) − 1] × 100      (1) 

Where, n is the days of cultivation; [Chl a](n d) is the chlorophyll a concentration after 

the nth day; [Chl a](0 d) is the initial chlorophyll a concentration.  

Equation (1) was also used for the calculation of relative (%) nitrates removal rate 

(RRRNO3_N) and relative (%) phosphates removal rate (RRRPO4_P), by replacement of 

Chl a concentration values with the corresponding measured values of nitrate-nitrogen 

(APHA 4500-NO3-b) or phosphate-phosphorous concentrations (APHA 4500-P-c) 

respectively.  

All physicochemical and microbiological analyses were performed at the accredited 

according to ISO 7025 Environmental Chemistry & Water and Wastewater Treatment 

Laboratory of University of Western Macedonia, Greece, by following standard 

methods and having calculated measurement uncertainties (Amanatidou et al., 2011; 

Amanatidou et al., 2012; Trikilidou et al., 2020). 
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3.3. Results and discussion 

3.3.1. Wastewater biological contaminants in wastewater media 

Microscopic examination of Synechococcus elongatus PCC 7942 cultures with 

inefficiently disinfected wastewater media from a dairy industry and from a salty-snack 

industry revealed the presence and growth of biological contaminants. As shown in 

Figure 3.1 – inset 2, fungi were the dominant biological contaminant species to 

Synechococcus elongatus PCC 7942 in the dairy wastewater test setups, while 

protozoan (mainly ciliates) and metazoan (mostly rotifers) dominated in the salty-snack 

wastewater test setups (Figure 3.1 – inset 3). Beside the growth of non-phototrophic 

microorganisms, antagonistic to Synechococcus elongatus PCC 7942 phototrophic 

species were also developed, especially in experimental setups with non-filtrated 

wastewater-medium (Figure 3.1 – inset 1). In Figure 3.1 – inset 1, an uninfected 

Synechococcus elongatus PCC 7942 culture is depicted. 

 

Figure 3.1. Indicative Synechococcus elongatus PCC 7942 growth curves in uninfected 

and infected experimental culture setups (Microscopic depiction of Synechococcus 

elongatus PCC 7942 cultures at x1000: Inset 1 = uninfected culture; Inset 2-4 = infected 

culture). 

These preliminary experimental results indicate the necessity of biological 

contaminants control, since they pose a serious threat to cyanobacteria or/and 

microalgae cultivation. According to Day et al. (2017) even small numbers of 

herbivorous protozoa can rapidly proliferate and thus destroy a culture of microalgae. 
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Tejido-Nuñez et al. (2019) who studied the effect of sterile filtration as a pretreatment 

on Chlorella vulgaris and Tetradesmus obliquus growth, found that protozoa were 

observed in all non-sterile water samples resulting in the decline of C. vulgaris biomass 

and therefore reducing the nutrients removal efficiency of the process.  

3.3.2. Assessment of filtration 

The porosity and the thickness of a filter-medium are two key parameters that dictate 

filtration performance. The small pore size of a filter introduces higher retention rate, 

whereas the high porosity is defined by a higher permeability capability. Furthermore, 

filter thickness affects the duration of filtration and subsequently filtration efficiency 

(Fahimirad et al., 2021). In our study, filters of different pore size and thickness were 

evaluated in duplicate experiments regarding their ability to remove the existing 

microbial load of the wastewater-medium for Synechococcus elongatus PCC 7942 

cultivation. More specifically, filters with pore size of 0.45 μm, 0.7 μm, 1 μm, 1.2 μm, 

2-4 μm, 3-5 μm, 5-7 μm and 5-13 μm were tested in terms of TVC reduction in the 

wastewater-media filtrates. Their thickness and respective material are presented in 

Table 3.1, along with the results from TVC measurements. 

Table 3.1. Disinfection efficiency of filtration at different pore size. 

Filter pore 

size (μm) 

Filter 

material 

Filter 

thickness 

(mm) 

Total Viable 

Count 

(CFU mL-1 at 

22oC) 

unfiltered - - >5000 

0.45 cellulose 0.135 280 ± 28.3 

0.7 fiber glass 0.45 4 ± 2.8 

1 fiber glass 0.70 2 ± 1.4 

1.2 fiber glass 0.26 65 ± 15.6 

2-4 paper 0.15 1256 ± 152.7 

3-5 paper 0.17 814 ± 65.1 

5-7 paper 0.32 540 ± 56.6 

5-13 paper 0.15 >2000 

As shown in Table 3.1, the highest disinfection efficiency was achieved with the fiber 

glass filters, which are characterized by increased thickness (0.26 mm to 0.70 mm). The 
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0.45 μm pore size cellulose filters, which had significantly smaller thickness than that 

of the fiber-glass, presented lower disinfection efficiency, despite having the smallest 

filter pore size. The paper filters, which all had pore sizes greater than 2 μm presented 

worst disinfection efficiency than the fiber-glass and cellulose filters. Among these 

paper filters, the thickest one (0.32 mm) presented the highest disinfection efficiency, 

in contrast to the two smaller pore sizes paper filters (2-4 μm and 3-5 μm).  

Bivariate analysis (Spearman’s rank correlation) between pore-size, thickness and TVC 

revealed a moderate positive correlation (Corr. Coeff. = 0.611) between pore-size and 

TVC, with high statistical significance (p = 0.020). Furthermore, filter thickness and 

TVC exhibited a moderate to very strong negative correlation (Corr. Coeff. = -0.700) 

with higher statistical significance (p = 0.005). It is worth mentioning that the resulting 

ratios between each filter’s pore-size and thickness presented very strong to perfect 

correlation (Corr. Coeff. = |0.913|) with TVC, having very high statistical significance 

(p < 0.001). This almost perfect correlation is indicative of the cumulative effect of 

filter’s pore size and thickness on disinfection efficiency. The interpretation of the 

results from the aforementioned statistical analysis was conducted according to the 

Akoglu’s (2018) guide. 

Besides the assessment of filters’ disinfection efficiency in terms of TVC reduction in 

the wastewater-medium filtrates, the presence of biological contaminants in 

Synechococcus elongatus PCC 7942 cultivations PBRs was microscopically examined 

and its impact on culture growth was evaluated in duplicate experimental setups (two 

control and fourteen test setups). According to the microscopic examination of cultures, 

biological contaminants were present in all test setups with filtrated wastewater 

medium. As evident in Figure 3.2, their presence suppressed to the decline 

Synechococcus elongatus PCC 7942 growth leading to almost complete extinction of 

its population in terms of chlorophyll a. Each test setup’s chlorophyll a concentration 

dropped from the initial value of approximately 1 mg L-1 to 0.03 - 0.19 mg L-1 after 20 

days, while the latter did not increase even after approximately 40 days of cultivation 

(chlorophyll a < 0.1 mg L-1 in all test setups, not shown in Figure 3.2). The filters that 

presented the highest disinfection efficiency (0.7 μm and 1 μm pore size fiber-glass 

filters) presented a 5-days delay in the decline of chlorophyll a concentration, attributed 

to the low initial population of biological contaminants in the filtrates. 
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Figure 3.2. Cholorophyll a concentration evolution in Synechococcus elongatus PCC 

7942 control setups and in test setups with filtrated wastewater-media. 

It is concluded that none of the applied filtration techniques is efficient to sustain a 

monoculture of Synechococcus elongatus PCC 7942 in the PBRs. It is evident from the 

results presented in Table 3.1 and Figure 3.1, as well as from the performed statistical 

analysis (Spearman’s rank correlation tests), that both pore size and filter thickness have 

a significant effect on disinfection efficiency. However, the thickness of the filter, i.e. 

the duration of filtration, seems to have a greater effect on disinfection efficiency than 

that of filter’s pore size. This is based both on the results of the statistical analysis and 

on the observations showing that (a) the smaller TVC count was obtained using the 

thickest filter (0.70 mm thickness, 1 μm pore size) and not when using the smallest pore 

size filters of 0.70 μm or 0.45 μm and (b) the thickest paper filter (0.32 mm, 5-7 μm 

pore size) presented the highest disinfection efficiency when compared to filters with 

>2 μm pore size. Thus, in real scale applications, an ultrafiltration configuration or a 

slow sand filtration technique could be used as a low-cost preliminary disinfection 

process for the significant minimization of viable microorganisms in a wastewater-

media, but further polishing would be required for complete disinfection.  
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3.3.3. Assessment of chemical disinfection by Sodium hypochlorite, Hydrogen 

peroxide, Hexavalent iron 

Similarly to filtration, chemical disinfection alone, using NaClO or H2O2 or Fe(VI), is 

proven to not be able to alleviate the problem of Synechococcus elongatus PCC 7942 

culture contamination. While higher dosages of these disinfectants, in terms of CT, led 

to lower TVC at 22oC, complete disinfection could not be achieved. Even at 

considerably high NaClO or H2O2 or Fe(VI) dosages of 5530 mg min L-1, 12000 mg 

min L-1, 3105 mg min L-1 respectively, viable microorganisms are still accounted in the 

wastewater-medium (Figure 3.3). The effect of NaClO on wastewater disinfection has 

been also studied by Medrano-Barboza et al., 2021. According to their study and 

similarly to our results, total inactivation of bacterial load could not be achieved at 

NaClO concentrations up to 60 mg L-1, despite the observed significant decrease in 

TVC. In the present study, high efficiency disinfection was achieved at NaClO 

concentrations of 92 mg L-1 and 184 mg L-1 for 30 min and 60 min application 

respectively. Sodium hypochlorite solution presented approximately 2.2 times higher 

disinfection efficiency compared to H2O2, thus the use of NaClO is suggested. The 

highest disinfection efficiency was observed using the freshly prepared via 

electrosynthesis Fe(VI) solution (Figure 3.3). 

 

Figure 3.3. Disinfection efficiency of sodium hypochlorite (pH from 7.2 to 8.1), 

hydrogen peroxide (pH from 7.2 to 6.5) and ferrates (pH from 7.2 to 8.3) in terms of 

TVC removal at different disinfectant dosages (CT). 
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It is worth mentioning at this point that there was no pH adjustment during the 

application of any of the three disinfectants, thus they were evaluated at the efficiency 

imposed by the wastewater characteristics and the impact of disinfectant solution on 

critical parameters, such as pH and redox potential. Hydrogen potential in particular 

can significantly affect oxidising power of disinfectants, as well as the speciation of 

chloride and ferrates. Oxidizing power of NaClO increases with increasing pH 

(Fukuzaki et al., 2007), while the opposite behavior is observed with H2O2 (Torres et 

al., 2014). This could explain the significant difference in disinfection efficiency 

between NaClO and H2O2 observed at the conditions of the experiments i.e. at an initial 

pH of 7.2 (Figure 3.3). Ferrates on the other hand, which presented the highest 

disinfection efficiency, change their structure in relation to pH (Figure 3.4) and exhibit 

an interesting behavior. Their oxidizing power increases with a decrease in pH and is 

related to protonation of FeVIO42- and FeVO43- (Henry-Chase and Tewari 2013), but the 

optimal performance of ferrate as an oxidizing chemical may correspond to pH 

conditions of between 9 and 10, representing the overall combined effect of its lower 

oxidation potential but greater stability (C. Li et al., 2005).  

 

Figure 3.4. Changes in ferrate structure and oxidizing power in relation to pH (modified 

from Henry-Chase and Tewari 2013 based on Delaude and Laszlo 1996). 

The oxidation state of FeO4-2 can be changed from +6 to +3 in acidic and alkaline 

conditions (Wood 1958), as shown in equations (2) and (3), having a standard half-cell 

reduction potential from +2.20 V to +0.72 V in acidic and basic solution respectively. 

It is worth noting that the oxidation potential of ferrates in acidic solution is the 

strongest of all the oxidants/disinfectants used in water and wastewater treatment, 
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including chlorine, hypochlorite, chlorine dioxide, ozone, hydrogen peroxide, dissolved 

oxygen, and permanganate (Jiang and Lloyd, 2002).  

FeO42- + 8H+ + 3e- ⇆ Fe3+ + 4H2O       (2) 

FeO42- + 8H2O + 3e- ⇆ Fe(OH)3↓ + 8H2O       (3) 

Moreover, during ferrates reduction to Fe(III) (Eq. 2) particulate matter and colloidal 

organic compounds that may be present in wastewater-media are removed by 

coagulation and adsorption on flocs of iron (III) hydroxide that are formed at neutral 

and alkaline pH (Eq. 3) (Thomas et al., 2022). The removal of suspended solids and 

organic compounds has significant impact on light transfer efficacy in a PBR, as PAR 

transfers in the substrate uninhibited (Škulcová et al., 2021).  

According to Tschobanoglous, et al. (2003) and Sulistyo (2012), the in situ generated 

ferric (hydr)oxides by the Fe(VI) reduction, possesses excellent coagulation and 

adsorption ability and thus has immense potential in eliminating contaminants and 

reaction byproducts by adsorbing particles and building up bridges to combine colloids 

and suspended particles into bigger ones. Meanwhile, a ferric ions coagulant, when 

added in water will undergo hydrolysis as described below: 

Fe+3 + 12 H2O → 2 [Fe(H2O)6]3+        (4) 

Mononuclear species 

8 [Fe(H2O)6]3+ + 20 OH- → [Fe8(OH)20]4+ (aq) + 6 H2O     (5) 

Polynuclear species 

[Fe8(OH)20]4+ (aq) + 4 OH- + 24 H2O → 8 [Fe(OH)3(H2O)3] (s)    (6) 

The coagulation steps upon reduction of ferrates to ferric species include (i) their 

hydrolysis and subsequent polymerization, (ii) adsorption of hydrolysis species at the 

solid-solution interface to accomplish destabilization of the colloid, (iii) aggregation of 

destabilized particles and (iv) precipitation or/and floatation of aggregates. 

For Fe(VI) concentrations of 4.2 mg L-1 to 51.7 mg L-1, the process efficiency, in terms 

of turbidity and COD removal, ranged from 89% to 97% and 71% to 84% respectively. 

COD removal can be also attributed to organic compounds oxidation by radicals formed 

during Fe(VI) reduction, which can also enhance recalcitrant organic compounds 
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removal from wastewaters (Kokarovtseva et al., 1972; Sharma et al., 2015; Drzewicz 

et al., 2019). Our results are in accordance with the findings of other researchers who 

presented the dual-function of ferrates as a coagulant and as a potent oxidant that is able 

to perform efficient disinfection and oxidize a large number of organic compounds 

measured in COD determination, thus can be applied for chemically-enhanced primary 

treatment (De Luca et al., 1992; Delaude and Laszlo 1996; Sharma 2002; Al Umairi et 

al., 2021). Al Umairi et al. (2021) found that a ferrate dose of 0.5 mg L-1 Fe removed 

80% of total suspended solids (TSS), 57% of chemical oxygen demand (COD), whereas 

higher concentrations of ferrate at 15 mg L-1 as a disinfectant were necessary to achieve 

a five orders of magnitude higher removal of E. coli. Zhang et al. (2020) also 

demonstrated that ferrate (VI) addition at 6 mg L-1 can effectively serve as a core 

treatment process removing simultaneously turbidity (98%) and inactivating 100% total 

coliforms in one single dose.  

The results of our study suggest the use of ferrate solution as a disinfectant/coagulant 

is a novel and effective treatment approach for disinfection of wastewaters meant to be 

used as substrate for cyanobacteria monoculture, offering the additional benefit of 

collectively removing TSS, turbidity and microbial load. These results add up to the 

potential applications of ferrates in aqueous solutions, such their use for in energy 

materials and green organic synthesis, as they can be used for disinfection, oxidation 

and coagulation making a meaningful contribution to addressing the challenging 

demands of sustaining the water supply in the 21st century (Sharma et al., 2015). 

 It is worth mentioning that the evident coagulation action of ferrates can assist with the 

efficient harvest of cyanobacteria or/and microalgae from PBRs (Addison et al., 2021), 

which constitutes a challenge for engineers that is usually addressed by coagulation-

flocculation techniques (Choy et al., 2018). An additional merit of a ferrate-based 

disinfection technique is that the resulting Fe(III) from ferrates reduction could enhance 

photosynthesis in the PBR, as Fe(III) species have been shown to enhance phototrophic 

biomass production (Rana and Prajapati, 2021). Thus, a ferrate solution could replace 

NaClO or H2O2 as disinfectant, offering a more sustainable solution to wastewater-

media disinfection. The in situ electrochemical preparation of ferrate solution in a 

strongly basic environment using a simple Fe0/Fe0 cell is evaluated as an easy to apply 

method that produces a relatively stable product, since ferrates are relatively stable in 

basic solutions and very unstable in neutral and acidic solutions (Henry-Chase and 
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Tewari, 2013). Nevertheless, further study regarding optimal Fe0/Fe0 cell configuration 

and current density is considered essential towards energy consumption minimization 

for Fe(VI) production. 

3.3.4. Synergy of studied disinfection techniques 

As previously presented, each of the studied disinfection technique alone could not 

address the challenge of maintaining a growing Synechococcus elongatus PCC 7942 

monoculture in the PBR. Hence, the suggested low-cost disinfection technique of 

filtration at pore size ≤1.2 μm was evaluated as synergetic couple with the use of NaClO 

or Fe(VI), in terms of disinfection efficiency and Synechococcus elongatus PCC 7942 

growth in duplicate experimental setups (two control and eighteen test setups) (Figure 

3.3).  

The assessment of disinfection efficiency showed that complete wastewater-medium 

disinfection, in terms of TVC, can be achieved with minimized NaClO or Fe(VI) 

dosages, if a preliminary filtration stage is applied. No viable microorganisms were 

accounted at wastewater-media filtrated with the ≤1.2 μm pore size filters (Table 3.1) 

and at disinfectant dosages of CT ≥ 270 mg min L-1 or CT ≥ 157 mg min L-1 for NaClO 

or Fe(VI) respectively. The obtained wastewater-medium with this procedure is 

considered properly disinfected, since neither colony forming units were detected in 

cultivation plates nor fungi and since the microscopic examination of the resulting 

cultures revealed no presence of protozoa or rotifers and nematodes. It is noteworthy 

that in properly disinfected wastewater-medium with filtration using cellulose filters 

with pore size 0.45 μm and 0.135 mm thickness, as well as using fiber-glass filters with 

pore size 1.2 μm and 0.26 mm thickness, limited growth of yeast and small-size ciliates 

(smaller or even-sized to Synechococcus elongatus PCC 7942) was observed after the 

first week of cultivation. However, as illustrated in Figure 3.3 their growth did not 

hinder Synechococcus elongatus PCC 7942 growth.  

In the case of NaClO disinfection, dechlorination of the wastewater-medium with 

sodium thiosulphate is necessary prior its use to prevent the inhibition of 

Synechococcus elongatus PCC 7942 growth by residual chlorine. Hence, in this study, 

dechlorination was performed and the absence of residual chlorine in the wastewater-

media was confirmed by measuring free chlorine concentration (DPD colorimetric 

method) after its dechlonination with sodium thiosulphate.  
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Figure 3.5. Growth curves of control setups and test setups in wastewater-media after 

filtration followed by chlorination (a) or ferrate-based disinfection (b). 

The properly disinfected wastewater-media were used for the study of Synechococcus 

elongatus PCC 7942 growth in 8 duplicate test setups. Their growth rate in comparison 

with a duplicate of control setups and a duplicate setup with non-disinfected 

wastewater-medium for a 20-days cultivation period is presented in Figure 3.5. After 

the 20 days of cultivation, the population of Synechococcus elongatus PCC 7942 

continued increasing in both control and test setups but with a decreasing growth rate. 

According to Samiotis et al. (2021), in similar cultivation conditions, the drop of growth 

rate after 20 days can reach up to 75 %, which is attributed to the obstruction of 

photosynthesis due to increased optical density in the PBR and the subsequent 

intermittent flux of light as a result of mutual shading. Moreover, the hydraulic 

residence time (HRT) dictates the volume of the PBR (Samiotis et al., 2022), thus a 

cultivation period past 20-days would result in large PBR volumes, rendering the full-

scale application of the proposed process challenging. As shown in Figure 3.5, 
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Synechococcus elongatus PCC 7942 cultures in test setups present comparable to the 

control cultures’ growth rates. This implies that filtration coupled with disinfection 

using NaClO or Fe(VI) is effective. The fiber-glass filters with pore size 0.7 μm and 

0.45 mm thickness, as well as those with pore size 1 μm and 0.70 mm thickness were 

proved more effective. It should be noted that with the applied dosages of Fe(VI) 

solution, neither the quantities of residual Fe(VI) nor of total iron had an impact on 

Synechococcus elongatus PCC 7942 growth rate. There was no residual action of 

NaClO, due to the applied dechlorination of wastewater-media. Thus, low-cost 

filtration coupled with NaClO or preferable with Fe(VI) disinfection is an efficient 

procedure prior to the use of wastewaters as Synechococcus elongatus PCC 7942 

cultivation substrate and tertiary treatment (Figure 3.6). 

 

Figure 3.6. Proposed wastewater substrate disinfection process for cyanobacteria 

cultivation and tertiary treatment applications. 

