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RIASSUNTO 
 

É stata valutata la possibilità di integrare gli attuali processi a fanghi attivi con la coltivazione di 

microalghe. 

La crescita di Chlorella protothecoides in un refluo urbano non sterilizzato è stata testata 

attraverso esperimenti in batch, effettuati a diverse temperature, per simulare la variazione 

ŀƴƴǳŀƭŜ Řƛ ǘŜƳǇŜǊŀǘǳǊŀ ŘŜƭ ǊŜŦƭǳƻ ƛƴ ƛƴƎǊŜǎǎƻ ŀƭƭΩƛƳǇƛŀƴǘƻ Řƛ ǘǊŀǘǘŀƳŜƴǘƻ Řƛ /ŀƳǇƻǎŀƳǇƛŜǊƻ 

(PD). Durante questi esperimenti è stata osservata una forte dipendenze della costante di 

crescita di C. protothecoides rispetto alla temperatura.  

Inoltre, è stato rilevato e coltivato in modalità batch un consorzio di microalghe native dal refluo 

Řƛ /ŀƳǇƻǎŀƳǇƛŜǊƻΣ Ŏƻƴ ƭΩƻōƛŜǘǘƛǾƻ Řƛ ŎŀǊŀǘǘŜǊƛȊȊŀǊŜ ƭŀ ŎƻƳǇƻǎƛȊƛƻƴŜ Řƛ ǎǇŜŎƛŜ microalgali in 

previsione di future ricerche e sviluppi. 

È stata effettuata una ricerca sulla capacità di crescita di C. protothecoides in urina umana 

sintetica, ma gli esperimenti sono falliti, probabilmente a causa di una errata scelta della 

ŎƻƳǇƻǎƛȊƛƻƴŜ ŘŜƭƭΩǳǊƛƴŀ ǎƛƴǘŜǘƛŎŀΦ 

Sono stati eseguiti esperimenti in continuo con un fotobioreattore piatto verticale, sia a 

illuminazione costante che con cicli simulati giorno/notte: durante questi esperimenti sono stati 

monitorati sia la produttività di biomassa che la capacità di rimozione dei nutrienti e i risultati 

sono stati integrati con i dati ottenuti in precedenti lavori di tesi. 

Infine, sono stati proposti e analizzati, con un approccio di dimensionamento preliminare, tre 

possibili processi di trattamento dei reflui integrati con la produzione di biomassa microalgale. 
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ABSTRACT 
 

The possibility of integrating existing activated sludge processes with microalgae cultivation was 

addressed. 

The growth of Chlorella Protothecoides in urban non-sterilized wastewater was tested with 

batch experiments, carried out at different temperatures in order to simulate the annual 

temperature variation of the influent wastewater of Camposampiero (PD) treatment plant. 

During this temperature screening, a strong dependence of C. protothecoides growth rate 

constant on temperature was observed. 

Furthermore, native microalgae consortium from Camposampiero wastewater was detected and 

grown in batch mode in order to characterize its strain composition for future researches and 

developments. 

An investigation on C. protothecoides growth capacity in diluted synthetic human urine was 

performed, but experiments failed, probably due to an incorrect synthetic human urine 

composition. 

Continuous flow experiments with a vertical flat panel photobioreactor were performed both at 

constant illumination and under simulated day/night cycles: during these experiments both 

biomass productivity and nutrients depletion capacity were monitored and results were 

integrated with data obtained in previous thesis works. 

Finally, three possible wastewater treatment processes integrated with microalgae production 

were proposed and analyzed by a preliminary process design approach. 
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1 INTRODUCTION 
 

In recent decades, the exploitation of fossil fuels proved all its limitation: the energy demand is 

increasing worldwide due to the raise of life quality in developing countries and the inability of 

industrialized countries in finding alternatives, and the conventional oil production have 

difficulty in reaching this increasing demand. Alternative energy source, such as photovoltaic, 

thermal, wind and hydrogen fuel cells are technologies still characterized by high costs and low 

efficiencies. Besides, these technologies cannot be easily implemented in the transportation 

sector without costly upgrading. 

In addition to these economic problems, fossil fuels have raised a lot of environmental concerns, 

such as greenhouse gases (GHG) effect on global warming. 

In this scenario, biofuels are now being recognized as a valid and green alternative to fossil fuels 

from researchers and governors. The greatest benefits of biofuels are that they are non-toxic, 

biodegradable and do not contribute to carbon dioxide or sulphur net emissions (Lam & Lee 

2012).  

First generation biofuels are produced starting from edible vegetable oils such as soybean, 

rapeseed, sunflower and palm oil. However, the use of these feedstock is severely limited by the 

competition with food cultures. Second generation biofuels, instead, derive from non-edible oils 

such as jatropha oil, waste cooking oil and animal fats, thus not affecting food production. 

However, the sustainability of second generation biofuels is not favorable (Rawat et al. 2013). 

In this situation, biofuels production from microalgae is more and more considered the best 

available alternative. These microorganisms have a shorter life cycle that terrestrial plants, 

allowing a continuous harvesting of biomass over the year and they need less freshwater for 

cultivation, which can be accomplished in non-arable lands (Rawat et al. 2011). Besides, oil 

content of microalgae is on the average higher with respect to terrestrial plants used for the 

production of first and second generation biofuel (Table 1.1). 

 
Table 1.1 Comparison of microalgae with other biodiesel feedstock (Mata et al. 2010). 
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However, according to results of many researches (Raehtz 2009; Lardon et al. 2009), the 

environmental and economic benefits, when passing from laboratory scale to plan scale, are not 

always clear and effective.  