3.3.5. Synechococcus elongatus PCC 7942’s growth rate and nutrients removal rate in 

disinfected wastewater-media 

The properly disinfected wastewater-media, presented in Figure 3.3, were used for the 

study of Synechococcus elongatus PCC 7942 growth. Based on equation (1), the % 

specific growth rate of Synechococcus elongatus PCC 7942, as well as the % specific 

nitrates and phosphates removal rates were evaluated in control and test setups (Figure 

3.7). For this purpose, 2 control setups, 4 duplicate test setups with wastewater-media 

filtrated at ≤1.2 μm pore size and chlorinated/dechlorinated and 4 duplicate test setups 
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with wastewater-media filtrated at ≤1.2 μm pore size and disinfected with Fe(VI) were 

monitored for a 20 days period. The average values of % relative Synechococcus 

elongatus PCC 7942 growth rate, as well as the average values of nitrates and 

phosphates removal rates of each setup group are presented in Figure 3.7. Nutrients 

removal rates in the test setups were similar or even greater to those obtained from 

control setups, with significantly higher phosphates removal rate observed when Fe(VI) 

is used, attributed to the coagulation action of the resulting Fe(III). This is confirmed 

by the statistical analysis (independent t-test) between relative growth rates and relative 

nutrients removal rates of control and test setups, which revealed that the mean score is 

not significantly different between the control and test setups (Sig.>0.05), except for 

the parameter of RRRPO4_P between control setups and test setups with ferrate as 

disinfectant (Sig. = 0.041). 

 

Figure 3.7. Average values and standard deviation of % relative growth, nitrates and 

phosphates removal rates in control and test setups. 

According to Figure 3.7, the average relative growth rates (RGR(chl a)) in the test setups 

with properly disinfected wastewater-media was 19.7% when filtration/chlorination 

was applied and 22.4% when filtration/Fe(VI) chemical disinfection was applied. These 

values indicate unhindered growth of Synechococcus elongatus PCC 7942 in 

wastewater media, since they are similar to the RGR(chl a) average value of 21.9% 

obtained in the control setups with BG-11 medium. The sufficient growth of 
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Synechococcus elongatus PCC 7942 is also evident from the average values of nitrates 

relative reduction rate (RRRNO3_N) and phosphates relative reduction rate (RRRPO4_P), 

which ranged from 2.51% to 3.07% and 11.33% to 14.40% respectively, compared to 

those obtained in the control setups (RRRNO3_N = 2.84% and RRRPO4_P = 10.72% 

respectively). It is evident that RRRNO3_N of control and test setups is analogous to their 

respective growth rate, having a relatively constant RRRNO3_N /RGR(chl a) ratio of 

approximately 0.13. Thus, it can be concluded that nitrates removal is attributed solely 

to assimilation of nitrate-nitrogen into the Synechococcus elongatus PCC 7942 biomass 

and not on additional physicochemical processes. On the other hand, the RRRPO4_P 

/RGR(chl a) ratio is significantly different in the control setups and the test setups, which 

indicate that apart from phosphates assimilation, parallel physicochemical processes 

occur in the PBR. The RRRPO4_P /RGR(chl a) ratio of the control setups was 0.49, while 

of the test setups with filtrated/chlorinated wastewater-media or filtrated/chemically 

disinfected with Fe(VI) wastewater-media, were 0.58 and 0.64 respectively. The higher 

phosphates removal rates of test setups is attributed to increased coagulation induced 

by elevated pΗ levels (da Silva Cerozi and Fitzsimmor 2016), since both NaClO 

solution and Fe(VI) solution were highly alkaline, as well as to the coagulation action 

of Fe(III) species resulting from Fe(VI) reduction (Zhang et al., 2020). The initial pH 

values of control setups was approximately 7.1, while the test setups with 

filtrated/chlorinated or filtrated/chemically disinfected with Fe(VI) wastewater-media 

had initial pH values of approximately 7.7 and 8.1 respectively.  

The results regarding RRRNO3_N led to the conclusion that at the imposed cultivation 

conditions, which are considered non-favorable due to the relatively low applied light 

intensities (5 – 30 μmol-photons m-2 s-1), nitrates removal up to 42% can be achieved 

for a cultivation period of 20 days. At favourable conditions of 150 μmol photons m-2 

s-1, 3.4 times higher cell productivities are obtained (Silva et al., 2014; Samiotis et al., 

2021), thus nitrates removal up to 85% can be achieved. The respective phosphates 

removal is approximately 90% at non-favourable conditions, reaching to complete 

phosphates removal at favourable conditions. Thus, at typical wastewater nutrient ratios 

(N:P = 5:1, Curtin et al., 2011), phosphates might become the limiting factor for 

Synechococcus elongatus PCC 7942 growth, a phenomenon that has to be addressed 

via nutrients addition or/and pH control (Di Termini et al., 2011; Mennaa et al., 2019).  



127 
 

3.4. Conclusions 

Synechococcus elongatus PCC 7942 (Synechococcus elongatus PCC 7942) can be 

cultivated in properly disinfected wastewaters, thus used in tertiary treatment 

applications. Efficient disinfection of wastewater-media can be achieved by coupling 

filtration with chemical disinfection using NaClO or the more environmentally friendly 

Fe(VI). Filtration at ≤1.2 μm pore size and chemical disinfection at CT ≥ 270 mg min 

L-1 and CT ≥ 157 mg min L-1 for NaClO and Fe(VI) respectively lead to unhindered 

Synechococcus elongatus PCC 7942 growth. Fe(VI) dosages up to CT ≥ 157 mg min 

L-1 do not hinder Synechococcus elongatus PCC 7942 growth and can assist with the 

removal of turbidity (improve light transfer efficacy), of organic compounds and of 

phosphorous from wastewater-media due to the coagulation and oxidation action. On-

site electrosynthesis of Fe(VI) via a Fe0/Fe0 cell addresses the problem of provision and 

storage of the chemically unstable ferrate compounds. For a cultivation period of 20 

days and at non-favorable lighting conditions (5-30 μmol-photons m-2 s-1), nitrates 

removal is 42%, which could be increased up to 85% at favourable lighting conditions 

(150 μmol-photons m-2 s-1). The respective phosphates removal is significantly higher 

(>92%), attributed to coagulation phenomena induced by elevated pΗ levels and the 

coagulation action of Fe(III) species from Fe(VI) reduction. The results of this study 

indicate that the use of Synechococcus elongatus PCC 7942 can play a significant role 

towards the design of sustainable and carbon-negative tertiary wastewater treatment 

technologies. An ultrafiltration configuration coupled with chemical disinfection 

downstream the sedimentation tank of a secondary biological wastewater treatment 

stage is proposed as a necessary, efficient and low-cost disinfection technique for full-

scale scale implementation of Synechococcus elongatus PCC 7942-based wastewater 

treatment processes. 
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4. Chapter 4. Assessment of Synechococcus elongatus PCC 7942 as an option for 

sustainable wastewater treatment 

Industrial wastewaters are recognized as a valuable resource, however their 

disposal without proper treatment can result in environmental deterioration. The 

associated environmental/operational cost of wastewater treatment necessitates 

upgrade of applied processes towards the goals of sustainability and mitigation 

of climate change. The implementation of cyanobacteria-based processes can 

contribute to these goals via resources recovery, production of high-value 

products, carbon fixation and green-energy production. The present study 

evaluates the cyanobacterium Synechococcus elongatus PCC 7942 (S7942) as a 

biological component for novel and sustainable alternatives to typical biological 

nutrient removal processes. Valuable results regarding cultivation temperature 

boundaries, applied disinfection techniques and analytical methods, as well as 

regarding relations between parameters expressing S7942 biomass concentration 

are presented. The results show that at typical industrial wastewater 

temperatures, S7942 efficiently grew and removed nitrates from treated snack-

industry’s wastewater. Moreover, in cultures with treated and relatively saline 

dairy wastewater, its growth rate slightly decreased, but nevertheless nitrates 

removal rate remained efficiently high. A comparison between typical 

denitrification processes and the proposed nutrient removal process indicated that 

a S7942-based system may constitute an alternative or a supplementary to 

denitrification process. Thus, Synechococcus elongatus PCC 7942 proved to be a 

potent candidate towards sustainable industrial wastewater treatment 

applications. 

 

 

 

 

The results of this chapter are published as: 

Samiotis G., Stamatakis K., Amanatidou E. (2021). Assessment of Synechococcus 

elongatus PCC 7942 as an option for sustainable wastewater treatment. Water Sci 

Technol 84:1438. https://doi.org/ 10.2166/wst.2021.319 
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4.1. Introduction 

Protection of the environment and climate change mitigation is a significant challenge 

humanity faces through the 21st century. Responding to this challenge by implementing 

sustainable technologies, practices and techniques for environmental protection, 

resources recovery and GHGs emission mitigation, should be the “Ithaca” of engineers 

and researchers. 

Although many infrastructure sectors, such as energy, industry, transportation and 

building systems, have been extensively studied with regards to GHGs emission 

reduction and sustainability, studies regarding the sector of wastewater treatment have 

been sparse (Lu et al., 2018), despite the fact that wastewaters are recognized as a 

valuable resource and their treatment is associated with significant environmental and 

operational/energy cost. Wastewaters are considered a valuable resource as they 

contain water, organic matter, nutrients (nitrogen and phosphorous), mineral nutrients 

and chemical energy (Hoek et al., 2016), but if not properly treated they can cause 

environmental deterioration and produce potent greenhouse gases (GHGs).  

The sector of wastewater treatment offers significant opportunities for resources and 

energy recovery/production, as well as for GHGs emissions mitigation, since annually 

more than 360 km3 of wastewater is generated on a global scale (Sato et al., 2013). The 

estimated potential energy gain from wastewater utilization is over 805 billion kWh as 

equivalent of electricity per year, i.e. more than 8.53% of global renewable energy 

(Zhang and Ma, 2020). However, substantial improvements in wastewater treatment 

plants (WWTPs) will be necessary, as it is expected that more advanced and energy 

intensive treatment will be required to adhere to future demands and quality standards 

and to adapt to climate change (Frijns et al., 2013). WWTPs have been recognized as 

one of the largest emitters of GHGs, since it is estimated that only the degradation of 

organics during wastewater treatment contributes to approximately 1.57% of global 

CO2 equivalent emissions and up to 5.2% of the global total non-CO2 GHG emissions 

(mainly CH4 and N2O) (USEPA, 2012; IPCC, 2014). Furthermore, wastewater 

treatment accounts for 3% of global electricity consumption, a proportion that is 

expected to rise in the next decades due to the increasing number of WWTPs 

constructed worldwide (Li et al., 2015).  
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Great progress has been made to increase energy efficiency of WWTPs and recover 

renewable energy from wastewater using technologies such as anaerobic digestion, 

anaerobic membrane bioreactors and bio-electrochemical systems (Heidrich et al., 

2010). In spite of it, these approaches reduce only fossil fuel consumption and its 

associated carbon emissions, whereas few of them have been investigated for the 

additional possibility of active and direct CO2 capture and utilization (Lu et al., 2018). 

Furthermore, these technologies present limitations regarding nutrients removal, thus 

failing to achieve environmental standards regarding effluent quality if not combined 

with further tertiary treatment.  

On the other hand, phototrophic wastewater treatment technologies, which are based 

on green-algae or/and blue-green algae (cyanobacteria), could address the limitations 

of anaerobic treatment, while increasing the energetic potential of wastewater resources 

by up to three times through leveraging nutrients for biomass growth and organic 

carbon storage (Shoener et al., 2014). Nevertheless, it should be noted that artificial 

lighting of phototrophic reactors constitutes a significant challenge, in terms of 

technical application and operational cost, which needs to be addressed. Life cycle 

analysis suggests that algae cultivation would be highly economically viable when 

linked to wastewater treatment (Yang, et al., 2011). Therefore, the application of 

phototrophic processes can elevate sustainability of WWTPs through resources and 

energy recovery/production, as well as CO2 fixation. 

One of the most promising organisms for such applications is cyanobacteria, as they 

can efficiently utilize nutrients from wastewater and fixate carbon converting them to 

industrially relevant compounds and fuels (Zhang et al., 2017). Nutrient-rich 

environment of wastewaters, especially of high-strength industrial wastewaters, can 

provide the media for large-scale cultivation of cyanobacteria in WWTPs. The 

treatment tanks of WWTPs may be an ideal place for cultivation of cyanobacteria, 

because they can provide sufficient nutrients, good operating temperatures and 

significant light exposure (Martins et al., 2011). It has been suggested that process 

engineering may enable the complete use of nutrients present in wastewaters for carbon 

recovery and capture of exogenous CO2 (Valverde-Perez et al., 2015; Gardner-Dale et 

al., 2017; Lu et al., 2018). The resulting biomass from CO2 mitigation and nutrient 

utilization is considered of high-value due to the fact that it can be used for the 

production of biofuels (biodiesel, bioethanol, biogas, biohydrogen), as well as 
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hydrocarbons, proteins, pigments and biopolymers for pharmaceutical, chemical and 

food industry (Trivedi et al., 2015). Direct photosynthetic production of sucrose by 

cyanobacteria is also considered a potential strategy to provide abundant sugar 

feedstock for biorefineries (Song et al., 2016). Thus, cyanobacteria-based wastewater 

treatment may not only offer a response to the challenge of nutrients removal and 

resources recovery from WWTPs, but can also assist reaching the target of climate 

change inversion via carbon neutral or negative carbon technologies.  

Recent research results (Vayenos et al., 2020) have shown that some monocyte 

cyanobacteria, such as the freshwater cyanobacterium Synechococcus elongatus PCC 

7942 (hereafter S7942), can follow the fermentative hydrogen production pathway, i.e. 

the metabolic production of biohydrogen from their sucrose. Worth mentioning is that 

the S7942 strain does not produce cyanotoxins and can be manipulated to increase 

biohydrogen production, since under certain stressful conditions, such as of those 

imposed by salinities up to 0.4 M NaCl, S7942 increases its sucrose levels (Stamatakis 

et al., 1999; Vayenos et al., 2020). Of the numerous stressors that can trigger 

biopolymer (lipid and carbohydrate) storage in cyanobacteria cells, such as intense light 

and salinity stress (Barry et al., 2016), saline conditions are often encountered in 

industrial wastewater streams. Thus, S7942 may prove to be a great candidate towards 

more sustainable industrial wastewater treatment applications, as its cultivation in 

relatively saline conditions offers the opportunity of yielding cyanobacterial biomass 

of increased value. 

However, full-scale implementation of algae-based wastewater treatment technologies 

is challenging, since it depends on the ability to reliably and accurately simulate full-

scale performance in response to reactor and process design, influent composition, and 

environmental conditions and operating parameters (Shoener et al., 2019). That is to 

say, there is a big gap regarding the design and operation of algae-based wastewater 

treatment systems. Such is the lack of fundamental design data and operational 

parameters that are necessary towards their full-scale implementation. 

The present study evaluates S7942 regarding its potential use for industrial wastewater 

treatment as the biological component for novel and sustainable alternatives to typical 

biological nutrient removal processes (nitrification/denitrification, anaerobic 

phosphorous removal) or for novel supplementary treatment stages that can elevate the 
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sustainability of WWTPs. The effect of wastewater, e.g. the impact of salinity or 

cultivation temperature, on S7942 growth and nitrates removal rate was examined. 

Emphasis has been given on the identification of the appropriate parameters expressing 

S7942 biomass concentration and on the extraction of relevant conversion factors and 

specific rates, as important for the process-design and the assessment of results between 

different studies. Furthermore, the drawbacks of the applied analytical and disinfection 

methods are presented and discussed in order to avoid the misinterpretation of results 

regarding growth and nitrates removal rates, as well as to prevent the growth of 

antagonistic or/and predating species in a photobioreactor. Finally, a comparison 

between the typical nitrates removal processes (post and pre denitrification AS 

processes) and the proposed S7942-based nutrient removal process is conducted in 

terms of reactor volume requirements. 

4.2. Materials and Methods 

4.2.1. Microbial strain, growth media and culture conditions 

The autotroph, phototrophic microbial strain used in this study was the single-celled, 

freshwater cyanobacterium S7942, which was obtained from the pure cultures of the 

Institute of Biosciences and Applications, NCSR “Demokritos”. The obtained cultures 

were transferred in sterilized borosilicate glass vessels and thereafter used in pure 

cultures (backup and control cultures in standard growth media), as well as in 

experimental culture setups (treated wastewater media) after centrifugation at 5000 rpm 

and single rinsing with deionized water. In order to evaluate the adequacy of S7942 for 

industrial wastewater treatment, cultures of S7942 were setup in Erlenmeyer flasks 

containing (a) standard blue-green eleven growth media (BG-11) and (b) treated 

industrial wastewaters. The initial cell concentration in the setups, expressed in terms 

of chlorophyll a (Chl a) concentration, ranged from 0.81 mg L-1 to 1.73 mg L-1. The 

duration of S7942 cultivation was up to 20 days and all cultures were kept under 

continuous (24h/d) agitation/artificial lighting and exposed to ambient room light. Light 

intensities in the cultures ranged from 5 to 30 μmol m-2 s-1. Cultivation temperature was 

controlled and set to values between 16oC and 37oC.  

Regarding the cultures cultivated in wastewater, two types of industrial wastewater that 

had been subjected to nitrification in an aerated nitrification bioreactor (thereafter 

biologically treated wastewaters, BTWW) were used. A BTWW from an AS WWTP 
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of a snack industry and a relatively saline (approximately 0.4 M NaCl) BTWW from 

an AS WWTP of a dairy industry. The physicochemical characteristics of both BTWW, 

as well as of the raw influent of each AS WWTP are presented in Table 4.1. It is evident 

that organic compounds and ammonia are efficiently oxidised in the aeration tanks 

resulting to BTWW with high nitrate and phosphate content, a form of nutrients that 

can be readily utilized by cyanobacteria.  

Table 4.1. Physicochemical characteristics of wastewater growth media.  

Parameter 

Wastewater from 

dairy industry 

Wastewater from 

snack industry 

Raw 
Biologically 

treated 
Raw Biologically treated 

pH 6.8 7.2 7.3 7.4 

Chemical Oxygen Demand 

(COD), mg L-1 
3540 109 4295 46 

5-day Biochemical oxygen 

demand (BOD5), mg L-1 
1718 22 2275 9 

Total Kjeldahl Nitrogen 

(TKN), mg L-1 
77.3 3.5 107 2.0 

Nitrate Nitrogen, mg L-1 0.371 57.3 7.3 84.11 

Ammonia Nitrogen, mg L-1 7.1 3.4 12.7 1.1 

Total (dissolved) 

Phosphorous, mg L-1 
40.91 8.3 17.2 1.3 

Electric Conductivity, 

μS/cm at 25oC 
13740 12580 1814 1717 

A wastewater media may inhibit or reduce S7942 growth rate due to various reasons, 

such as the inhibition of photosynthesis due to absorption of photosynthetically active 

radiation (PAR) by wastewater, growth of antagonistic or predating microbial species 

and stressful environmental conditions (pH, salinity, toxic substances etc.). The S7942 

growth rate response to saline wastewater is of particular interest, since it can result in 

higher sucrose production, thus higher potential for production of bioenergy and 

bioproducts, with simultaneous nutrients removal/recovery and carbon fixation. 
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In this study, the two types of wastewaters that were used as the media for S7942 growth 

(snack and dairy industry BTWW) were assessed regarding potential inhibition of PAR 

transfer via photometric analysis (scanning) at wavelengths between 400nm to 700nm 

(photosynthetically active spectral range). The light absorption spectrums of the 

BTWW were measured and compared to that of S7942 cultures in various Chl a 

concentration (cultivation duration up to 20 days). It was evident that the light 

absorption spectrum of S7942 has absorption peaks consistent to the absorption maxima 

of S7942’s photosynthetic pigments, i.e. chlorophyll a at around 440nm and 680nm 

(Cinque et al., 2000), allophycocyanin at around 650nm and 620nm (Murakami et al., 

1981) and phycocyanin at around 631nm (Espinosa et al., 2007). On the other hand, the 

light absorption spectrums of the BTWW presented insignificant absorbance in 

corresponding spectrum regions. Consequently, there is negligible obstruction in the 

passage of photosynthetically active light wavelengths inside the wastewater 

photobioreactors. This is attributed to the nature of the BTWW, which were almost 

transparent and colorless due to the fact that (a) most of their organic compounds that 

may absorb light in visible spectrum have been oxidized by AS bacteria and (b) 

photosynthetic microorganisms are negligible in typical AS wastewater treatment 

processes. 

Thereafter, a series of experimental setups for S7942 cultivation in wastewater was 

conducted using (i) unfiltered BTWW, (ii) filtered BTWW, (iii) chlorinated and 

dechlorinated BTWW and (iv) filtered & chlorinated/dechlorinated BTWW. Fibber-

glass filters of 1.2 pore-size and cellulose filters of 0.45 μm pore-size were used for 

filtration. Chlorination was performed with sodium hypochlorite until free chlorine 

concentration reached values of approximately 4 mg L-1, maintained for 60 minutes, 

and dechlorination obtained with sodium thiosulphate to concentrations below the 

detection limit of (0.01 mg L-1) of the applied analytical method (APHA 4500-Cl- G). 

4.2.2. Monitoring parameters and analytical methods 

Culture growth: The growth rate of S7942 is of great importance as it determines 

nitrates removal rate, thus the volume of a photobioreactor for nutrients 

removal/recovery. It also sets the level of economic and ecological benefit via 

exploitation of S7942 biomass. Therefore, evaluating the impact of operating 

parameters on growth rate is the first goal towards utilization of S7942 for wastewater 

treatment applications.  
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In this study, the growth rate of S7942 was evaluated in terms of (i) chlorophyll a (Chl 

a) concentration (duplicate samples), (ii) optical density at 750 nm (O.D.750nm, single 

determination) and (iii) total and volatile suspended solids concentration (TSS, VSS, 

duplicate samples). Chlorophyll a, which is the major photosynthetic pigment of S7942 

strain along with the phycobiliproteins allophycocyanin and phycocyanin (Collier and 

Grossman, 1992), was determined in N,N-dimethylformamide (DMF) extracts of cell 

pellets according to Moran (1982), while TSS and VSS were obtained using the 

standard gravimetric method (APHA 2540-Solids B, E). The relative growth rate of 

S7942 cultures, in terms of Chl a concentration (RGRChl a), was calculated by Equation 

(1) (Vayenos et al., 2020). 

𝑆𝑆𝑅𝑅𝑆𝑆𝑐𝑐ℎ𝑐𝑐 𝑁𝑁 = [([𝐶𝐶ℎ𝑐𝑐 𝑁𝑁](𝐷𝐷 𝑝𝑝)
[𝐶𝐶ℎ𝑐𝑐 𝑁𝑁](0 𝑝𝑝)

)(1 𝐷𝐷� ) − 1] × 100     

 Equation (1) 

Where, n stands for the days of culture growth; [Chl a](n d) is the Chl a concentration 

after nth day; [Chl a](0 d) is the initial (day 0) Chl a concentration.  

Equation (1) is considered a universal formula for calculating relative (%) evolution of 

a parameter, whether it expresses biomass (TSS, VSS, Chl a, O.D.750nm, etc.) or 

nutrients (nitrogen, phosphorous, carbonates etc.) concentration. Thus, equation (1) can 

be also used for expressing relative growth rate in terms of biomass concentration or/ 

optical density, by replacement of Chl a concentration values with the corresponding 

values of TSS or VSS concentrations or optical densities. 

In this study, growth rate, cell doubling time and cell (biomass) productivity was 

accounted on the basis of Chl a concentration, since Chl a concentration is considered 

as one of the most reliable parameters for expressing photosynthetic species’ growth. 

Nevertheless, the parameters of TSS, VSS and O.D.750nm were also measured in order 

to obtain correlation coefficients (conversion factors) between all these parameters that 

can express biomass concentration (Figure 4.1). This is considered of great importance 

in the assessment, interpretation and implementation of research results by scholars and 

engineers, whichmay express growth rates or biomass concentration in different format. 
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Figure 4.1. Chl a concentration (mg L-1) versus TSS concentration (mg L-1) in twelve 

(12) uncontaminated S7942 cultures in BG-11 media (79 data points; up to 20 days 

cultivation duration); Inset-1: Chl a concentration (mg/L) versus O.D.750nm (AU) (33 

data points); Inset-2: TSS concentration (mg/L) versus O.D.750nm (AU) (33 data points). 

The relationship between Chl a and TSS concentration (Figure 4.1) is evident through 

the linear correlation between these two parameters (R2 = 0.91), with slope of 62.57 

mgTSS mgChl a-1. Similar slope value was reported from Dechatiwongse et al. (2014) 

regarding the relationship between dry cell concentration of cyanobacterium 

Cyanothece ATCC 51142 and optical density at 750 nm. Worth mentioning is that a 

linear correlation >0.9 was observed during the overall 20 days monitoring period in 

all uncontaminated culture setups. 

The correlations of Chl a or TSS concentration with O.D.750nm, which is another 

expression of biomass concentration, was considered important to be additionally 

established. Thus, a series of measurements was also conducted for obtaining the 

relevant conversion factors regarding optical density at 750 nm (Figure 4.1: inset 1 and 

inset 2 respectively). There is an evident linear correlation between Chl a concentration 

and O.D.750nm (R2 = 0.93), as well as between TSS concentration and O.D.750nm (R2 = 

0.90), with resulting slopes of 5.28 mgChl a AU-1 and 290.87 mgTSS AU-1 

respectively. Similar slope value was obtained in Kuan’s (2015) study, regarding the 

relationship between S7942 dry cell concentration (total solids at 90oC) and optical 

density at 600nm. 
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The above obtained conversion factors of 62.57 mgTSS mgChl a-1, 5.28 mgTSS mgChl 

a-1 and 290.87 mgTSS AU-1 are considered indicative for uncontaminated S7942 

cultures. Furthermore, regarding the relationship between VSS concentration and TSS 

concentration, the obtained VSS/TSS ratios in uncontaminated S7942 cultures ranged 

from 0.75 to 0.98 with mean value of 0.89, median value of 0.90 and standard deviation 

of 0.06. Therefore, a VSS/TSS ratio of 0.90 is considered representative for converting 

VSS measurements to TSS and vice versa. 

Nitrates removal: In this study, nitrates removal is expressed in terms of relative (%) 

nitrates removal rate (RRRNO3_N) and was calculated according to Equation (2), which 

is obtained by exchanging Chl a concentration by nitrate-nitrogen concentration in 

Equation (1) and converting the results to positive values.  

𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁3_𝑁𝑁 = −[��𝑁𝑁𝑁𝑁3𝑁𝑁�
(𝐷𝐷 𝑝𝑝)

�𝑁𝑁𝑁𝑁3𝑁𝑁�(0 𝑝𝑝)�
�1 𝐷𝐷� �

− 1] × 100   Equation (2) 

Replicate samples were used in order to accurately evaluate nitrates removal rate by 

S7942, while two photometric and one potentiometric standard analytical methods 

(APHA, 2017) for nitrates determination were deployed and their performance was 

evaluated. The three analytical methods that were deployed for nitrates determination 

in S7942 cultures were (i) potentiometric determination of nitrates with ion selective 

electrode (APHA 4500-NO3- D), (ii) photometric determination of nitrates at 

ultraviolet (UV) spectrum (APHA 4500-NO3- B) and (iii) photometric determination 

of nitrates after their reduction to nitrites with cadmium. High performance liquid 

chromatography was not considered suitable for samples that may contain organic 

residues that could damage separation column, thus not evaluated.  

The evaluation of the potentiometric nitrates’ determination method revealed its 

inadequacy for monitoring nitrates concentration in algae culturesdue to various 

interferences. Specifically, the ion selective electrode gave false and non-replicable 

readings, attributed to the presence of various interfering ions in the S7942 culture 

samples, such as bicarbonates, chloride, chlorate, perchlorate and nitrite. The UV 

photometric analytical method exhibited interferences only in cases of relatively high 

organics content in the sample (more than 10% absorption at 275 nm compared to that 

at 220 nm) or/and in cases of persistent colour in the filtrated sample. Concequently, in 
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cases of low organic content in the culture, the relatively fast and easy to apply APHA 

4500-NO3-B method is proposed for regular monitoring.  

In cases of relatively high organic content or/and persistent colour in the culture 

filtrates, the cadmium reduction method (APHA 4500-NO3-E) is proposed. This 

method exhibited acceptable results and the only interfering agent is the presence of 

suspended solids (removed after filtration) and the high concentrations (above several 

milligrams per liter) of metallic ions (APHA, 2017). 

Microscopic observation of cultures: In order to evaluate culture contamination levels 

by antagonistic to cyanobacteria microbial species and/or by predating microorganisms, 

the microscopic characteristics of cultures were regularly monitored with a digital phase 

contrast microscope (Leica Model DM1000). The identification of competitive to 

S7942 microbial species was made based on their morphological characteristics and on 

relevant databases (Oyadomari, 2001; APHA, 2017). 

Other analyses: All culture setups were monitored regarding their pH, electric 

conductivity and temperature, as well as the dissolved total organic and total inorganic 

carbon (DOC and DIC) concentration according to standard methods (APHA 4500-H+ 

B; APHA 2510-Conductivity B; APHA 2550-Temperature B; APHA 5310-TOC B). 

Wastewater composition (Table 4.1) was also determined by standard methods (APHA 

5220-COD C; APHA 5210-BOD D; APHA-Norg C; APHA-NH3 C; APHA 4500-P E). 

 All analyses were conducted at the accredited according to ISO 17025 “Environmental 

Chemistry & Water and Wastewater Treatment Laboratory”, Department of Chemical 

Engineering, University of Western Macedonia, Greece. The laboratory calculates 

measurement uncertainties in all the applied methods (Amanatidou et al., 2012, 

Trikilidou et al., 2020). 

4.3. Results and Discussion 

4.3.1. Growth of S7942 

4.3.1.1. Effect of temperature on S7942 growth 

In order to evaluate the temperature boundaries for S7942 growth, thus determine if 

temperature adjustment would be required at full-scale applications, duplicate culture 

setups with BG-11 growth media and at different controlled temperatures of 
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approximately 16-18oC, 20-22oC, 25-27oC, 30-32oC and 35-37oC were deployed. 

S7942 doubling time, in terms of Chl a concentration, was calculated for a cultivation 

period of twenty days (n = 20 days) and presented in Figure 4.2. Worth mentioning is 

that a relatively constant growth rate was observed in all S7942 cultures that were used 

for obtaining the doubling times versus temperature chart (Figure 4.1) regardless the 

operational temperature, with strong linear correlations (0.90 < R2 <0.98) between Chl 

a concentration and time. 

 
Figure 4.2. Average doubling-time in terms of Chl a in relation to temperature (S7942 

in BG-11). 

Doubling-time was relatively similar at temperatures from approximately 20oC to 32oC, 

ranging from 1.86 to 1.76 days. At the lowest cultivation temperatures of approximately 

16oC to 18oC, a relatively small increase of 35% to 41% in Chl a doubling time was 

observed. A suppression of such magnitude on S7942 growth at temperatures lower 

than 20oC was expected and being in accordance with the results of Deshnium et al., 

1997. At operating temperatures of 35oC to 37oC a significant increase in Chl a 

doubling time of 223% to 235% was observed, suggesting inhibition of S7942 growth 

due to temperature-stress and/or increased decay rate (Han et al., 2016; Giannuzzi, 

2018). Consequently, temperatures of 30oC to 32oC are considered optimal for S7942 

cultivation, which is in accordance to other studies (Kuan et al., 2015; Rillema et al., 

2020), but having insignificant differences (approximately 6%) with the growth rates 

obtained at 20oC to 27oC. 
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Worth mentioning is at this point is that while biomass concentration in terms of TSS 

and VSS exhibited similar or even greater linear correlation with time (0.96 < R2 

<0.99), the corresponding doubling times were significantly higher (approximately 2-3 

times greater) than the respective ones calculated in terms of Chl a. This suggests a 

systematic underestimation of biomass based on TSS or VSS measurements, probably 

due to the relatively small size of S7942 cell, resulting loss of biomass retention on the 

1.2 μm pore-size, fiber-glass filter proposed by the applied standard method (APHA, 

2540-D, G). Therefore, the parameters of Chl aor optical density are proposed for 

accurately expressing S7942 growth, as otherwise an up to three times greater doubling 

time may be falsely estimated. 

The obtained results regarding the optimal operating temperature for S7942 cultivation 

are considered suitable towards advantageous full-scale implementation of S7942-

based wastewater treatment technologies, since a plethora of industrial wastewater 

streams have temperatures at this range (Alekseiko et al.2014). 

4.3.1.2. Assessment of S7942 cell productivity 

Cell productivity was calculated based on the Chl a measurements, after conversion 

from Chl a concentration to TSS using the established in study conversion factor (62.57 

mgTSS/mgChl a). At cultivation temperatures between 25oC to 27oC cell productivity, 

in terms of TSS, was approximately 57 mg L-1d-1. This value is significantly lower than 

the optimal S7942 cell productivity in BG-11 growth-media (194 mg L-1d-1, at 25 ± 

1oC, for 10 days cultivation period) reported in Silva’s et al. (2014) study. This 

difference is attributed to the lower light intensity applied in the present study, which 

is the variable that has the most significant effect on cell productivity in non-limited 

nutrient conditions (Silva et al., 2014). The applied light intensity, calculated from 

measurements of illuminance, ranged from approximately 5 to 30 μmol m-2s-1, which 

is significantly lower than of Silva’s et al. (2014) study that ranged from 50 to 150 μmol 

m-2s-1. 

4.3.1.3. Antagonistic and/or predating microorganisms’ growth in S7942 cultures 

Cultures in BG-11 media: All S7942 cultures with BG-11 growth media maintained a 

homogenous population throughout the monitoring periods (up to 20 days monitoring), 

with limited presence of yeast contamination in some photobioreactors.  
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Cultures in BTWW: On the contrary, S7942 cultures with non-further processes BTWW 

as growth media could not survive for more than two days, due to the antagonistic 

action of bacteria and algae present in such substrate, as well as due to the growth of 

protozoan and metazoan populations in the aerobic conditions of the photobioreactor 

that use S7942 as feed substrate.  

Cultures in filtered BTWW: S7942 cultures in filtered with 1.2 μm pore-size fiber-glass 

filter, BTWW exhibited significant growth of antagonistic and predating microbial 

species after 24 to 48 hours, resulting to a decrease of S7942 population. Similar growth 

of protozoan and metazoan species, but at a lower count, was observed in S7942 

cultures in filtered with 0.45 μm pore-size cellulose filter BTWW. Nevertheless, by the 

eighth day of cultivation there was an over 44% and up to 86% drop of Chl a 

concentration in all photobioreactors with filtered wastewater media. Consequently, 

filtration alone cannot ensure disinfection of the BTWW prior its inflow in the 

photobioreactor. 

Cultures in chlorinated/dechlorionated BTWW: Similarly, the S7942 cultures with 

chlorionated/dechlorionated BTWW presented growth of antagonistic and/or predating 

microbial species. The cultures with dairy wastewater exhibited this growth after the 

first 24 hours, while the setups with salty snack industry’s wastewater after the 48 

hours. Nevertheless, this growth resulted again to a significant drop of Chl a 

concentration by day eight (over 55% and up to 73%). The earlier growth of 

antagonistic and/or predating microbial species in the cultures with dairy wastewater is 

attributed to its higher organic content in terms of COD (Table 4.1) and the subsequent 

consumption of residual free chlorine for oxidation of soluble organics and not for 

complete disinfection of the wastewater. 

Cultures in filtered and chlorinated/dechlorinated BTWW: The cultures in filtered with 

0.45 μm pore-size cellulose filter and chlorinated/dechlorinated BTWW maintained 

homogenous population of S7942 throughout approximately a week, followed by 

limited growth of yeast and small-size ciliates (smaller or even-sized to S7942). Worth 

noting is that the growth of these microbial species did not seem to hinder S7942 growth 

rate, since S7942 cultures in chlorinated/dechlorinated BTWW exhibited similar and 

even greater overall RGRChl a to that of S7942 cultures in BG-11 media (Figure 4.3, 

Table 4.2). Furthermore, a considered novel and environmentally friendly (Ghernaout 
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and Naceur, 2011) disinfection technique that is based on hexavalent iron (ferrate) 

production via low-cost electrochemical cell was evaluated. This technique provided 

similar disinfection efficiency to chlorination, meaning that it could replace the 

proposed chlorination technique as a more environmentally friendly disinfection 

process. Nevertheless, further study must be performed regarding optimization of in-

situ ferrate production process in terms of energy efficiency. UV radiation was not 

selected as an alternative disinfection technique, since the possible presence of 

particulate matter in BTWW may reduce its disinfection efficiency (Metcalf and Eddy, 

2003).  

Assessment of S7942 growth rate in properly disinfected BTWW: The three cultures 

with filtered and chlorinated/dechlorinated BTWW from the snack industry exhibited 

relatively high RGRChl a of approximately 21.4% to 30.4% during the first week of 

cultivation, dropping to less than 13.6% after seventh day. These RGRChl a values, as 

well as the greater than 40% drop during the second week of S7942 cultivation is 

consistent with the results regarding S7942 culture in BG-11 media and at temperatures 

from 16oC to 37oC (Figure 4.3).  

 
Figure 4.3. Average RGRChl a evolution in S7942 cultures with BG-11 media (8 

cultures), with treated dairy wastewater (3 cultures) and treated snack wastewater (3 

cultures) at 20oC to 27oC (insert: BG-11 media at controlled temperatures). 

The cultures with filtered and chlorinated/dechlorinated, relatively saline 

(approximately 0.4 M NaCl) BTWW from a dairy industry exhibited approximately 



147 
 

15% lower RGRChl a values during the first week of cultivation. The relatively low 

initial RGRChl a value was due to an approximately two-day lag in S7942 growth 

observed in two out of three cultures. This lag is attributed to the acclimatization of 

S7942 to the “new” relatively saline environment. After the seventh day of cultivation 

and up to the seventeenth day, RGRChl a values were relatively high indicating that 

acclimatization leads to a late-start and growth maxima retardation (Figure 4.3). 

Nevertheless, the survival and growth of S7942 in such, relative saline, wastewater-

media indicates that S7942 could constitute an alternative to AS biological component 

for the treatment of industrial wastewater treatment with increased salinity. It is shown 

further that this treatment is in addition coupled with yielding added value from 

cyanobacteria biomass production with increased sucrose levels. It is triggered by the 

natural reaction of S7942 to osmotic changes due to salinization of the environment via 

increased sucrose levels in the cytoplasm, regulating the inner-cell turgor pressure 

(Vayenos et al., 2020). Worth mention is that S7942 is able to tolerate maximally 

salinity of approximately 0.5 M NaCl (Ladas and Papageorgiou, 2000; Du et al., 2013), 

a salinity (2.9%) lower than that of seawater (3.5%) (Liang et al., 2020). The high 

tolerance of S7942 in relative saline conditions and the increase of its sucrose levels 

renders this specific strain an excellent candidate towards eco-friendly and 

resource/energy recovering treatment of industrial wastewaters. In particular, because 

among many applications the augmented sucrose production can be used for 

fermentative hydrogen production. 

The hitherto studies however indicate the need for disinfection of wastewater prior the 

photobioreactor for nutrient removal (Arias et al., 2020). This adds a technical and 

economical bottleneck for the broad and sustained adoption of phototrophic treatment 

processes. As Shoener et al. (2019) highlighted, low-cost filtration systems, such as 

sand-filters, alone cannot solve the problem of photobioreactor contamination. 

Filtration at 0.45 μm cut-off size, chlorination and dechlorination seems promising, but 

nevertheless, further investigation regarding low-cost disinfection techniques and 

technologies is essential towards implementation of algal-based wastewater treatment 

systems. 

Moreover, the loss of alkalinity during biological oxidation, which is compensated to a 

degree by denitrification process, constitutes and additional challenge in implementing 
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a S7942-based treatment stage for nutrients recovery, as it may result in low pH and 

inhibition of phototrophic processes. Thus, in cases of BTWWs with relatively low 

alkalinity, a supplementary to denitrification treatment stage is proposed for elevating 

WWTPs sustainability, while in cases where the pH of the BTWW remains in a 

relatively neutral to alkaline region, a S7942-based treatment stage is proposed as an 

alternative nutrient removal technology. 

Effect of cultivation period: The effect of cultivation period on biomass yields can be 

evaluated based on the obtained results regarding RGRChl a evolution in S7942 cultures 

(Figure 4.3). These data are extremely important for upscaling and implementing 

S7942-based wastewater treatment stages. They are considered necessary in order to 

achieve a balance between efficient nutrient removal/recovery, biomass production and 

photobioreactor volume. The goal is to achieve efficient nutrients removal/recovery in 

relatively short time, i.e. obtain high S7942 growth rates in relatively small 

photobioreactors. 

As evident in Figure 4.3, the relative growth rate of all S7942 cultures decreased over 

time regardless the growth media and the culture temperature. The drop in RGRChl a that 

is observed at second and third week of culture is attributed to the obstruction of 

photosynthesis due to increased optical density in the photobioreactors and the 

subsequent intermittent flux of light as a result of mutual shading (Qiang and 

Richmond, 1996). A shift of maximum growth rate at longer cell retention time could 

be obtained via increase of mixing rate (agitation) or/and photobioreactor light transfer 

configuration. Nevertheless, the results indicate that under the specific operational 

conditions, maximum growth rate could be maintained in the photobioreactor, given a 

mean cell residence time (MCRT) or solids retention time (SRT) of approximately 7 

days.  

4.3.2. S7942 nitrates removal rate 

Nitrates removal rate is the fundamental parameter for assessing the applicability of the 

proposed technology for nutrients removal/recovery, due to the fact that it defines the 

required MCRT of S7942, thus the volume of a photobioreactor and the 

investment/operating cost. 

The calculated relative (%) nitrates removal rate (RRRNO3_N) in the S7942 cultures 

andtheir respective RGRChl a are presented in Table 4.2, categorized in terms of growth-
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media i.e., cultivation in BG-11 or in BTWW wastewater. The S7942 cultures with BG-

11 at 16oC to 18oC, 30oC to 32oC and 35oC to 37oC were excluded from the calculations, 

since they are incomparable to the cultures with wastewater-media that operated at 20oC 

to 27oC.  

Table 4.2. Statistics of relative nitrates removal rate and relative growth rate at cultures 

with BG-11 growth-media, treated snack wastewater and treated dairy wastewater. 

Culture 

media 
Statistic 

Relative (%) NO3_N 

removal rate (RRRNO3_N) 

Relative (%) S7942 

growth rate (RGRChl a) 

Overall 

(20 days) 
1st week 

Overall 

(20 days) 
1st week 

BG-11 Average 3.23 2.08 16.8 22.1 

Min 1.16 1.37 12.0 12.6 

Max 6.70 3.83 22.4 31.8 

Std.Deviation 1.68 0.74 3.8 5.5 

Treated 

Snack 

wastewater 

Average 3.45 2.48 16.6 25.5 

Min 2.56 1.27 14.5 18.4 

Max 4.41 3.27 18.8 30.1 

Std.Deviation 0.93 1.07 2.1 6.2 

Treated 

Dairy 

wastewater 

Average 3.64 2.36 15.5 14.6 

Min 2.26 1.55 10.2 11.2 

Max 4.69 3.07 18.3 19.7 

Std.Deviation 1.25 0.77 4.6 4.5 

The average RRRNO3_N and RGRChl a values were calculated for the first 

cultivation week, as well as for the overall duration of cultivation (20 days) and are 

graphically presented in Figure 4.4. 
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Figure 4.4. Average RRRNO3_N (a) and RGRChl a (b) of S7942 cultures, for the first week 

of cultivation and the overall duration of cultivation (20 days). 

As evident in Figure 4.4, RRRNO3_N and RGRChl a are similar or even greater in 

experimental setups with wastewater as growth media. This indicates that the BTWW 

do not inhibit S7942 growth and provide all the necessary nutrients.  

As previously reported, limited growth of yeast and small-size ciliates was observed in 

filtrated/chlorinated BTWW growth media. In order to assess their impact on the 

observed nutrient consumption, an additional series of experiments was conducted 

using duplicate setups with BG11 media or BTWW, both previously subjected to 

sterilization by autoclave. The results showed that growth rates and nutrient removal 

rates in terms of nitrates and phosphates removal, were similar to those obtained from 

filtrated/chlorinated BTWW. This indicates that nutrient consumption in cultures with 

filtrated/chlorinated BTWW is attributed to the growth of S7942 and the subsequent 

utilization of nutrients and not to consumption by antagonistic microbial species. The 

duration of this experimental series was 14 days and the average obtained rates are 

presented in Table 4.3. 
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Table 4.3. Average growth and nutrient removal rates in autoclaved media. 

Parameter / Growth Media Autoclave
d BG-11 

Autoclaved 
dairy BTWW 

Autoclaved 
snack BTWW 

Average S7942 growth rate 
(mg L-1 d-1) 0.299 0.218 0.283 

Average nitrates removal rate (mg L-1 d-1) 3.73 3.44 3.26 
Average phosphates removal rate (mg L-1 d-1) 1.78 2.32 1.97 

These results indicate that if coupled with aerobic AS process, S7942 may constitute a 

promising biological component for novel nutrient removal processes and the treatment 

of similar industrial wastewaters.  

An opportunity to elevate sustainability of WWTPs is at site via implementation of a 

S7942-based nutrient removal stage individually or as a synergetic couple with 

denitrification process. Key elements for successful implementation of a S7942-based 

nutrient removal stage in AS treatment is the investment and operational cost, which is 

usually associated with land usage, energy consumption for lighting and the low-tech 

or high-tech disinfection technologies (Arias et al., 2020). While there is an 

undisputable benefit of cultivating prototrophic biomass in wastewaters, there is a 

significant challenge towards full-scale implementation of phototrophic-based 

wastewater treatment regarding the optimal size of a photobioreactor for nutrients 

removal/recovery. 

Due to the nature of biological nitrogen removal in AS process 

(nitrification/denitrification), the resulting volume of a nitrogen removal bioreactor 

(denitrification tank) has to be considerably smaller than that of a respective 

photobioreactor. This is attributed to the fact that nitrogen removal in a phototrophic 

process is based only in synthesis of biomass, while in AS process is based additionally 

on aerobic respiration of biomass. (Denitrification process: utilization of released O2 

from reduction of nitrates/nitrites to N2O, NO and N2 gases). 

Denitrification occurs mainly as a response to changes in the O2 concentration of AS 

bacteria’s immediate environment, as well as a result of direct nitrates uptake by 

activated sludge bacteria. Despite being beneficial process for efficiently removing 

nitrates from wastewater, it has a negative effect in removing valuable nitrogen 

fertilizer from the soil to form N2 gas, while releasing significant quantities of the potent 
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greenhouse gas N2O and the tropospheric pollutant NO (Skiba, 2008). On the contrary, 

a phototrophic process recovers nitrogen from wastewaters, transforms it to valuable 

biomass, fixates CO2 and does not directly release GHGs. Nevertheless, the volume 

requirements of a photobioreactor for nutrients removal should be at a magnitude that 

does not prohibits its construction in terms of land usage and investment cost. Worth 

mentioning is that minimization of photobioreactor’s volume could assist in addressing 

the challenge that is maintaining monoculture in open air configurations. It is because 

a photobioreactor of similar volume to that of typical denitrification tanks, could be 

designed and constructed as a closed system unaffected by airborne contamination. 

The volume of a photobioreactor is inextricably linked to the growth rate of the 

cultivated phototrophic organism. Thus, minimization of investment cost can be 

achieved by increasing the growth rate in the photobioreactor. The means for enhancing 

growth rate at longer S7942 cultivation times are the maintenance of optimal 

temperature and the unintermittent flux of light in the culture.  

4.3.3. Evaluation of S7942 as alternative to AS de-nitrification process 

There is an undisputable benefit of cultivating phototrophic biomass for nutrients 

recovery from wastewaters, as it is considered a valuable raw material for many 

applications. Though, there is a significant drawback towards full-scale implementation 

of algal-based wastewater treatment regarding the optimal size of a photobioreactor for 

nutrients removal/recovery. 

In order to quantify this problem and evaluate S7942 adequacy as alternative to AS de-

nitrification process, which constitutes the typically applied nitrogen removal process 

in AS WWTPs, a comparative scenario between AS de-nitrification process and S7942-

based nitrogen removal process was employed. This scenario accounts the treatment of 

a BTWW with specific characteristics. More specifically, a BTWW with volumetric 

load of 120 m3 d-1, biodegradable organic substrate concentration (BOD5) of 2000 mg 

L-1 and available nitrate-nitrogen for denitrification at a concentration of 100 mg L-1, 

which is been subjected to AS de-nitrification process or to S7942-based nitrogen 

removal process.  

The necessary denitrification bioreactor volume is calculated for the two typical 

variations of the process, (i) the post-denitrification process and (ii) the pre-

denitrification process. The calculation of denitrification reactors based on literature 
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data (Crites and Tchobanoglous, 1998; Metcalf and Eddy, 2003) regarding specific 

nitrate denitrification rates (UDN), maximum biomass yield coefficient (Ymax) and decay 

coefficient (kd), as well as on the presumption that biomass concentration in terms of 

mixed liquor volatile suspended solids (MLVSS) is 3000 mg L-1 and that operating 

conditions in denitrification bioreactor are 0.2 mg L-1 of dissolved oxygen and 20oC 

water temperature. The UDN values of 0.03 kgNO3_N KgVSS-1 d-1 and 0.06 kgNO3_N 

KgVSS-1 d-1 were selected for calculating the volume of the denitrification bioreactor 

in post-denitrification and pre-denitrification process respectively, while the Ymax value 

of 0.65 kgVSS KgBODremoved-1, kd value of (0.05 d-1) and a dissolved oxygen 

concentration of 0.2 mg L-1 were selected.  

The resulting bioreactor volume in the post-denitrification configuration is 166.7 m3, 

corresponding to a hydraulic retention time (HRT) of approximately 1.4 days. In the 

pre-denitrification configuration, the resulting volume and HRT are significantly lower 

having values of 83.3 m3 and 0.7 days respectively.  

The volume of the respective photobioreactor is calculated based on the experimental 

estimation of specific nitrates utilization rate (SNUR), which is the mass of nitrates 

removed per mass of cyanobacteria growth for a specific time period. In the employed 

scenario, SNUR was estimated based on the average S7942 growth rate of all properly 

disinfected cultures in BTWW and for a 20 days period, as well as on the respective 

average nitrate removal rate. The growth rate of S7942 is expressed in terms of VSS 

concentration, obtained from Chl a measurements and the established in this study Chl 

a to VSS transformation coefficient. 

 According to the resulting average SNUR of 0.196 mgNO3_N mgVSS-1 and the 

data from the employed scenario, a daily S7942 biomass production of approximately 

61.2 kg d-1 should be cultivated in order to achieve complete nitrate nitrogen removal. 

By taking into account an average calculated cell productivity of approximately 40 

mgVSS L-1d-1 the necessary volume of the photobioreactor is estimated at 

approximately 1530 m3, corresponding to a hydraulic retention time (HRT) of 12.75 

days. The estimated photobioreactor volume is approximately 9 times and 18 times 

larger than the denitrification bioreactor of post-denitrification and pre-dentitrification 

processes respectively. The volume of the photobioreactor could be significantly 

decreased via optimization of cultivation conditions, mainly in terms of optimal lighting 

conditions. An increase of cell productivity up to the reported optimal value of 194 mg 
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L-1d-1 (Silva et al., 2014) would correspond to a minimization of photobioreactor’s 

volume down to 315 m3, i.e. approximately 80% volume reduction (1.9 to 3.8 times 

larger than typical denitrification reactors). These results are considered promising, 

since the necessary photobioreactor volume for efficient nitrogen removal can be in the 

same order of magnitude to the typical denitrification tank volumes. Nevertheless, focus 

must be given towards optimization of S7942 cell productivity in wastewater media in 

order to minimize photobioreactor’s investment cost, with special emphasis on 

increased photosynthetic activity. 

4.4. Conclusions 

S7942 is assessed as a potent biological component for novel and sustainable biological 

nutrient removal processes for industrial wastewater treatment. A S7942-based process 

could be implemented as an alternative or supplementary treatment stage in typical AS 

WWTPs offering the possibility of obtaining valuable products and renewable energy. 

S7942 can efficiently grow in properly disinfected, via low cost and/or environmentally 

friendly techniques, industrial wastewaters that have been subjected to biological 

oxidation. Furthermore, S7942 showed the ability to adapt and grow in treated, 

relatively saline industrial wastewater and being promising in terms of increasing 

nutrients removal efficiency in WWTPs. The unhindered growth of S7942 in treated 

industrial wastewaters, at typical wastewater temperatures, renders this specific 

cyanobacterium a promising candidate for sustainable industrial wastewater treatment 

applications. The implementation of a S7942-based wastewater treatment stage could 

elevate sustainability of WWTPs and assist in climate change mitigation via (a) 

nutrients recovery/reuse of high-value products, (b) renewable energy production and 

(c) reduction of carbon emissions of activated sludge process through utilization of 

external carbon sources.  
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5. Chapter 5. Dimensioning of Synechococcus elongatus PCC 7942 cultivation 

photobioreactor for valorization of wastewater resources  

In compliance with circular economy and sustainability principles, novel wastewater 

treatment processes based on cyanobacteria and/or microalgae cultivation should be 

developed and applied. The lack of fundamental design and operational parameters 

hinders upscaling and implementation of such phototrophic wastewater treatment 

processes. In this regard, the present study sheds light on the dimensioning of a 

Synechococcus elongatus PCC 7942 (S7942) cultivation photobioreactor for nitrogen 

removal from different salinity wastewaters and for biomass-derived added value 

products. To attain photobioreactor dimensioning, S7942’s cell productivity, nitrates 

removal rate and specific nitrates utilization rates were calculated based on 

experimental data under non-favorable growth conditions of limited lighting (5 to 30 

μmol m-2 s-1). Chlorophyll a and phycocyanin concentrations, as well as biomass 

nitrogen content were measured to assess nitrogen assimilation in relation to salinity. 

Under conditions of limited lighting, S7942’s cell productivity ranged from 43.7 to 20.0 

mgVSS L-1 d-1. Increasing salinity up to the obtained threshold value of 450 mmolNaCl 

L-1, specific nitrogen utilization rate ranged from 0.140 to 0.286 mgNO3_N mgVSS-1. 

The resulting photobioreactor volume is 10 to 20 times larger compared to an activated 

sludge denitrification reactor, thus it does not hinder the application of the proposed 

process. Given an optimal cell productivity obtained by applying light intensity of 150 

μmol m-2 s-1, photobioreactor volume can be at the same order of magnitude (1.5 to 4 

times larger). In contrast to activated sludge denitrification reactors, the volume of 

S7942 photobioreactor remains relatively constant regardless of the wastewater salinity. 

The study promotes the implementation of phototrophic wastewater treatment 

processes contributing to GHGs emission mitigation, resources recovery, as well as 

added value products and green energy obtainment. 

 

 

 

The results of this chapter are published as: 

Samiotis G., Stamatakis K., Amanatidou E. (2021). Dimensioning of Synechococcus 

elongatus PCC 7942 cultivation photobioreactor for valorization of wastewater 

resources. Chemical Engineering journal, https://doi.org/10.1016/j.cej.2022.134895 
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5.1. Introduction 

Effluents from secondary biological wastewater treatment, especially from the 

treatment of agro-food industrial wastewater, contain high concentrations of nitrogen, 

which may lead to eutrophication of water bodies (Abdel-Raouf et al., 2012). Most of 

the applied wastewater treatment technologies, such as the widely applied activated 

sludge (AS) process, are not economical for the efficient treatment of such wastewaters 

and fail to recover valuable resources (Cai et al., 2013; Wicker and Bhatnagar, 2020). 

Furthermore, AS process has been criticized for the emission of greenhouse gases 

(GHGs), such as the potent in terms of global warming potential N2O gas produced 

during biological nitrification and denitrification processes. There is an increasing 

interest regarding the mitigation of N2O emissions in AS processes, as N2O accounts 

for the majority (up to 83 %) of the entire carbon footprint of a wastewater treatment 

plant (WWTP) (Duan et al., 2021) corresponding globally to about 94 % of the waste 

sector (Adouani et al., 2015). N2O emissions account for 7.9 % of the total 

anthropogenic GHG emissions, increased by 44 % from 1990 to 2014 (USEPA, 2021) 

and wastewater treatment sector is responsible for 3.2 % to 10 % of the total N2O 

emissions (Law et al., 2012), ranked as the sixth larger contributor by USEPA (2021). 

Οn the other hand, cyanobacteria and microalgae offer a low cost and effective 

approach to remove/recover the excess nutrients from wastewaters and tertiary 

wastewater treatment, because of their high capacity for inorganic nutrient uptake 

(Priyadharshini et al., 2021), while producing potentially valuable biomass (De la Noue 

et al., 1992). 

Many researches have indicated that phototrophic-based wastewater treatment 

processes are promising for tertiary treatment and resources recovery via biomass 

valorization (Zhang et a., 2008; markou and Georgakakis, 2011; Srora et al., 2021). The 

derived from wastewater treatment cyanobacteria or/and microalgae biomass has the 

potential to be an environmentally friendly biofuel feedstock (Abdel-Raouf et al., 2012) 

and can be used for the production of industrial relevant products (Khan et al., 2018), 

while during its synthesis fixates significant quantities of carbon dioxide (chia et al., 

2021). 

Cyanobacteria specifically, which is a group of organisms that includes a large number 

of species, exhibit high nutrient removal efficiency (Leow et al., 2015) and allow 

https://europepmc.org/search?query=AUTH:%22Stephen%20Dayana%20Priyadharshini%22
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recovery and reuse of resources (Khan et al., 2018), while they can fixate significant 

quantities of CO2 and produce O2 and biomass (Pathak et al., 2018). The resulting 

biomass from CO2 mitigation and nutrients utilization is considered of high-value, since 

it can be used for the production of biofuels (biodiesel, bioethanol, biogas, 

biohydrogen), as well as hydrocarbons, proteins, pigments and biopolymers for 

pharmaceutical, chemical and food industry (Jayati et al., 2015). 

Recent research results (Vayenos et al., 2020) have shown that some monocyte 

cyanobacteria, such as the freshwater cyanobacterium Synechococcus elongatus PCC 

7942 (hereafter S7942), can follow the fermentative hydrogen production pathway, i.e. 

the metabolic production of biohydrogen from their sucrose. It is worth mentioning that 

the S7942 strain does not produce cyanotoxins and that it can be manipulated to increase 

biohydrogen production, since under certain stressful conditions S7942 increases its 

sucrose levels (Stamatakis et al., 1999; Vayenos et al., 2020). There are numerous 

stressors that can trigger biopolymer (lipid and carbohydrate) storage, such as intense 

light and salinity stress (Barry et al., 2016), resulting to cyanobacterial biomass of 

higher value. Increased salinity is a common characteristic of a plethora of industrial 

wastewater streams, thus S7942 may be proven a great candidate for wastewater 

treatment applications towards sustainable WWTPs, as pointed out in recent study 

(Samiotis et al., 2021). 

Similarly to a various autotrophic cyanobacteria, S7942 can assimilate nitrogen directly 

in the form of ammonium via ammonium transporters or indirectly via cellular reducing 

mechanisms that reduce nitrate and nitrite ions to ammonium ions (Cai et al., 2013). 

Thereafter, S7942 incorporates the directly or indirectly uptaken nitrogen into amino 

acids mainly through the glutamine synthetase-glutamate synthase cycle (Herrero et al., 

2001). When ammonium ion concentration exceeds a threshold value, the cellular 

nitrate and nitrite reduction mechanisms may be inhibited and subsequently only 

assimilation of ammonium nitrogen occurs (Aichi et al., 2006). Phosphorous on the 

other hand is assimilated by S7942 only in the form of phosphates (Ritchie et al., 1997; 

González-Morales et al., 2020), which are the dominant soluble phosphorous species 

in aerobically, biologically treated wastewaters. Of the three nitrogen forms that are 

usually encountered in such wastewaters (nitrate ions, ammonium ions and nitrite ions) 

only nitrate ions are present at high concentrations. Both ammonium and nitrite ions 

are relatively absent due to their transformation to nitrate ions via biological oxidation 
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(nitrification) by nitrifying bacteria. Thus, in sufficiently aerated, biologically treated 

wastewaters, the phenomenon of ammonium-promoted inhibition of nitrate 

assimilation (Aichi et al., 2006) or/and ammonium induced growth inhibition of S7942 

(Sakamoto et al., 2021) is not to be expected. Given the unhindered by antagonistic or 

predating microbial species growth of S7942, such as activated sludge bacteria, 

protozoan and metazoan, a S7942-based wastewater treatment process presents an 

opportunity for the development of alternative and more sustainable wastewater 

treatment technologies (Samiotis et al., 2021). Nowadays, phototrophic processes are 

used mainly for obtaining added value products or/and green energy, but have limited 

applications in wastewater treatment and are associated with increased land 

requirements and operational cost. These challenges can be addressed via 

photobioreactor dimensioning and design optimization (Leow et al., 2015).  

Aim of this work is to promote the implementation of a novel cyanobacterium-based 

wastewater treatment stage by providing a straightforward approach for 

photobioreactor volume calculation, targeting to nitrogen removal associated with 

resources recovery, obtaining of added value products or/and green energy from 

industrial wastewater of different salinity, as well as GHGs emission mitigation in 

WWTPs. For this aim, valuable results are experimentally obtained and presented 

regarding the removal of nitrogen by assimilation in S7942 biomass cultivated in 

biologically treated industrial wastewater. The impact of salinity on design and 

operational parameters is assessed and the feasibility of implementing the proposed 

process is discussed based on a comparative assessment with widely applied AS 

denitrification processes. 

5.2. Materials and Methods 

A series of S7942 cultures, using as growth-media biologically treated and properly 

disinfected by filtration and chlorination (Samiotis et al., 2021) industrial wastewater 

from a dairy industry, were setup. The biologically treated wastewater media (substrate) 

that were used in this study contained nitrogen in the form of nitrates with insignificant 

quantities of nitrite and ammonium ions (<0.5 mg L-1). Thus, nitrogen assimilation was 

assessed by monitoring nitrate nitrogen removal from the solution, along with biomass 

concentration and its organic nitrogen content in terms of Total Kjeldhal Nitrogen 

(TKN), i.e. the sum of ammonium and organic (cell-bound) nitrogen. The effect of 
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wastewater salinity on S7942 growth was examined via comparison with cultures in 

standard BG-11 growth media. The soluble organic content of the photobioreactors, in 

terms of chemical oxygen demand (COD), was also monitored. 

For the implementation of a S7942-based process and for photobioreactor 

dimensioning, the fundamental design and operational parameters, i.e. biomass growth 

rate and specific nitrogen utilization rate (SNUR) were estimated based on respective 

physicochemical measurements. The threshold of wastewater salinity was determined 

based on its effect on S7942 growth. 

The fact that phototrophic biomass concentration is expressed in different formats by 

researchers and engineers, such as in terms of chlorophyll a, optical density (usually at 

730 nm or 750 nm), total solids (TS) or total volatile solids (TVS), total suspended 

solids (TSS) or total volatile suspended solids (VSS), renders it difficult for engineers 

involved in the design of WWTPs to adopt and implement phototrophic-based 

wastewater treatment processes. Thus, in this study, in order to assist the interpretation 

of the results and the adaptation/scaling-up of the proposed S7942-based treatment 

process, the parameters of (i) chlorophyll a (Chl a), (ii) optical density at 750 nm 

(O.D.750 nm) and (iii) total and volatile suspended solids (TSS, VSS) were measured, 

pair plotted and presented. 

5.2.1. S7942 culture setups 

Towards the assessment of nutrients recovery/removal rate by S7942 cyanobacterium, 

a series of laboratory scale, batch work experiments were conducted. Ten cylindrical 

glass vessels of 750 mL volume (diameter of 12 cm; height of 21 cm) were used as 

photobioreactors, five containing BG-11 medium (control setups) and five containing 

biologically treated dairy wastewater (test setups). Cultivation lasted 20 days, at 

average temperature of 23.55 oC, with continuous agitation at 200 rpm and light 

intensities of 5 μmol m-2 s-1 to 30 μmol m-2 s-1. It is worth mentioning that the applied 

light intensity is relatively low compared to an optimal value of 150 μmol m-2 s-1 (Silva 

et al., 2014) in order to assess S7942’s growth and photobioreactor dimensioning under 

non-favorable conditions. Sterilized cotton cover-caps were placed in every 

photobioreactor in order to avoid airborne contamination and not hinder gas exchange 

and CO2 transfer from atmospheric air to the reactors. 
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A pure S7942 culture (initial culture) was used for the preparation of the inoculation 

cultures in BG-11 medium. After approximately 4 days of cultivation, these cultures 

were used as inoculum in the control setups and in the test setups to obtain a Chl a 

concentration of approximately 1 mg L-1. The S7942 inoculation cultures were 

separated via centrifugation at 5000 rpm for 10 min. 

Test setups contained biologically treated dairy wastewater as growth media (substrate) 

subjected to subsequent disinfection after sedimentation (Samiotis et al., 2021). More 

specifically, wastewater was obtained from the aerobic compartment of a dairy 

industry’s AS WWTP, where approximately 99 % of nitrogen is in its oxidized form 

(nitrates). Substrate disinfection was conducted by filtration with 1.2 nm pore-size 

fiberglass filters followed by chlorination and dechlorination with sodium hypochlorite 

and sodium thiosulphate respectively. 

Addition of NaCl in BG-11 and in wastewater growth media was made in order to 

assess the salinity threshold for S7942 growth. To obtain different salinity levels in the 

photobioreactors, ranging from approximately 25 mmolNaCl L-1 up to 600 mmolNaCl 

L-1, saturated NaCl solution was added in four out of five control setups and four out of 

five test setups. 

5.2.2. Analytical methods 

The physicochemical parameters of pH, nitrates, phosphates, TSS and VSS were 

determined by applying standard methods for the examination of water and wastewater 

(Rice et al., 2017). Chl a concentration was determined in N,N-dimethylformamide 

(DMF) extracts of cell pellets according to Moran et al. (1982). Optical density at 750 

nm (O.D.750nm) and light absorbance (Abs) at specific wavelengths, indicative of 

S7942’s main photosynthetic pigments (Chl a at 680 nm and phycocyanin at 625 nm) 

(Ruffing and Jones, 2009), were measured using a properly calibrated Shimadzu 

UV1900 spectrophotometer. Phycocyanin concentration was determined from 

Lambert-Beer law, using the molar absorption coefficient of 1.54 x 105 m2 mol-1 

(Boussida and Richmond, 1980) and the molecular weight of 36,700 Da (Glazer and 

Fang, 1972). 

S7942 growth rates were determined by measuring chlorophyll a concentration and its 

viability was assessed by additional microscopic examination of biomass using a Leica 
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DM1000 phase contrast microscope. The identification of antagonistic to S7942 or/and 

predating microbial species was conducted based on their morphological characteristics 

and relevant databases (Oyadomari, 2001; Amanatidou et al., 2015; Rice et al., 2017). 

All analyses were conducted at the accredited according to ISO 17025 “Environmental 

Chemistry & Water and Wastewater Treatment Laboratory”, Department of Chemical 

Engineering, University of Western Macedonia, Greece. The laboratory calculates 

measurement uncertainties in all the applied methods (Amanatidou et al., 2012; 

Trikilidou et al., 2020). 

5.3. Results and Discussion 

5.3.1. Nitrogen removal and assimilation 

Nitrogen removal in the culture setups is attributed to nitrates uptake by S7942 and their 

subsequent utilization mostly for the synthesis of amino acids and proteins (Koksharova 

et al., 2005). Among the synthesized proteins there are the photosynthetic pigments of 

S7942, which are phycocyanin, chlorophyll a and allophycocyanin (Ungerer et al., 

2018). 

The calculation of S7942’s growth rate in terms of doubling time (days) and the 

calculation of nitrates removal rate (mgNO3_N L-1 d-1) resulted from slope of the linear 

regression of chlorophyll a concentration and nitrate-nitrogen concentration over time 

respectively (Clark et al., 2018; Princiotta et al., 2019). SNUR (mgNO3_N mgVSS-1) 

was calculated according to equation (1) by dividing nitrates removal rate with biomass 

growth (cell productivity). Cell productivity can be experimentally determined at case, 

as it depends on operating conditions and photobioreactor design, by dividing the 

difference of VSS concentration for a specific monitoring period with the duration of 

monitoring. Cell productivity can be measured or estimated using robust prediction 

models that minimize uncertainty induced by the complexity of biochemical processes, 

as presented in the work of Coutinho et al. (2019). Nevertheless, the uncertainty of 

model predictions may increase due to the assumptions that are made in order to 

simplify the expressions for the process rates and to reduce the number of the model 

components and parameters (Zambrano et al., 2016; Coutinho et al., 2019). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷𝑁𝑁 𝑝𝑝𝐷𝐷𝐷𝐷𝑐𝑐𝐷𝐷𝑢𝑢𝑁𝑁𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷 𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷
𝐶𝐶𝐷𝐷𝑐𝑐𝑐𝑐 𝑝𝑝𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝑝𝑝

       (1) 
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Biomass nitrogen content was calculated by dividing TKN of biomass with VSS mass 

and is expressed as % nitrogen content. The results of the aforementioned calculations 

are presented in relation to salinity levels in Figure 5.1. 

 
Figure 5.1. S7942’s nitrates removal rate, specific nitrogen utilization rate (SNUR), 

doubling time and biomass nitrogen content (%) in relation to salinity levels of growth 

medium. 

Figure 5.1 shows that biomass growth rate in terms of cell doubling time remained 

relatively constant for salinities up to 250 mmolNaCl L-1, with a low increasing trend 

from 1.24 days to 1.62 days. Thereafter, an increase of cell doubling time to 2.09 days 

was observed at approximately 450 mmolNaCl L-1, followed by a dramatic increase to 

41 days at approximately 600 mmolNaCl L-1. On the other hand, SNUR remained 

relatively constant (0.140 to 0.179 mgNO3_N mgVSS-1) for salinities up to 250 

mmolNaCl L-1, increased to 0.286 mgNO3_N mgVSS-1 at 450 mmolNaCl L-1 and had 

a highest value of 1.045 mgNO3_N mgVSS-1 at approximately 600 mmolNaCl L-1 

(Figure 5.1), when cell productivity is minimum. It should be noted that at negligible 

cell productivity, SNUR has no practical significance. Thus, at salinity levels of 600 

mmolNaCl L-1, SNUR values bear no practical meaning on nitrogen assimilation and 

subsequently on the dimensioning of the photobioreactor.  

Furthermore, nitrates removal rate, calculated by the slope of the linear regression of 

nitrates concentration over time, was relatively high (2.139 to 2.031 mgNO3_N L-1 d-1) 

and remained relatively constant for salinities up to 450 mmolNaCl L-1, despite the 
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increasing S7942 doubling time (Figure 5.1). From equation (1) is evident that when 

cell productivity declines in relation to salinity, SNUR increases, especially at salinities 

over 250 mmolNaCl L-1. It would be expected that the rate of biomass synthesis would 

dictate nitrates removal rate, but nitrates removal rate remains relatively constant up to 

450 mmolNaCl L-1 despite the increasing S7942 doubling time (decreasing cell 

productivity). From all the above it is concluded that the salinity threshold of a S7942-

based wastewater treatment process for efficient biomass growth and nitrogen 

assimilation is up to 450 mmolNaCl L-1, corresponding to an electric conductivity of 

38 mS cm-1 (correlation coefficient, Table 5.2). Most saline industrial wastewater 

present salinities below this threshold. No addition of NaCl is provided in the S7942-

based treatment of saline industrial wastewater thus, no secondary pollution is caused. 

Furthermore, no secondary pollution from organic compounds, expressed as soluble 

COD, is generated by the described autotrophic process. The slight increase (<5%) of 

soluble COD observed after 20 days of cultivation is attributed to the decay and lysis 

of S7942 and the dissolution of cellular matter in the growth media. Nevertheless, 

following harvesting of biomass the separated liquid could be recirculated in the 

aeration tank of the treatment plant if COD concentration exceeds acceptable values. 

Cell productivity rate along with SNUR are the fundamental design parameter used for 

the dimensioning of a photobioreactor. As shown in Table 5.1 and Figure 5.2, cell 

productivity rates are similar in both control and test setups ranging from 43.7 mgVSS 

L-1 d-1 to 20.0 mgVSS L-1 d-1 for salinities up to 450 mmolNaCl L-1, declining 

significantly to values of approximately 1 mgVSS L-1 d-1 at approximately 600 

mmolNaCl L-1, indicative of S7942’s cell death. The (%) decline rate of cell 

productivity in control and test setups is presented in Table 5.1. 

Table 5.1. Cell productivity and (%) decline rate in relation to salinity, at control and 

test setups. 

Salinity 
(mmolNaCl L-1) 

Cell productivity 
in control setups 
(mg L-1 d-1) 

Cell productivity 
decline rate at 
control setups 
(%) 

Cell productivity 
in test setups 
(mg L-1 d-1) 

Cell productivity 
decline rate at 
test setups 
(%) 

25 43.7 - 39.3 - 
100 43.1 1.4 38.3 2.5 
250 35.0 19.9 29.5 24.9 
450 18.6 57.4 20.0 49.1 
600 1.7 96.1 0.7 98.2 
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Figure 5.2. S7942 cell productivity in relation to salinity in control and test setups. 

Since, up to the salinity threshold, nitrates removal rate remains constant and cell 

productivity decreases, it is concluded that there is an increase of nitrogen assimilation 

into biomass attributed to S7942 metabolic response to saline conditions (Stamatakis et 

al., 1999; Vayenos et al., 2020). Saline conditions result to higher intracellular sucrose 

content that is triggered by the natural response of S7942 to salinity driven osmotic 

changes for inner-cell turgor pressure regulation (Vayenos et al., 2020). In the 

intracellular sucrose synthesis, sucrose-phosphate synthase coupled to sucrose-

phosphate phosphatase are the mainly involved enzymes (Ehira et al., 2014). Both 

enzymes consist of homotetrameric proteins with an average monomeric molecular 

weight of about 90 kD (about 800 amino acids long) (Stein and Granot, 2019). High 

salinity levels lead to lower cellular growth rate (Stamatakis et al., 1999), but higher 

amino acids production rate (Herrero et al., 2001), which are the structural components 

of the aforementioned enzymes involved in sucrose synthesis (Nunes-Nesi et al., 2010; 

Sakamoto et al., 2021). The enrichment in sucrose content enhances biomass use as a 

raw material both for the industrial sector and the renewable energy sector. The biomass 

can be utilized for the extraction of biopolymers (proteins) and for obtaining sucrose 

that can be used for industrial purposes or for the production of biofuels (Jayati  et al., 

2015). Furthermore, the high sucrose content in S7942 cell can lead to high yields of 

direct fermentative bio-hydrogen production (Vayenos et al., 2020), avoiding the costly 

cellulosic biomass pretreatment requirements for the production of renewable fuels and 

chemicals (Ehira et al., 2014).   
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With increasing salinity, degradation of phycocyanin is observed (Ladas and 

Papageorgiou, 2001). This phenomenon is of significant interest for the assessment of 

nitrogen assimilation in S7942 cell. For this reason, phycocyanin degradation in relation 

to salinity was studied to assess its impact on nitrates removal rate in S7942 

photobioreactor by measuring phycocyanin to chlorophyll a absorption ratio 

(Abs625nm/Abs680nm) as indicator of phycocyanin degradation (Figure 5.3). It is evident 

that higher salinities lead to lower phycocyanin/chlorophyll a ratio, thus to phycocyanin 

degradation.  

 

Figure 5.3. Phycocyanin to chlorophyll a absorption ratio variation in relation to 

cultivation duration and salinity levels up to threshold value. 

Compared to chlorophyll a, phycocyanin presents significant differences regarding its 

nitrogen content per molecule. Chlorophyl a nitrogen content, calculated from its 

molecular formula (Sonani et al., 2019), is 6.3 %, whereas phycocyanin exhibits a 

significantly higher average nitrogen content of 10.1 %, calculated from three 

molecular formulas obtained from literature (Kim et al., 2018; Sonani et al., 2019; Alam 

et al., 2020). Thus, phycocyanin assimilates 38.2 % more nitrogen per pigment 

molecule synthesized resulting in 3.7 times higher nitrogen assimilated into 

phycocyanin per unit of S7942 mass than in chlorophyll a. This value slightly drops to 

a minimum of 3.2 after 20 days of cultivation to salinities up to approximately 450 

mmolNaCl L-1. The proportions were calculated based on chlorophyll a and 

phycocyanin molecule nitrogen content and their concentrations in the culture setups. 
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It is therefore concluded that at increasing salinities up to 450 mmolNaCl L-1, where 

relatively constant nitrogen removal rate is observed (average value 2.139 ± 0.162 

mgNO3 L-1 d-1), the increase of SNUR is attributed to the low phycocyanin degradation 

and the activation of sucrose synthesis mechanism. 

5.3.2. Dimensioning of S7942 photobioreactor 

The volume of a reactor is the most critical parameter in the design of a WWTP, since 

it defines process efficiency, implementation cost and land requirements. Thus, the 

volume of a S7942 photobioreactor for nitrates removal/recovery from wastewaters and 

for S7942 cultivation determines the applicability of the proposed technology. Since 

the proposed technology removes nitrogen solely by assimilation and does convert it to 

non-recoverable N2 or N2O gases, a photobioreactor volume of comparable size to AS 

denitrification reactors would constitute the S7942-based wastewater treatment a 

feasible supplementary or alternative solution for WWTPs’ environmental footprint 

minimization and resources recovery (added-value products and green energy). 

In general, the volume of a AS denitrification reactor is considerably smaller than that 

of a respective photobioreactor, which is attributed to the fact that nitrogen removal in 

phototrophic processes is based only on biomass synthesis, while in AS denitrification 

process is based additionally on anaerobic respiration of biomass. Quantification of 

these volume differences has not been achieved until today. In this study, following the 

calculation of photobioreactor volume, a comparative assessment between the volume 

of a S7942 photobioreactor and the volume of widely applied AS denitrification 

processes has been conducted.  

In Table 5.2, experimentally obtained conversion factors between the parameters Chl 

a, O.D.750nm, TSS and VSS, as well as a correlation coefficient between salinity levels 

and conductivity of the S7942 growth medium are presented. Monitoring of these 

parameters is a direct way of assessing phototrophic biomass growth, while biomass 

concentration can be directly estimated by TSS and VSS measurement. By correlating 

Chl a, O.D.750nm with TSS and VSS, cell productivity (kgVSS m-3 d-1) can be calculated 

using Chl a, O.D.750nm measurements and the respective conversion factors (Table 5.2). 

These conversion factors are considered of significant importance for the dimensioning, 

assessment and adoption of the proposed technology.  
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Table 5.2. Experimentally obtained conversion factors and correlation coefficients 

(Jayati et al., 2015). 

Pair Value Unit 

Chl a to TSS 62.57 mgTSS mgChl a-1 

Chl a to VSS 56.31 mgVSS mgChl a-1 

TSS to VSS 0.90 mgVSS mgTSS-1 

O.D.750nm to Chl a 5.28 mgChl a AU-1 

O.D.750nm to TSS 290.87 mgTSS AU-1 

Conductivity to Salinity* 0.647 mgNaCl cm μS-1 L-1 

AU = absorbance unit; *from experimental data of present study 

As shown in Table 5.2, for every unit increase of Chl a concentration an increase of 

S7942 biomass in terms of TSS or VSS is observed, equal to 62.57 mg L-1 and 56.31 

mg L-1 respectively. Furthermore, for every unit (AU) increase of O.D.750nm an increase 

of Chl a concentration equal to 5.28 mgChl L-1 and an increase of TSS concentration 

equal to 290.87 mgTSS L-1 is observed. 

5.3.2.1. Denitrification reactor volume calculation in activated sludge process 

According to literature (Tchobanoglous et al., 2003; EPA, 2010), the volume of a 

denitrification reactor - VDN (m3) is calculated on the basis of nitrate-nitrogen load - 

N_Denitr (kgNO3_N d-1), activated sludge (biomass) concentration – MLVSS 

(kgVSSm-3) and the specific denitrification rate – U΄DN (kgNO3_N kgVSS-1 d-1), as 

described in equation (2). 

𝑉𝑉𝐷𝐷𝑁𝑁 = 𝑁𝑁_𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑆𝑆΄𝐷𝐷𝑁𝑁∗𝑀𝑀𝑀𝑀𝑉𝑉𝑆𝑆𝑆𝑆

         (2) 

It is evident from equation (2) that for a given nitrate-nitrogen load, the parameters of 

U΄DN and MLVSS concentration define VDN. The value of the specific denitrification rate 

(U΄DN) results from equation (3) taking into account the effect of temperature (T, oC), 

the impact of dissolved oxygen (D.O., mg L-1) concentration and an experimental 

specific denitrification rate (UDN) obtained from literature and presented in Table 5.3. 
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Equation (3) shows that at D.O. concentrations of 1 mg L-1 denitrification process is 

practically inhibited. A typical D.O. concentration value in denitrification reactor is 0.2 

mg L-1 (EPA, 2010), since absence of D.O. cannot occur due to the release of O2 during 

nitrates reduction in biological denitrification process. The value of 1.09 in equation (3) 

is a considered a realistic estimate of the Arrhenius “θ” factor according to the widely 

cited work of Dold et al. (2008). 

𝑆𝑆′𝐷𝐷𝑁𝑁 = 𝑆𝑆𝐷𝐷𝑁𝑁 ∗ 1.09(𝑇𝑇−20) ∗ (1 − 𝐷𝐷.𝑂𝑂. )      (3) 

U΄DN is the measure of nitrates removal rate in relation to biomass concentration in a 

bioreactor in biological denitrification processes, where nitrates are mainly reduced to 

nitrogen gas (N2) via metabolic paths of activated sludge denitrifying bacteria. On the 

other hand, SNUR is the measure of nitrates removal per unit of produced biomass 

weight. In assimilative nitrate removal processes, such as the proposed S7942-based 

process, SNUR expresses the rate at which nitrate-nitrogen assimilates into the 

cultivated biomass. 

The presence of high salt content may also inhibit denitrification. Significant drop of 

denitrification rate occurs with increasing salinity, especially at salt concentrations 

higher than 180 mmolNaCl L-1 approximately (1 %), as described by equation (4) 

(Dincer and Kargi, 1999): 

𝑆𝑆𝐷𝐷𝑁𝑁 = 29 ∗ 15200
15200+𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

        (4) 

Where RDN is the denitrification rate in mg L-1 h-1 and Csalt is the salt concentration in 

mgNaCl L-1.  

RDN expresses the denitrification rate per volume unit of a denitrification bioreactor, 

while U'DN is the denitrification rate per mass unit of biomass in a denitrification 

bioreactor. At steady state operation of a denitrification bioreactor, where relatively 

constant biomass concentration occurs, both U'DN and RDN are influenced by the same 

parameters, such as D.O. concentration, pH and salinity. 

Equation (4) can assist in the estimation of salinity induced inhibition of denitrification 

in AS process. The verification of equation (4), using experimental data of other studies 

regarding the impact of salinity in denitrification rate (Glass and Silverstein, 1999; 



172 
 

Garcia-Ruiz et al., 2018), showed a relative error up to 12 % compared to the results of 

the reviewed studies. 

The parameters of UDN and MLVSS for AS “post” and “pre” denitrification processes, 

which are necessary for calculating VDN, are presented in Table 5.3. 

Table 5.3. UDN and MLVSS values of AS denitrification processes (Tchobanoglous et 

al., 2003; EPA, 2010). 

Denitrification process 

Design parameter 

UDN 

(kg NO3_N kgVSS-1 d-1) 

MLVSS 

(kgVSS m-3) 

Post-denitrification 
Range: 0.017 – 0.048 

Range: 1.6 – 4.8 

Typical value: 3.0 

Typical value: 0.03 

Pre-denitrification 
Range: 0.03 – 0.11 

Typical value: 0.06  

5.3.2.2. Photobioreactor volume calculation in autotrophic processes 

As aforementioned, in AS denitrification processes, biomass content plays a significant 

role on the dimensioning of a reactor. On the other hand, because in phototrophic 

processes nitrates removal is associated with biomass growth, cell productivity (kgVSS 

m-3 d-1) and SNUR were taken into account for the photobioreactor volume calculation 

(Equation 5).  

The calculation of photobioreactor volume with the provided dimensioning equation 

takes into account nitrogen load, SNUR and cell productivity, which can be either 

experimentally or theoretically obtained. Consequently, if SNUR and cell productivity 

are evaluated at case, the provided dimensioning formula can be used for 

straightforward photobioreactor volume calculation and scaling up the proposed 

process. 

𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁_𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑆𝑆𝑁𝑁𝑆𝑆𝑃𝑃∗𝑐𝑐𝐷𝐷𝑐𝑐𝑐𝑐 𝑝𝑝𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝑝𝑝

        (5) 

Where: VPBR is the photobioreactor volume (m3); N_Denitr is the daily nitrate-nitrogen 

load (kgNO3_N d-1); SNUR is the specific (nitrate) nitrogen utilization rate (kgNO3_N 

kgVSS-1) and cell productivity (kgVSS m-3 d-1). 

According to the conducted experiments, SNUR and cell productivity rates are affected 

by the salinity of wastewater media (Figure 5.1). Up to the obtained salinity threshold 
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of approximately 450 mmolNaCl L-1, SNUR rises with increasing salinity at a rate of 

approximately 0.0006 mgNO3_N mgVSS-1 mmolNaCl-1 (R2=0.901), attributed to 

increased protein synthesis for the production of intracellular osmolyte (sucrose). On 

the other hand, cell productivity declines at a rate of 0.0553 mgVSS L-1 d-1 mmolNaCl-

1 (R2=0.981) as salinity increases beyond threshold value. Consequently, the 

denominator of equation (4), which includes both rates that are essential for the 

dimensioning of a S7942 photobioreactor, presents relatively constant values, ranging 

from 6.53 mgNO3_N L-1 d-1 to 6.64 mgNO3_N L-1 d-1 for salinities up to approximately 

250 mmolNaCl L-1 and having its highest value of 7.75 mgNO3_N L-1 d-1 at the salinity 

threshold of approximately 450 mmol L-1. This is considered of significant importance 

because, for the obtained salinity threshold, the resulting VPBR remains relatively 

constant (volume change < 12 %) regardless of the salinity of the treated wastewater 

media (Table 5.4). On the contrary, the resulting VDN increases up to 260 % as salinity 

increases from approximately 25 mmol L-1 to the salinity threshold of 450 mmol L-1.  

In Table 5.4, VDN per kg of nitrate-nitrogen removed for “pre” and “post” AS 

denitrification are presented and compared to VPBR. VPBR was calculated using the 

experimentally obtained SNUR and cell productivity rates, under non-favorable 

conditions, as well as using an optimal S7942 cell productivity rate of 0.198 mg L-1 d-1 

obtained under favorable experimental conditions (Silva et al., 2014). This optimal 

S7942 cell productivity rate was adjusted in relation to salinity levels according to the 

obtained decline rate of S7942 test setups (Table 5.4).  

Under non-favorable conditions, VPBR in relation to wastewater salinity ranges between 

176.2 m3 to 199.4 m3 per kg of nitrate-nitrogen load (N_Denitr). In favorable conditions 

VPBR ranges between 35.7 m3 to 40.4 m3 per kg of N_Denitr. VDN was calculated at 

average cultures temperature, at D.O. of 0.2 mg L-1 (EPA, 2010) and by taking into 

account the effect of salinity levels (equation 4) (Garcia-Ruiz et al., 2018). VDN for 

“post” and “pre” denitrification configurations and for salinities up to the threshold 

value of 450 mmolNaCl L-1, ranged from 10.2 m3 to 26.6 m3 and 5.1 m3 to 13.3 m3 

respectively. 
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Table 5.4. VDN and VPBR per kg of nitrate-nitrogen removed or/and recovered, in relation 

to salinity. 

Salinity 
(mmolNaCl L-1) 

VDN Post-
denitrification 
(m3) 

VDN Pre-
denitrification 
(m3) 

VPBR at non-
favorable 
conditions 
(m3) 

VPBR at 
favorable 
conditions 
(m3) 

25 10.2 5.1 176.2 35.7 
100 13.8 6.9 154.4 31.3 
250 18.9 9.5 171.5 34.8 
450 26.6 13.3 199.4 40.4 
600 33.0 16.5 - - 

These results show that with an optimal cell productivity rate, achievable at higher light 

intensities (150 μmol m-2 s-1), VPBR is at the same order of magnitude to VDN having 2 

to 4 times larger volume (1.5 to 3.0 at threshold salinity value). Moreover, cell 

productivity rate can be increased by means of controlling operational parameters 

linked to the design of photobioreactors, such as is the installation of baffle for better 

atmospheric air CO2 transfer in the photobioreactor, which according to Rahman et al. 

(2021), can lead up to 2.17 times higher growth rate of Synechococcus sp. HS-9. 

In addition to photobioreactor volume, which remained constant in relation to salinity, 

operational cost in terms of energy consumption is important for assessing the 

applicability of the S7942-based treatment process. A preliminary comparison of 

energy consumption between the proposed process and the widely applied AS pre-

denitrification process was conducted. This comparison is based on the experimental 

data of this study and on literature data from two full-scale WWTPs (ENERWATER, 

2020) and takes into account the energy consumption for agitation, lighting and nitrates 

recirculation.  

The results showed that energy consumption per mass of nitrates removed/recovered of 

the S7942-based process is approximately 10.1 kWh kgNO3-N-1 and expected to be 

lower if energy consumption is compensated by biomass valorization. On the other 

hand, for the biological pre-denitrification process, energy consumption per mass of 

nitrates removed ranged from 5.8 kWh kgNO3-N-1 to 6.7 kWh kgNO3-N-1 and expected 

to be higher at saline wastewater.  
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It is thus concluded that implementation of a S7942-based phototrophic-based treatment 

stage in WWTPs is a tangible solution for more sustainable wastewater treatment.  

Ongoing studies are conducted regarding (i) the optimization of S7942 process in low-

cost tank photobioreactors, (ii) the performance of biohydrogen production, (iii) the life 

cycle assessment of AS wastewater treatment processes incorporating the S7942-based 

denitrification stage and (iv) the application of an S7942-based nutrient removal process 

from hydroponic effluents. 

5.4. Conclusions 

Cultivation of cyanobacteria Synechococcus elongatus PCC 7942 can serve as tertiary 

treatment for nitrogen removal/recovery from wastewaters offering the possibility of 

valorizing the produced biomass. Fundamental design parameters for the dimensioning 

of a photobioreactor are specific nitrogen utilization rate (SNUR), cell productivity rate 

along with available nitrogen. At increased wastewaters salinities up to a threshold 

value of 450 mmolNaCl L-1, despite the observed decline of cell productivity, nitrates 

removal rate remains constant, which is attributed to the metabolic changes of S7942 

leading to higher nitrogen assimilation in biomass. This results to constant 

photobioreactor volume (volume change < 12 %), while in widely applied AS 

denitrification processes the respective volume increases up to 260 % analogously to 

salinity. Thus, the photobioreactor volume can be at the same order of magnitude to an 

AS denitrification reactor given an optimal cell productivity and favorable light 

intensity. Even under non-favorable growth conditions of limited lighting (5-30 μmol 

m-2 s-1) the resulting photobioreactor volume is comparable to AS denitrification 

reactors. Moreover, metabolic changes of S7942, caused by salinity, lead to increasing 

specific nitrogen utilization rate, attributed to higher protein synthesis for the 

production of intracellular osmolyte (sucrose). The enrichment in sucrose content 

enhances biomass use as a raw material, both for the industrial sector and the renewable 

energy sector. Therefore, a S7942-based process can be adapted as a supplementary or 

an alternative treatment stage to the widely applied AS denitrification processes 

towards the minimization of wastewater treatment plant’s ecological footprint and 

obtaining of added value products.  
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6. Chapter 6. Integrated management of hydroponic wastewater for complete 

water recycle and cyanobacteria cultivation using an electric conductivity-

based tool 

This work presents an integrated management process for total hydroponic wastewater 

(HWW) reuse, by developing an electric conductivity-based tool that calculates 

enrichment requirements of recycled streams and indicates their proper treatment 

method. Treatment incudes advanced methods and Synechococcus elongatus PCC 7942 

(S7942) cyanobacteria cultivation for HWW nutrients removal and valorization. The 

results showed that HWW can be utilized as substrate for S7942 cultivation. Increasing 

initial substrate nitrate-nitrogen concentration from 389 ±3 mg L-1 to 2132 ±17 mg L-1 

increases nitrogen assimilation from 0.131 mgNO3-N mgVSS-1 to 0.163 mgNO3-N 

mgVSS-1. Similarly, increasing initial substrate phosphate-phosphorous concentration 

from 8.4 ±0.2 mg L-1 to 138.2 ±5.0 mg L-1 increases phosphorous assimilation from 

0.022 mgPO4 mgVSS-1 to 0.133 mgPO4 mgVSS-1. Ion exchange advanced treatment 

exhibited efficiency greater than 98%. Adsorption with activated carbon and 

nanomaterials showed selective removal of nitrates, phosphates, calcium and 

magnesium. Upon application of sonication, the ion selectivity of nanomaterials 

increased. 

 

 

 

 

 

The results of this chapter are published at Bioresource Technology Reports journal 

as: Samiotis G., Lykas C., Ristanis I., Stimoniaris A. and Amanatidou E. (2022). 
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6.1. Introduction 

The conservation of water resources both for human use and for the production of 

agricultural products, to meet the needs of a constantly increasing global population, 

constitutes a challenge for the traditional agriculture i.e. the cultivation in soil, due to 

the climate change, urban expansion and soil-water contamination (Surendran et al., 

2017; Souza et al., 2019; Gentry 2019; Richa et al., 2020). During the past decades, 

soilless agricultural techniques have been applied to increase crop productivity 

(Mahjoor et al., 2016). Due to the worldwide increased of hydroponic farming, which 

is almost exclusively applied in greenhouse crops (Lopez-Galvez et al., 2014), the 

challenge regarding the management of generated wastewater emerged (Richa et al., 

2020). 

Nutrients concentration in the initial nutrient solution, which is used for plants 

fertigation, depends on many parameters such as plants species, plants growth stage, 

greenhouse climate, type of substrate as well as the applied hydroponic technique i.e., 

open hydroponic system” (OHS) where the nutrient solution run off to the environment 

after each irrigation event or “closed hydroponic system” (CHS) where usually a 

portion of the nutrient solution is reused for crop irrigation (Mohammed 2018). CHSs 

present the advantage of reducing water and fertilizer consumption, as well as the 

production of lower volume of wastewater that may pollute water resources (Rufí-Salís 

et al., 2020). On the other hand, the constant recirculation of effluent leads to the 

gradually increase of salts concentration, especially that of NaCl, in the nutrient 

solution (Savvas et al., 2007; Mielcarek et al., 2019), which eventually becomes 

unsuitable for use and must be replaced. Nevertheless, CHSs is barely implemented in 

the Mediterranean region countries, where the lack of water and the deterioration of its 

quality is already a major problem, mainly due to the high investment costs, the high 

salinity of the groundwater used for the nutrient solution preparation (Magan et al., 

2008) and the fear for plants root system infections. 

Effluents of both OHS and CHS contain excessive amounts of organic and inorganic 

compounds that may lead to degradation of the environment, if not properly treated 

prior their disposal (Isozaki et al., 2004; Richa et al., 2020). The main problem in the 

management and reuse of the nutrient solution resulting from hydroponic systems, is 
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its unstable composition. In general, several nutrient elements have significant higher 

concentration in hydroponic wastewater than in the initial nutrient solution used for 

plants fertigation. 

Hence, due to their composition and in compliance with the principals of circular 

economy (reduce-reuse-recycle), secondary cultivation systems (cascade crop) of salt-

tolerant species have been proposed as the most promising alternative solution for the 

treatment and utilization of hydroponic wastewaters (HWW) to remove/recover their 

nitrogen and phosphorous content before discharge the used nutrient solution to the 

environment (Dorais and Dube, 2011; Santos and Pires, 2018; Li et al., 2018; Richa et 

al., 2020). It is worth mentioning that reuse of HWW is a complicated procedure when 

it is based on physicochemical measurements and the quantification of specific ions 

present in the solution. Hence, OHS are usually applied by producers despite the 

significant quantities of generated HWW. However, as cascade crops are usually 

cultivated plant species of low commercial value (García-Caparrós et al., 2018; Avdouli 

et al., 2021), which occupy valuable space in the greenhouse, they require different 

cultivation treatment and grower specialization, while their products are addressed to a 

different market than the main crop. 

Another perspective could be the management of the HWW using cyanobacteria and/or 

microalgae. Since Oswald and Golueke (1960) first pointed out the possibility of using 

microalgae for bioremediation of wastewater and with increasing interest during the 

past decade, several reports have been published on the subject of cyanobacteria or/and 

microalgae cultivation in wastewater streams, highlighting the potential merits 

(Cuellar-Bermudez et al., 2017; Melo et al., 2021). Due to the composition of various 

wastewater streams, such as HWW that contain significant quantities of nutrients, they 

can be an excellent substrate for cyanobacteria or/and microalgae cultivation. Their 

cultivation can result in the acquisition of added value products and/or biofuels, offering 

both environmental and economic benefits (Kumar and Cho, 2014; Richa et al., 2020).  

The use of cyanobacteria or/and microalgae in order to recover nutrients and water for 

HWW (Hultberg et al., 2013; Huo et al., 2020; Salazar et al., 2021) can be combined 

with biodiesel, food supplements and cosmetics production (Chisti, 2007; Bertoldi et 

al., 2009; Huang et al., 2010; Mata et al., 2010; Lee et al., 2018). Furthermore, some 

cyanobacteria species, such as Synechococcus elongatus PCC 7942 (hereafter S7942), 
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can be manipulated for direct biohydrogen production via the metabolic path of 

anaerobic dark fermentation of its intracellular osmolyte (sucrose). In specific, when 

S7942 is exposed to increased salinity levels (up to 450 mmolNaCl L-1), its growth is 

practically inhibited (Samiotis et al., 2022a). Under these conditions S7942 increases 

its sucrose levels to compensate osmotic changes by regulating its inner turgor pressure 

(Vayenos et al., 2020). This phenomenon increases the value of the cultivated biomass 

and may enhance the viability of a S7942-based HWW treatment system that utilizes 

the relatively saline HWW of CHSs. In addition, microalgae seem to buffer several 

parameters of the nutrient solution such as pH, dissolved oxygen, concentration of 

phytohormons and nutrients consumption. For these reasons co-cultivation of 

cyanobacteria and/or microalgae may be beneficial for hydroponically grown crops 

since they can act as biofertilizers, promoting plants growth (especially during the early 

growth stages), germination, and root development (de Camargo et al., 2015; La Bella 

et al., 2022). 

A HWW management concept that can be easily controlled by means of Electric 

Conductivity (EC) and that can incorporate a cyanobacteria cultivation HWW treatment 

stage and advanced treatment methods seems a tangible goal towards sustainable HWW 

treatment and complete water recovery. For a given HWW composition (ion profile) 

EC can indicate ions concentration and assist in the calculation of chemicals dosage 

and enrichment requirements for HWW reuse in the preparation of new nutrient 

solution. Moreover, EC can indicate when HWW cannot be further recycled and must 

be transferred for advanced treatment and reuse. Cyanobacteria cultivation is one 

desirable treatment stage that can result in minimization of HWW treatment cost due to 

the potential acquisition of added value product and/or green energy. 

The aim of this work is to propose an EC-controlled integrated management process 

for HWW reuse, treatment and valorization. An EC-based tool that indicates if HWW 

will be reused, treated, or disposed in the environment is developed and presented. For 

the treatment and reuse of HWW, the application of ion-exchange and/or adsorption 

advanced methods was evaluated. For HWW valorization i.e., the acquisition of added 

value products or/and green energy, the cultivation of Synechoccoccus elongatus PCC 

7942 (S7942) cyanobacteria was studied in terms of cell productivity and nutrients 

removal by assimilation. 
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6.2. Materials and Methods 

The proposed solution for the integrated management of HWW is based on (i) the reuse 

of HWW for the preparation of new nutrient solution via an EC-control tool that rapidly 

quantifies chemicals dosage for enrichment, (ii) the treatment/valorization of HWW for 

the cultivation of cyanobacteria in a photobioreactor (PBR) and (iii) the advanced 

treatment of HWW or PBR effluents for reuse or disposal in the environment. The 

downstream process for the reuse, treatment and valorization of HWW is illustrated in 

Figure 6.1.  

 

Figure 6.1. Flowchart of proposed process for integrated management of hydroponic 

wastewater. 

As illustrated in Figure 6.1, the process consists of four distinct stages: Stage 1 – 

Hydroponic system; Stage 2 – HWW treatment/valorization via cyanobacteria 

cultivation; Stage 3 – Advanced effluent treatment; Stage 4 – Reuse of effluents. 

HWW originated from nutrient solution which was used for the irrigation of greenhouse 

rose crop, grown in open and closed hydroponic system. The plants were irrigated for 

three minutes every hour, from 8:00 to 17:00 daily. The initial nutrient solution 

composition used for plants irrigation is presented in Table 6.2. 

6.2.1. Determination of ions content via EC measurement 

The developed EC-based tool for the determination of ions content in effluent streams 

from each stage takes into consideration EC measurements, once measured ions 

concentration and the calculated contribution of each ion on EC. By using ion 
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contribution, EC can be used as effluent composition indicator. The use of EC for 

approximate quantification of ions concentration can assist in the preparation of new 

nutrient solution and the selection of treatment stage for reuse or discharge in the 

environment. EC is measured at defined control points. When EC reaches a critical 

value at a control point (Figure 1), the hydroponic nutrient solution must be discharged 

for further treatment. EC critical value is the point where salts accumulation is 

estimated to exceed threshold values for plants growth and cannot be reused.  

EC measurements was used for the approximation of cations or anions concentration 

(Equation 1) by taking into account equivalent conductances (λo+ and λo-, mho cm2 

equivalent-1) of ions (Table 6.1), the monovalent ion conductivity coefficient (y) 

(Equation 2) and the contribution of i ion on total measured EC (ai). To obtain the 

proposed Equation (1), the equations presented in 2510 B standard method for the 

examination of water and wastewater (APHA, 2017) were used. 

Table 6.1. Equivalent conductances for specific cations and anions at 25oC. 

Cation  λ°+ Anion λ°- 
H+  350 OH- 198.6 
1/2Ca2+  59.5 HCO3

- 44.5 
1/2Mg2+  53.1 1/2CO3

2- 72 
Na+  50.1 1/2SO4

2- 80.0 
K+  73.5 Cl- 76.4 
NH4

+  73.5 F- 54.4 
1/2Fe2+  54 NO3

- 71.4 
1/2Fe3+  68 H2PO4

- 33 
   1/2HPO4

2- 57 

Hence, in this study, the total EC and ion content of each stage effluent was measured 

and the partial EC (kcalc) of i ion was calculated (Equation 3). The % contribution (ai) 

of i ion on total measured EC was calculated by dividing kcalc with measured total EC. 

Thereafter, the i ion concentration of each stage effluent was calculated according to 

Equation (1). 

𝐶𝐶𝐷𝐷 = 𝐸𝐸𝐶𝐶∗𝑁𝑁𝑖𝑖−2∗𝑀𝑀𝑀𝑀𝑖𝑖
𝑝𝑝2∗𝜆𝜆𝑖𝑖∗𝑢𝑢𝑖𝑖

         (1) 

Where, EC is the measured total electric conductivity of effluent (μS cm-1 at 25oC); ai 

is the experimentally obtained % contribution of i ion on EC; MWi is the molecular 

weight of i ion (g mol-1); y is the monovalent ion conductivity coefficient; λi is the 

equivalent conductance of i ion (mho cm2 equivalent-1); zi is the absolute value of the 

charge of i ion. 
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Τhe monovalent ion activity coefficient (y) for kcalc and Ci determination was calculated 

using Equation (3) for IS < 0.5 M and for temperatures from 20 oC to 30 oC (Robinson 

and Stokes, 1959; Davies, 1962). 

𝑒𝑒 = 10−0.5[𝐼𝐼𝑆𝑆
1
2 � /(1+𝐼𝐼𝑆𝑆

1
2� )−0.3𝐼𝐼𝑆𝑆]       (2) 

Where, IS is the ion strength of the solution in molar units calculated according to the 

Equation 2.1. 

𝐼𝐼𝑆𝑆 = 𝛴𝛴𝑧𝑧𝐷𝐷2(𝑚𝑚𝑚𝑚𝐷𝐷)/2000.       

 (2.1) 

The kcalc mathematical formula is presented as follow:  

𝑘𝑘𝑐𝑐𝑁𝑁𝑐𝑐𝑐𝑐 = 𝑘𝑘°𝑒𝑒2          (3) 

Where, y is the monovalent ion activity coefficient; ko is the infinite dilution 

conductivity calculated according to Equation 3.1. 

 𝑘𝑘° = 𝛴𝛴׀𝑧𝑧𝐷𝐷׀(𝜆𝜆+𝐷𝐷° )(𝑚𝑚𝑚𝑚𝐷𝐷) + 𝛴𝛴׀𝑧𝑧𝐷𝐷׀(𝜆𝜆−𝐷𝐷° )(𝑚𝑚𝑚𝑚𝐷𝐷)     

 (3.1) 

Where, ׀zi׀ is the absolute value of the charge of the i ion; mMi is the millimolar 

concertation of the i ion; λ°+i, λ°-i is equivalent conductance of the i ion. 

In this study, a Metrohm (Switzerland) ion chromatographer (model 881 compact IC 

pro equipped with Metrosep A Supp 5 - 250/4.0 and Metrosep C 4 - 250/4.0 columns) 

was used for the determination of nitrates, ammonium, phosphates, potassium, calcium, 

magnesium, sulphates, chloride and sodium, according to standard methods (ISO 

14911:1998; ISO 10304-1:2007). The measurement of EC and pH was conducted 

following standard methods for the examination of water and wastewater (APHA, 2017 

2510 B & 4500-H+ B), using benchtop meters of Thermos Scientific (USA) (pH-meter: 

model ORIONSTAR A111 equipped with a UZ1-11066 electrode; EC-meter: model 

ORION 3 STAR equipped with an Orion013005MD electrode). All analyses were 

conducted at the accredited according to ISO 17025 “Environmental Chemistry & 

Water and Wastewater Treatment Laboratory”, Department of Chemical Engineering, 

University of Western Macedonia, Greece. The laboratory calculates measurement 
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uncertainties in all the applied analytical methods (Amanatidou et al., 2011; 

Amanatidou et al., 2012; Trikilidou et al., 2020).  

6.2.2. Stage 1 – Hydroponic system 

During the first stage, the ion content of the nutrient solution drained from the OHS or 

the CHS was evaluated by EC measurement using the once experimentally established 

ion profile of HWW stream i.e., the measurement of ions concentration and the 

calculation of their contribution on EC. In the case of CHS, the effluent nutrient solution 

was continuously recycled, without addition of water and nutrients and pH correction, 

until their EC exceeded 3 mS cm-1. This EC threshold was selected by operator 

empirically in order to assure that no plant growth hindering ion is accumulated into 

the nutrient solution. Samples from the OHS effluent and the nutrient solution 

remaining in the recycling tank of the CHS (when its conductivity exceeded 3 mS cm-

1) were collected and used in this study. Thereafter, depending on the samples’ ion 

content and the threshold concentration values for unhindered plant growth, HWW 

were either recycled or used in the preparation of new nutrient solution to minimize 

chemicals and water consumption or subjected to further treatment. The HWW specific 

ions concentration threshold values (thus EC critical values) depend on many factors, 

such as the cultivated plant species, plants growth stage, climate conditions etc. and set 

at case by the hydroponic system operator.  

6.2.3. Stage 2 – HWW treatment/valorization via S7942 cultivation 

Once reaching the critical EC value, the HWW is discarded into a cyanobacteria 

cultivation PBR for the removal of nitrogen and phosphorous and the potential 

production of added value products and/or the of green energy. In this study, the 

selected cyanobacteria strain was S7942, which was cultivated in a series of duplicate 

control setups with BG11 growth media or duplicate test setups with properly 

disinfected HWW from OHS and from CHS. Culture setups with diluted 1:2 in water 

BG11 medium (BG-low) were also used in order to evaluate the impact of lower 

nutrients concentration on S7942 growth and on nutrients assimilation rates. 

Disinfection of HWW via filtration coupled with chemical disinfection was applied 

prior the feeding of S7942 PBR, as described in Samiotis et al. (2021), since it was 

considered essential for preventing the growth of microbial species that hinder 

cyanobacteria growth. The necessity of HWW disinfection was demonstrated by 
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additional experiments using duplicate control setups and duplicate test setups with 

non-disinfected OHS or CHS wastewater. 

The PBRs were made of a 750 mL cylindrical glass vessel (hight = 27 cm; diameter = 

6 cm) tapped with sterilized cotton caps for unhindered air transfer and avoidance of 

airborne contamination. Active volume of PBR was 500 mL, which gradually reduced 

to approximately 350 mL after 20 days of monitoring due to samplings. Continuous 

agitation (magnetic stirring at 200 rpm) and lighting (11 Watt fluorescent light and 

ambient light) was applied at light intensities of 5 to 35 μmol m-2 s-1 for a duration 

period of 20 days, at controlled temperatures of 21.3 to 23.7 oC. Nitrates and phosphates 

reduction rates along with cellular growth rates were experimentally determined in all 

setups. 

The evaluation of S7942 growth rate was made in terms of chlorophyll a (Chl a) 

concentration and the cell productivity rate was calculated using Equation (6). The 

concentration of volatile suspended solids (VSS) was calculated based on Chl a 

concentration and the conversion factor of 56.31 mgVSS mgChl a-1 (Samiotis et al., 

2021). 

𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑆𝑆𝑆𝑆1−𝑉𝑉𝑆𝑆𝑆𝑆0
𝐷𝐷

         (6) 

Where, Cp (mg VSS L-1 d-1) is the cell productivity; VSS0 (mg L-1) is the initial VSS 

concentration; VSS1 (mg L-1) is the final VSS concentration in (mg L-1); t (days) = the 

duration between initial and final VSS concentration. 

The calculation of S7942’s growth rate, nitrates utilization rate (mgNO3_N L-1 d-1) and 

phosphates utilization rate (mgPO43- L-1 d-1), resulted from slope of the linear regression 

of Chl a concentration, nitrate-nitrogen and phosphates concentration over time 

respectively (Samiotis et al., 2021; Samiotis et al., 2022a). 

Specific nitrates utilization rate (SNUR), expressed as mgNO3_N mgVSS-1, was 

calculated according to Equation (7) by dividing nitrates utilization rate with cell 

productivity (Cp).  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷𝑁𝑁 𝑝𝑝𝐷𝐷𝐷𝐷𝑐𝑐𝐷𝐷𝑢𝑢𝑁𝑁𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷 𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷
𝐶𝐶𝑝𝑝

       (7) 
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Similarly, specific phosphates utilization rate (SPUR), expressed as mgPO4 mgVSS-1, 

was calculated according to Equation (8) by dividing phosphates utilization rate with 

cell productivity (Cp).  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃ℎ𝑝𝑝𝑁𝑁𝑝𝑝ℎ𝑁𝑁𝐷𝐷𝐷𝐷𝑁𝑁 𝑝𝑝𝐷𝐷𝐷𝐷𝑐𝑐𝐷𝐷𝑢𝑢𝑁𝑁𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷 𝐷𝐷𝑁𝑁𝐷𝐷𝐷𝐷
𝐶𝐶𝑝𝑝

       (8) 

Statistical analysis between control and test setups was performed using IBM’s (USA) 

software “SPSS Statistics 20” and by conducting (a) independent t-test for evaluating 

statistical differences among data sets and (b) bivariate analysis (Spearman’s rank 

correlation) for identifying potential statistical correlations among data sets. 

Finally, the evaluation of S7942 culture contamination and the identification of growth 

hindering microbial species in the PBRs was conducted via microscopical examination 

of cultures using a Leica DM100 phase contrast microscope and based on relevant 

databases (Oyadomari 2001; APHA 2017). 

At the end of Stage – 2, the ion content of PBR effluent was evaluated in control point 

2 (Figure 6.1), according to the methodology described in section 2.1., in order to decide 

whether it will be reused or be further treated, which was set by operator at 3 mS cm-1. 

6.2.4. Stage 3 – Advanced effluent treatment 

In this stage, when EC of HWW from control points 1 or 2 indicates high concentration 

of specific ions, to a level that may hinder plant growth or exceed legislation limits in 

cases of reuse or discharge into the environment, they are subjected to advanced 

treatment techniques for the selective removal of specific ions. 

For the advanced treatment of effluents, the widely applied techniques of ion-exchange 

and adsorption were evaluated based on experimentally obtained data. Different types 

of commercially available ion-exchange resins and adsorption materials and 

nanomaterials were evaluated in terms of ion removal efficiency in relation to the 

imposed operational conditions. In more detail, a regenerable anion exchange resin in 

OH- form, a regenerable cation exchange resin in H+ form and a non-regenerable mixed 

bed resin were evaluated regarding their selectivity and efficiency for anions or cations 

removal. Moreover, the adsorption efficiency of Activated Carbon (AC) particles of 

different diameter (granular 3 mm, powder 0.6 mm, fine powder <0.075 mm) were 

evaluated, as well as of two commercially available nanomaterials (Carbon Black and 
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Cloisite 30B) that had been previously studied for the fabrication of nanocomposites 

(Stimoniaris et al., 2012; Stergiou et al., 2015). Furthermore, the effect of sonication in 

the adsorption efficiency of AC and of nanomaterials was evaluated by using either pre-

sonicated adsorption nanomaterials or by applying ultrasounds during the treatment 

process in order to suppress the possible formation of agglomerates via a 200W 

Hielscher (Germany) ultrasonic processor, model UP200S. The applied contact time, 

as well as sonication time ranged from 1 min up to 60 min. 

6.2.5. Stage 4 – Reuse of effluents 

This step can be applied after control point 1, 2 and 3 (Figure 6.1) for effluent reuse in 

the preparation of new nutrient solution when EC exceeds set point value. Enrichment 

requirements were evaluated based on effluent composition in the respective control 

point, determined via EC measurement (section 2.1.). It should be noted that all recycle 

streams used for the preparation of fresh nutrient solution are usually subjected to 

ultrafiltration or similar techniques prior their enrichment with nutrients to avoid 

possible contamination spread in the hydroponic system. In this study, ultrafiltration 

was avoided because disinfected effluents where used. 

Same steps for evaluating the composition of effluents by EC measurements were 

followed in all three control points regardless the composition of the solution. 

The first step for the preparation of nutrient solution using HWW or treated HWW was 

to evaluate its composition via EC measurement and by using Equation (1) for each ion 

of interest. Thereafter, the final concentration of ions in the nutrient solution preparation 

tank was calculated based on tank volume and on the physicochemical characteristics 

of the dilution water.  

6.3. Results and discussion 

6.3.1. Stage 1 – Hydroponic system 

According to the conducted measurements for the establishment of ion profile in control 

point 1 and as evident in Table 6.2, the OHS effluent presented lower EC to that of 

nutrient solution due to the significantly lower concentration of nitrates, phosphates 

potassium and calcium (plant uptake) and despite the increased concentration of other 

ions. On the other hand, EC in CHS effluent was approximately 3 and 4 times greater 

than that of nutrient solution and OHS effluent respectively. The scale of difference in 



191 
 

EC is indicative of ions accumulation in the solutions. The increase of specific ions 

concentration in OHS and CHS effluents is attributed to plant water transpiration and 

water evaporation. In CHS, both plant water transpiration and water evaporation 

increase analogously to the times of recirculation. Hence, different type of crop or/and 

different number of effluent recirculations generate HWW of different composition, in 

which the contribution of each ion on EC significantly differs. This is evident in Table 

6.2, where the measured ion content and the calculated according to methodology 

described in section 2.1. contribution of each ion on EC of nutrient solution, OHS 

HWW and CHS HWW significantly differs (independent t test, Sig.<0.05). 

Nonetheless, once the concentration of specific ions and their contribution on EC of the 

HWW has been initially established (ion profile) for a given crop and at specific 

operating conditions, the expected composition can be evaluated based only on EC 

measurement. 

 

 

Table 6.2. Nutrient solution characteristics - OHS and CHS effluent composition and 

ions contribution on EC. 
Physicochemical 
parameter 

Nutrient 
Solution 

% contribution 
on EC 

OHS 
HWW 

% contribution 
on EC 

CHS 
HWW 

% contribution 
on EC 

EC (mS/cm at 25oC) 1.7 - 1.3 - 5.1 - 
pH 5.5 < 1 7.5 < 1 4.4 < 1 
Nitrates (mg L-1) 762 38.8 389 27.0 2132 32.0 
Ammonium (mg L-1) 18.0 3.2 0.1 < 1 9.8 < 1 
Phosphates (mg L-1) 94 1.4 14 < 1 138 < 1 
Potassium (mg L-1) 250 20.8 57 6.5 552 13.5 
Calcium (mg L-1) 160 21.0 48 8.6 99 3.8 
Magnesium (mg L-1) 24 4.6 64 16.9 260 14.8 
Sulphates (mg L-1) 72 5.3 56 5.6 188 4.1 
Chloride (mg L-1) 23 2.2 80 3.0 126 3.5 
Sodium (mg L-1) 15 1.4 44 5.8 85 2.41 

Worth mentioning at this point that the determination of the HWW ion profile is a 

procedure that should be performed only once for every type of crop and only repeated 

when significant differences on ion profile are expected i.e., during distinguished 

phases of plant growth or when environmental conditions dramatically change. 

6.3.2. Stage 2 – HWW treatment/valorization via S7942 cultivation 

6.3.2.1.  HWW adequacy as cyanobacteria cultivation medium 

According to the results of physicochemical analyses of OHS and CHS HWW, both 

effluents were considered adequate for cyanobacteria cultivation in terms of nitrogen 
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and phosphorous availability. The resulting nitrogen to phosphorous (N:P) ratio in the 

OHS and CHS were 16:1.3 and 16:5.2 respectively. Both ratios are lower than 

Redfield’s average ratio of 16:1, considered sufficient for cyanobacteria growth 

(Richmond and Hu, 2013), indicating high phosphorous content. N:P ratios lower than 

16:1 can enhance assimilation of phosphorous into cyanobacteria biomass by triggering 

luxury P uptake (Solovchenko et al., 2020). Moreover, the concentration of essential 

elements in both effluents, such as metallic ions are sufficient for plant growth. Finally, 

it must be mentioned that CHS effluent presents negligible alkalinity (4 mgCaCO3 L-

1), as indicated by its acidic pH of 4.4. Absence of alkalinity implies absence of 

bicarbonates and carbonates that are inorganic carbon sources for the growth of 

photoautotrophic species. On the other hand, OHS effluent had a relatively high 

alkalinity of 214 mgCaCO3 L-1, indicative of the increased presence of bicarbonates in 

the solution. The absence of alkalinity in CHS HWW did not had implications on S7942 

growth, due to solubilization of atmospheric CO2 into the nutrient solution. 

Furthermore, the production of OH- during photosynthesis increased pH in PBR. After 

20 days of cultivation, an increase of alkalinity and pH was observed from 4 mgCaCO3 

L-1 to 173 mgCaCO3 L-1 and from 4.4 to 7.9 respectively. 

In this study, as well as in previous studies (Samiotis et al., 2021), the presence of 

biological contaminants in HWW presents a significant challenge for maintaining a 

monoculture in the S7942 PBRs. Hence, in this work the necessity of HWW 

disinfection was demonstrated by the test setups with non-disinfected HWW. As 

evident from the evolution of Chl a concentration in Figure 6.2, the proliferation of 

competitive to S7942 and of predating microbial species hindered its growth and 

resulted to its demise. More specifically, the microscopic examination revealed that 

fungi where the dominant species that suppressed the growth of S7942, with significant 

presence of protozoan (mainly free-swimming ciliates) in non-disinfected HWW. There 

are two major implications of hindered S7942 growth by biological contaminants. The 

first is the low nutrients assimilation due to the lower cell productivities (Figure 6.2), 

thus low HWW treatment efficiency and larger PBR volume requirements. The second 

is the possibility of cyanotoxins producing bacteria proliferation in the S7942 cultures. 

S7942 monoculture via proper disinfection (Samiotis et al., 2022b) ensures that 

cyanotoxins are not produced. 
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Figure 6.2. Evolution of Chl a concentration (average values) in control setups and in 

test setups with non-disinfected HWW. 

The test setups with properly disinfected via filtration/chlorination (Samiotis et al., 

2022b) wastewater substrate presented unhindered S7942 growth, despite the limited 

presence of fungi in the S7942 PBRs. The unhindered growth of S7942 in test setups 

with properly disinfected HWW is evident in Figure 6.3, where the growth rates of test 

setups, in terms of cell productivity (Cp), are similar to those obtained in control setups 

with BG-11 media or to the BG-Low media presenting difference of -3.05 % to 7.73 

%. This similarity of Cp values is confirmed by the statistical analysis (independent t-

test) between relative growth rates of control setups and properly disinfected test setups, 

which revealed that the mean score is not significantly different (Sig.>0.05).  

 

Figure 6.3. Average cell productivity (Cp) values and corresponding standard 

deviations of control setups and test setups with properly disinfected HWW. 

Worth mentioning at this point that due to the possible formation of secondary toxic 

compounds during chlorination (chloramines), the disinfection process could be 
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unsuitable for cultivating cyanobacteria in food industry, but suitable for other 

application, such as green energy production. That been said, an alternative to 

chlorination, environmentally friendly disinfection technique that is based on in-situ 

electroproduction of ferrates via a Fe0//Fe0 cell, which has been evaluated in previous 

study with excellent results (Samiotis et al., 2022b), can be applied. 

The obtained Cp values of the test setups with disinfected OHS or CHS wastewater 

media were 32.37 ± 1.63 mgVSS L-1 d-1 and 36.15 ± 2.43 mgVSS L-1 d-1 respectively, 

while of those with BG-11 or BG-Low media were 35.08 ± 1.97 mgVSS L-1 d-1 and 

33.49 ± 1.84 mgVSS L-1 d-1 respectively. These results show that properly disinfected 

HWW can be utilized for the cultivation of cyanobacteria or/and microalgae and the 

acquisition of added value products or/and green energy.  

6.3.2.2.  Assessment of nitrates and phosphates removal in S7942 cultivation PBRs 

The effect of nutrients concentration on SNUR and SPUR was examined in this study 

based on the comparison between the obtained values in control and test setups. In the 

proposed S7942-based photoautotrophic treatment process, nitrogen and phosphates are 

removed from HWW by assimilation into biomass. At the imposed operational 

conditions of limiting lighting (5 to 35 μmol m-2 s-1) and no external addition of CO2 in 

the S7942 setups, nitrates removal for a 20-day cultivation period was 59.90 ± 4.67 % 

and 23.11 ± 1.07 % in the OHS and CHS setups, corresponding to an average nitrates 

removal of 233 mg L-1 and 490 mg L-1 respectively. Phosphates removal for a 20-day 

cultivation period was 67.71 ± 9.80 % and 47.86 ± 3.51 % in the OHS and CHS setups, 

corresponding to an average phosphates removal of 9.5 mg L-1 and 66.1 mg L-1 

respectively. The lower nitrates and phosphates % removal efficiency of CHS setups is 

attributed to the higher nitrates and phosphates concentration. The concentration of 

nitrates and phosphates in CHS setups was approximately 5.5 times and 10 times higher 

respectively compared to OHS setups.  

Increased assimilation rate of nitrogen and phosphorous in the biomass was observed 

with increased nutrients concentration as it is evident in Figure 6.4. Figure 6.4a 

illustrates a linear correlation (R2 = 0.9475) between nitrates concentration in the 

experimental setups and SNUR values. The higher the nitrates concentration, the higher 

the SNUR. Increase of nitrates concentration from 389 ± 3 mg L-1 to 2132 ± 17 mg L-1 

resulted in increase of SNUR values from 0.155 mgNO3-N mgVSS-1 to 0.193 mgNO3-

N mgVSS-1. This may have significant implications for a S7942-based nitrogen-rich 
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wastewater treatment stage implementation, since it leads to proportionally lower PBR 

volume requirements (Samiotis et al., 2022a).  

 

Figure 6.4. Specific nitrates utilization rate (SNUR) and specific phosphates utilization 

rate (SPUR) in relation to nitrates and phosphates concentration in experimental setups. 

Regarding phosphorous assimilation into S7942 biomass, increasing phosphates 

concentration from 8.4 ± 0.2 mg L-1 to 138 ± 5.0 mg L-1, SPUR values increase up to 

an order of magnitude (from 0.014 mgPO4 mgVSS-1 to 0.133 mgPO4 mgVSS-1). A 

linear correlation R2 = 0.995 (Figure 6.4b) between phosphates concentration and 

SPUR values was observed, which has been also reported in literature, described as 

luxury phosphorous uptake phenomenon. This phenomenon is observed in most 

cyanobacteria species when exposed in phosphate-rich environments (Solovchenko et 

al., 2020), such as those of CHS effluents. The biochemical process of luxury 

phosphorous uptake involves polyphosphate synthesis under phosphorus supply in 

excess, which does not affect cell productivity but the intracellular 

storage/accumulation of phosphorous that can be utilized during nutrient stresses 

(Crocetti et al., 2000; Li and Dittrich, 2018). 

0.022
0.014

0.022

0.133

0

20

40

60

80

100

120

140

160

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

OHS BG-Low BG-11 CHS

PBR setups

PO
4

co
nc

en
tr

at
io

n 
(m

g 
L-1

)

SP
U

R 
(m

gP
O

4
m

gV
SS

-1
)

Phosphates concentration SPURb

0.131 0.133
0.146

0.163

0

500

1000

1500

2000

2500

3000

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

OHS BG-Low BG-11 CHS

PBR setups

N
O

3-
co

nc
en

tr
at

io
n 

(m
g 

L-1
)

SN
U

R 
(m

gN
O

3- N
 m

gV
SS

-1
)

Nitrates concentration SNUR

R² = 0.9475

0

500

1000

1500

2000

2500

3000

0.125 0.150 0.175 0.200 0.225

SNUR (mgNO3
--N mgVSS-1)

R² = 0.995

0

20

40

60

80

100

120

140

160

0.000 0.050 0.100 0.150

SPUR (mgPO4 mgVSS-1)

a



196 
 

This study showed that the cultivation of S7942 in CHS effluents enhances both 

nitrogen and phosphate assimilation into the biomass, resulting to higher value biomass 

as a raw material for industrial relevant products, as well as for the recovery of nitrogen 

and the considered non-renewable phosphorous.  

As demonstrated in this work, SNUR increases in faction to nitrates concentration. 

SNUR can also increase in faction to salinity. According to Samiotis et al. (2022a), at 

saline conditions over 250 mmolNaCl L-1, SNUR is significantly increased, attributed 

to the activation of sucrose synthesis mechanism. In the present work, given that the 

salinity levels of OHS and CHS HWW were lower than 100 mmolNaCl L-1 and 30 

mmolNaCl L-1 respectively, the increase of SNUR is solely attributed to increased 

nitrates concentration. It was evident that the concentration of nitrates is another factor, 

along with salinity, which enhances nitrogen assimilation in cells. 

6.3.3. Stage 3 – Advanced effluent treatment 

PBR effluent should be discharged for advanced treatment when it cannot be further 

recycled/reused. The average concentration values of major anions and cations present 

in the PBRs’ effluent from OHS and CHS HWW, as well as the average pH and EC 

values are presented in Table 6.3. Furthermore, Table 6.3 presents the contribution of 

each ion species on EC, calculated according to the previously presented methodology 

(section 2.1).  

Table 6.3. Physicochemical characteristics of S7942 PBR effluents using OHS or CHS 

HWW at HRT of 20 days - Contribution of ion species on the resulting effluent EC. 

Physicochemical parameter 
OHS 
PBR 

effluent 

Std. 
Dev.  

% 
contribution 

on EC 

CHS PBR 
effluent 

Std. 
Dev.  

% 
contribution 

on EC 
EC (mS/cm at 25oC) 1.44 0.08 - 5.25 0.17  
pH 9.8 0.39 < 0.1 7.9 0.24 < 0.1 
pOH 4.2 0.39 < 0.1 6.1 0.24 < 0.1 
Calcium (mg L-1) 43.5 3.18 6.32 93.2 7.64 3.15 
Magnesium (mg L-1) 49.6 2.24 10.61 237.3 8.68 11.80 
Sodium (mg L-1) 153 7.8 16.32 347 12.9 8.61 
Potassium (mg L-1) 58.9 3.54 5.42 566 24.04 12.11 
Ammonium (mg L-1) 0.05 0.02 <0.1 0.07 0.03 < 0.1 
Lithium (mg L-1) 0.01 0.00 < 0.1 0.02 0.01 < 0.1 
Iron (mg L-1) 0.03 0.01 < 0.1 0.11 0.03 < 0.1 
Nitrates (mg L-1) 182 17.0 10.26 1730 36.77 22.68 
Phosphates (mg L-1) 4.52 1.46 <0.1 72.1 5.78 0.28 
Chloride (mg L-1) 83.1 5.42 8.76 118.4 16.23 2.90 
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Sulphates (mg L-1) 43.5 6.36 3.55 232.4 12.73 4.41 
Bicarbonates (mgCaCO3 L-1) 213.5 8.31 7.62 173.0 6.14 1.44 
Carbonates (mgCaCO3 L-1) 17.4 2.04 2.04 < 0.1 0.00 < 0.1 

The total contribution of measured ions on the EC of the PBR effluent is 74.0 % and 

65.7 % for OHS and CHS respectively. Alkalinity contributes on the EC of OHS and 

CHS PBR effluents by approximately 9.7 % and 1.5 % respectively. The other ion 

species, which are not quantified in this study, contribute on the EC of the PBR effluents 

by 16.3 % and 32.9 % respectively. The ions that have the major contribution on EC 

are nitrates, sodium, potassium, chloride and magnesium.  

Application of adsorption or/and ion exchange is proposed for the advanced treatment 

of PBR effluent, as well as of the other stages effluents.  

6.3.3.1. Treatment via adsorption techniques 

In this study, all the adsorption materials that were evaluated for the treatment of HWW 

or PBR effluents showed similar (independent t test, Sig. > 0.05) and selective removal 

efficiency for nitrate, phosphate, calcium and magnesium ions, having limited 

efficiency regarding the removal of other major ions present in the CHS PBR effluent 

(sodium, chloride, potassium, sulphates). Nonetheless, as illustrated in Table 6.4, after 

the application of sonication both carbon black (CB) and cloisite 30b (CL) were able to 

additionally remove sodium, chloride, potassium, sulphates, with similar (independent 

t test, Sig. > 0.05) removal efficiencies to that of nitrate, phosphate, calcium and 

magnesium ions removal. This behavior was not observed with any of the three 

evaluated activated carbon (AC) materials.  

Table 6.4. Ion selectivity of adsorption materials 

 Nitrates Phosphate
s 

Sodiu
m 

Chlorid
e 

Potassiu
m 

Calciu
m 

Magnesiu
m 

Sulphate
s 

AC         
AC & Sonication         
CB         
CB & Sonication         
CL         
CL & Sonication         

AC = activated carbon; CB = carbon black; CL = cloisite 30b 

Hence, the application of sonication and of different contact time, resulted to significant 

differences in specific ion removal rate of experimental setups, which in this study is 
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expressed in terms of a specific ion’s concentration decrease per mg of adsorption 

material (mg L-1 mg-1). 

In more detail, AC and non-sonicated AC, CB and CL could efficiently remove nitrates, 

phosphates, calcium and magnesium from PBR effluent having specific removal rate 

ranging from 63.8 to 246.8 mg L-1 mg-1, 16.3 to 46.1 mg L-1 mg-1, 2.5 to 18.4 mg L-1 

mg-1, 8.0 to 28.1 mg L-1 mg-1 respectively. It should be mentioned that higher specific 

ions removal rates can be achieved by means of adsorption column design and operating 

conditions. 

Bivariate analysis (Spearman’s rank correlation) revealed that the observed differences 

in specific removal rates are attributed to the effect of contact time and in the case of 

AC additionally on mesh size. Moderate to strong positive correlation (Corr. Coeff. = 

0.627 to 0.755) between contact time and nitrates, phosphates, calcium and magnesium 

specific removal rates, with high statistical significance (p= 0.001 to 0.05), was 

observed. Furthermore, strong to very strong negative correlation (Corr. Coeff. = -0.765 

to -0.822) between AC mesh size and nitrates, phosphates, calcium and magnesium 

specific removal rates with very high statistical significance (p < 0.001) was observed. 

On the other hand, sonicated CB and sonicated CL showed significantly different 

(independent t test, Sig. = 0.021) and higher nitrates, phosphates, calcium and 

magnesium ion removal efficiencies than that of AC and non-sonicated CB and CL. 

Sonicated CB and CL presented specific removal efficiencies ranging from 458.4 to 

1774.6 mg L-1 mg-1, 65.0 to 253.2 mg L-1 mg-1, 40.2 to 157.6 mg L-1 mg-1, 19.8 to 73.8 

mg L-1 mg-1 respectively. Both sonicated and non-sonicated nanomaterials presented 

significant differences in specific ion removal rates, which in their case is attributed to 

the effect of contact time, as well as to the effect of sonication time. Moderate to strong 

positive correlation (Corr. Coeff. = 0.668 to 0.741) between contact time and ion 

removal efficiencies with high statistical significance (p= 0.001 to 0.05) was observed. 

Furthermore, strong to very strong positive correlation (Corr. Coeff. = 0.795 to 0.880) 

between sonication time and ion removal efficiencies with very high statistical 

significance (p < 0.001) was observed. 

The results showed that sonication of CB and CL increased ion selectivity and removal 

efficiency. The positive effect on ion selectivity and removal efficiency shown upon 

application of ultrasounds may be attributed to the increase of the active surface due to 
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the disaggregation of the nanoparticles. The breakdown of the aggregates into smaller 

particles potentially alters or changes the electrostatic field around the new smaller 

sized particles, resulting in enhanced ion approach and increasing absorbency. In 

addition, the ultrasound process may contribute to a better distribution of ions on the 

surface of the nanoparticles, thus increasing their selectivity and adsorption capacity, 

an effect that is similarly observed for other ions (Baltazar, 2022; Negris et al., 2022). 

The increased nanomaterials’ efficiency upon application of ultrasounds could 

compensate the cost difference between AC and adsorption nanomaterials. 

Nonetheless, further research regarding the enhancement of nanomaterial’s adsorption 

efficiency and the minimization of installation and operational cost of such treatment 

processes must be performed to render them economically viable. 

The positive effect of sonication on CB or CL ion removal efficiency and on their 

selectivity indicated that an nanomaterials adsorption configuration coupled with 

sonication could be used for the treatment of HWW or PBR effluents. Moreover, it is 

concluded that AC is not a suitable adsorption material for ions removal from HWW.  

6.3.3.2.  Treatment via ion exchange techniques 

The alternative to adsorption process that was evaluated in this work regarding ions 

removal and recycle/reuse of effluents was based on the selective removal of anions 

or/and cations via ion-exchange resins. Gnomon for the selection of cation or/and anion 

exchange treatment stage is the concentration of plant growth hindering ions, which 

may vary from crop to crop.  

Both evaluated commercially available regenerable cation and anion exchange resins 

exhibited almost complete removal of cations and anions respectively. Their efficiency 

was higher than 98 % and reached up to 99.9 %, which according to bivariate analysis 

(Spearman’s rank correlation) is attributed to the effect of flow rate in ion exchange 

column. A strong to very strong negative correlation (Corr. Coeff. = -0.681 to -0.805) 

between ions removal efficiency and flow rate i.e., contact time, was observed with 

very high statistical significance (p < 0.001).  

While the examined mixed bed resin presented similar ion removal efficiencies to that 

of cation and anion exchange resins (independent t test, Sig. = 0.033), its use as the sole 

advanced treatment step is not suggested. It is considered incompatible with the 
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principles of circular economy to indistinctly remove every ion present in the effluents 

and since they are necessary components of nutrient solution. Hence, minimization of 

chemicals usage at that stage can only be achieved if selectively applying a cation or an 

anion removal stage, which depends on HWW or PBR effluent composition evaluated 

by EC measurements.  

After their advanced treatment, the treated effluents can be recycled and enriched with 

ions according to the methodology described in section 2.1.  

6.3.4. Stage 4 – Reuse of effluents 

The methodology applied for reuse of effluents is the same for all three control points 

of the studied process and is based on the effluent ion profile and on EC measurement 

at specific control points. The application of this methodology is presented for control 

point 1 of CHS effluent, by taking into consideration the threshold concentration values 

of 150 mg L-1 and 100 mg L-1 for chloride and sodium (plant growth hindering ions) 

respectively. The chloride and sodium threshold concentration values correspond to EC 

of 6.1 mS cm-1 and 6.0 mS cm-1 respectively. Thus, these threshold values can define 

the critical EC value and the number of recirculations in CHS without nutrients addition 

or dilution. Consequently, the EC value of 3 mS cm-1 that was empirically set by the 

operator, can now be adjusted to a higher value. When EC exceeds 6.0 mS cm-1, effluent 

can be either diluted for the preparation of new nutrient solution or sent for 

treatment/valorization in S7942 PBR or/and sent for advanced treatment. The 

calculated ions concentration after dilution in the nutrient solution preparation tank are 

presented in Table 6.5. The necessary ions addition for the preparation of new nutrient 

solution is then easy to be estimated following the dilution law and based on the 

quantities of drainage and feeding solution preparation tank volume. In the case of CHS, 

the drainage is 0.05 m3 and the tank volume is 1 m3. The measured physicochemical 

characteristics of the dilution water used for the preparation of new nutrient solution, 

the desired characteristics of the nutrient solution and the savings in chemicals usage 

are presented in Table 6.5. The ions concentration that corresponds to the critical EC 

of 6.0 mS cm-1 were calculates and presented in Table 6.5. As evident, the reuse of 

nutrients results in significant reduction of chemicals usage for the preparation of new 

nutrient solution. Hence, the reuse of HWW may reduce water consumption, reduce 

operational cost of hydroponic farming and compensate a fraction of costs associated 



201 
 

with advanced treatment. Hydroponic farming viability can be further enhanced, as 

cyanobacteria biomass can be utilized for the production of green energy, fertilizers, 

feedstock, industrial relevant products (biopolymers, pharmaceuticals etc.). 

Table 6.5. Measured composition of dilution water; defined nutrient solution 

characteristics; calculated CHS HWW characteristics at the critical EC of 6 mS cm-1; 

calculated composition of CHS HWW after dilution in nutrient solution preparation 

tank; expected savings in chemicals usage. 

 
 

Measured / Defined ion 
concentrations 

Calculated ion concentrations   

Parameter 

Dilution water 
(groundwater) 

Nutrien
t 

solutio
n 

CHS HWW 
at threshold 

EC 

CHS HWW 
after dilution 

Chemicals 
savings  

EC (mS/cm at 25oC) 0.65 1.7 6 1.19 - 
Nitrates (mg L-1) 25 763 2508 273 35.8 % 
Sodium (mg L-1) 4 15 100 14 * 
Phosphates (mg L-1) 5 97 162 21 21.3 % 
Chloride (mg L-1) 9 29 148 20 * 
Potassium (mg L-1) 1 253 649 66 26.2 % 
Calcium (mg L-1) 68 160 116 73 45.5 % 
Magnesium (mg L-1) 18 36 306 47 100 % 
Sulphates (mg L-1) 11 72 221 32 44.4 % 
*chemicals (salts) components not necessary in nutrient solution 

Future goal should be the automation of the HWW management process via online EC 

monitoring and the creation of a process control software. The adaptation by 

hydroponic farmers of such a low-cost tool is an important step towards the application 

of novel and sustainable HWW management. 

6.4. Conclusions 

EC-controlled HWW management elevates hydroponic farming sustainability via total 

water reuse, saving chemicals and/or HWW effluents valorization by cyanobacteria 

cultivation. EC can be used in ions concentration and enrichment requirements 

calculation for HWW reuse, as well as for the selection of proper treatment. A critical 

EC can be calculated indicating the number of effluent recirculations taking into 

account the plant growth hindering concentrations of specific ions. Higher nitrates and 

phosphates concentrations increase assimilation of nitrate-nitrogen and phosphate-

phosphorous in the S7942 biomass. Ion exchange can efficiently (>98%) remove 

growth hindering ions. Adsorption nanomaterials coupled with ultrasounds seems a 

promising alternative treatment. 
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7. Chapter 7. Conclusions and perspectives 

Cyanobacteria and microalgae assimilate into their biomass significant quantities of 

nutrients, while fixating CO2 in its gaseous form, as well as in its dissolved HCO3- form. 

They synthesize a variety of organic compounds, such as hydrocarbons, proteins, lipids, 

polymers and pigments, which constitute their biomass a valuable product with various 

industrial applications (biofuels, medicines, cosmetics, food etc.). This has led on the 

increasing cultivation of cyanobacteria and microalgae, which is mostly done in open 

pond configurations that have significant land requirements and/or by feeding cultures 

with synthetic nutrient medium in open pond or PBR configurations.  

When is not competing for arable land and the use of resources, the cultivation of 

cyanobacterial or/and microalgal biomass as feedstock for the aquisition of industrial 

relevant products or/and bioenergy offers a sustainable alternative to traditional 

feedstocks (plants, animals, fossils and minerals etc.). In this regard, the cultivation of 

cyanobacteria and/or microalgae in wastewater treatment plants (WWTPs) using 

nutrient-rich effluents offers the opportunity of elevating sustainability of both 

phototrophic biomass cultivation processes and wastewater treatment procecess. The 

incorporation of tank photobioreactor (PBR) in a WWTP may alleviate the increased 

land requirements associated with cyanobacteria and/or microalgae cultivation, 

whereas the nutrient content of wastewaters can minimize the necesities for nutrients 

addition in cultivation medium.  

In this work, the cyanobacterium Synechococcus elongatus PCC 7942 was assesed as a 

potent biological component for sustainable wastewater treatment/valorization 

biotechnological applications that align with the principles of circular economy. The 



206 
 

study of a Synechococcus elongatus PCC 7942-based wastewater 

treatment/valorization process, led on (a) the identification of process’ applicability 

boundaries in terms of cultivation media characteristics, pre-treatment requirements 

and cultivation conditions, (b) the extraction of design and operational parameters for 

the adoption and upscale of the process, (c) the evaluation of process’ efficiency and of 

the potential advantages compared to commonly applied processes in terms of reactor 

volume requirements and biomass valorization. 

The study showed that wastewater must be properly disinfected prior its use as a 

cultivation media, since the contained biological contaminants hinder the proliferation 

of Synechococcus elongatus PCC 7942, thus nitrogen and phosphorous removal via 

assimilation in the PBR. Filtration coupled with chemical disinfection can provide a 

low-cost approach for efficient disinfection and unhindered growth of Synechococcus 

elongatus PCC 7942 cultures. The disinfection efficiency of filtration is linked both on 

filter medium pore size and on filter thickness i.e., the duration of filtration. Similarly, 

the disinfection efficiency of chemical disinfection is linked both on disinfectant dosage 

(C) and contact time (T), with efficient disinfection of wastewater media achieved after 

filtration and chlorination at dosages in terms of Concentreation-Time (CT) product, of 

CT ≥ 270 mg min L−1 for NaClO and CT ≥ 157 mg min L−1 for ferrates (FeVI). 

While the commonly applied disinfectants sodium hypochlorite and hydrogen peroxide 

can efficiently remove biological contaminants of filtrated wastewaters, the use of 

environmentally friendly ferrates can offer a better alternative. The application of 

ferrates, produced in-situ via a low-cost Fe0/Fe0 electrochemical cell, can additionally 

offer significant removal of organic compounds and turbidity from the wastewaters due 

to its oxidation action, as well as the coagulation action of the resulting FeIII. 

Coagulation can also assist in biomass harvesting from the PBR, a challenge that has 

not been sufficiently addressed by engineers in terms of low-cost and efficient biomass 

collection. 

Upon proper disinfection of the evaluated wastewater media, which were obtained from 

the secondary biological treatment stage of a dairy industry and a snack industry, as 

well as from the drainages of an open and a closed hydroponic system, Synechococcus 

elongatus PCC 7942 can efficiently proliferate and remove nitrates and phosphates via 

assimilation (Figure 7.1).  
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Figure 7.1 Assessment of Synechococcus elongatus PCC 7942 cultivation in 

wastewater media. 

Temperature and salinity oppose thresholds for Synechococcus elongatus PCC 7942 

cultivation. Nevertheless, it is able to proliferate at a temperature range of 16oC to 32oC 

and at salinities up to 450 mmolNaCl L-1.  

The study revealed that salinity in particular, which in many wastewater streams may 

be as high as the threshold value, positively correlates with nitrogen assimilation into 

Synechococcus elongatus PCC 7942 biomass. Moreover, higher nutrient concentrations 

in cultivation media not only trigger luxury phosphorus uptake, but also increase 

nitrogen assimilation into the cyanobacteria (Figure 7.2).  

 
Figure 7.2 Effect of salinity and nutrient content on nitrogen assimilation. 
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These findings have significant implications on dimensioning of a photobioreactor for 

the treatment of high strength and relatively saline wastewater, whose treatment 

constitutes a challenge in common biological wastewater treatment processes. 

Based on the proposed by this study photobioreactor dimensioning equation (Eq. 7.1), 

which takes into account nitrate-nitrogen load (N_Denitr, kgNO3_N d−1), SNUR (and 

cell productivity, a photobioreactor (VPBR) volume can be of comparable volume to a 

common biological denitrification bioreactor. The key element for reactor volume 

minimization is cell productivity enhancement via bioreactor design and control of 

operational conditions. 

𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁_𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑆𝑆𝑁𝑁𝑆𝑆𝑃𝑃∗𝑐𝑐𝐷𝐷𝑐𝑐𝑐𝑐 𝑝𝑝𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝐷𝐷𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝑝𝑝

       Eq. 7.1 

Therefore, a Synechococcus elongatus PCC 7942-based wastewater treatment process 

can be adapted as a supplementary or an alternative treatment stage to the widely 

applied biological denitrification processes towards the minimization of wastewater 

treatment plant’s ecological footprint and obtaining of added value products or/and 

energy. 

Moreover, the study revealed that a photoautotrophic-based process can offer the only 

biotechnological answer to the challenge of treating nutrient-rich wastewater with low 

organic compounds content, in which activated sludge process cannot be applied. In 

this accord, a wastewater treatment stage based on Synechococcus elongatus PCC 7942 

cultivation was evaluated as potent biological process for the integrated management 

of hydroponic wastewater. An integraded management that is based on (i) a developed 

electric conductivity-based tool for straightforward characterization of hydroponic 

wastewater (HWW) and the selection of nutrient requirements or of the nessessary 

treatment stage for their reuse, (ii) a Synechococcus elongatus PCC 7942 cultivation 

treatment stage for the removal of nutrients via assimilation into biomass that can be 

used for HWW valorization, and (iii) an advanced treatment stage for selective removal 

of plant growth hindering ions. 

In conclusion, Synechococcus elongatus PCC 7942 presents significant characteristics 

for biotechnological applications, as it is able to proliferate in various wastewater 

media. Moreover, it can be used for the removal of CO2 from flue gases.  
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In this work, the methodology for photobioreactors’ volume calculation provides a 

solution for scaling up of phototrophic species cultivation for wastewater treatment and 

biomass valorization. 

As a follow up of this work, attention should be focused on the manipulation of 

Synechococcus elongatus PCC 7942 to increase its sucrose yields for bioethanol or 

direct biohydrogen production, or/and to enhance other synthesized compounds such 

as proteins, lipids and pigments and bioactive compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



210 
 

Appendix A 

In this Appendix, an overview of the publications originated from this Thesis, is 

discussed. 
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Research, (2022) 1, 1–13 
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84(6), 1438–1451 
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435(2), 134895 

Chapter 6 Bioresource Technology Reports, (2022) 

XX, XX-XX 

Oral presentations 
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Cultivation of cyanobacterium 

Synechococcus elongatus PCC 7942 in 

wastewater substrate – A challenge to be 

addressed 

8th International Conference  

on Sustainable Solid Waste 

Management, 23-26 JUNE 2021, 
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Wastewater treatment coupled with 

Synechococcus elongatus PCC 7942 

cultivation 

1st International Conference 

on Sustainable Chemical and 

Environmental Engineering 
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