LCA (Life Cycle Assessment) on microalgae biomass production recommended the coupling with 

wastewater treatment, thus to minimize the heavy dependence on inorganic nutrients, 

necessary for its growth (Lam & Lee 2012).  Other studies (Lardon et al. 2009) suggest that the 

coupling with wastewater treatment is necessary for achieve a net reduction on CO2 emissions. 

Besides, wastewater treatment processes can improve their sustainability by the utilization of 

microalgae: nitrification-denitrification processes usually implemented for nutrient reduction are 

high energy-intensive and require high capital costs (Metcalf & Eddy 2004) and only a small part 

of this energy can be recovered by the anaerobic digestion of the bacterial biomass produced. 

A careful engineered approach could improve the overall process yield, reducing the total 

energy demand and, at the same time, producing a biomass feedstock with high energy content. 

 

1.1 WASTEWATER TREATMENT PLANT 

 

Sewage wastewater represents one of the primary sources of soil and water ōƻŘƛŜǎΩ pollution: it 

generally contains high nutrient and organic substances loadings, with variable characteristics 

depending on the basin extent, presence of industrial or commercial discharges and other 

factors. The main issue, related to discharge of this loadings in superficial water bodies, is the 

depletion of dissolved oxygen due to the aerobic digestion of organic matter by bacteria 

naturally presents and eutrophication phenomena. The first case regards primarily river bodies, 

where oxygen depletion can cause the death of fish species and, in some cases, it can lead to 

anoxic conditions, causing problems of odorous compounds. The second case is related to water 

bodies with low water exchange (lakes and lagoons): excessive nutrient loadings cause an 

abnormal algal bloom; when this biomass die it is degraded by bacteria, that consume oxygen 

and cause fish death.  

Besides, sewage wastewater contains high concentration of pathogens and, in some cases, 

excessive loadings of inorganic pollutants, like heavy metals.  

In the following paragraphs, typical wastewater treatment processes are described and law 

limits imposed by Italian legislation are recalled. 

 

1.1.1 ITALIAN LEGISLATION ON WASTEWATER TREATMENT AND DISCHARGE 

 

The reference standard for the EU Member States on the treatment of urban wastewater is the 

Directive 91/271/EEC, which concerns the entire management system of urban wastewater, 
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starting from the collection, the treatment and final discharge of wastewater from certain 

industrial sectors. Its aim is to protect the environment from any adverse effects caused by the 

discharge of such waters. 

The competent authorities lay down the regulations which urban wastewater treatment plants 

are subjected to. The Directive, further, establishes a timetable, which Member States must 

adhere to, for the provision of collection and treatment systems for urban waste water in 

agglomerations corresponding to the categories laid down in the Directive. 

Specifically the Directive requires: 

 

¶ the collection and treatment of waste water in all agglomerations that have a population 

equivalent >2000 I.E. (Equivalent Inhabitants); 

¶ secondary treatment of all discharges from agglomerations of population > 2000 I.E., 

and more advanced treatment for agglomerations of population >10000 I.E. in 

designated sensitive areas; 

¶ a requirement for pre-authorization of all discharges of urban wastewater into urban 

wastewater collection systems, the monitoring of the performance of treatment plants 

and receiving waters, and final the control of sewage sludge disposal and re-use.  

 

The second reference directive is the Directive 2000/60/CE, which establish a framework for 

Community action on water. The Directive pursues multiple objectives, such as preventing and 

reducing pollution, promoting sustainable water use, environmental protection, improving the 

conditions of aquatic ecosystems and mitigating the effects of floods and droughts. 

The Italian legislation on water, with the D. Lgs 152/1999 and subsequent amendments, is a 

comprehensive program to protect water bodies from pollution. This decree incorporates, 

among other things, the EU Directive 91/271/EEC on urban waste water treatment. In addition 

to regulate discharges while maintaining concentration limits for various substances contained 

in wastewater, the decree focuses on the quality of the receiving water body by providing the 

development of monitoring activities for the quantification of environmental damage caused by 

the man. The current reference standard is the D. Lgs 152/2006 (Italian environmental code), 

within which the protection of water bodies and the discipline of discharges is detailed in the 

Sezione II Titolo III. 

The Ministry of Environment sets the limits quality to the discharge of wastewater and defines 

the general applicability criteria and guidelines. 

The technical and administrative framework of the discharge is delegated to Regions, whilst the 

functions of monitoring, controlling, inspecting and authorizing are the responsibility of the 

provinces and municipalities. The rules govern 4 different types of waste water waste: urban, 
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household and similar, industrial and rainwater and run-off. All discharges are regulated 

according to the objectives of the quality of water bodies and should still meet the limit values 

laid down in Annex 5 of the Decree. The decree establishes that the Regions, in the exercise of 

their autonomy, taking into account the maximum permissible loads and the best available 

techniques, may define emission limit values different than those in Annex 5 to Part III of the 

Decree, both in maximum allowable concentration and in maximum amount per unit of time 

relative to each pollutant and for groups or families of related substances. The Regions cannot 

set values limit less stringent than those of Annex 5. 

Discharges from wastewater treatment plants urbane must comply with the emission standards 

listed in Tables 1.2 and 1.3. In the case of discharge of industrial waste water must comply with 

the limit values of Table 1.4. 

 
Table 1.2 Emission limits for waste water treatment plants for urban waste water. 

Inhabitants served [E.I] 2.000 ς 10.000 >10.000 

Parameters (daily average)  Concentration % reduction Concentration % reduction 

BOD5 (without nitrification) [mg/L]  25 70-90 (5) 25 80 

COD [mg/L]  125 75 125 75 

Suspended solids mg/L  35  90  35 90 

 
Table 1.3 Limits for emissions for wastewater treatment plants in sensitive areas. 

Inhabitants served [E.I] 10.000 ς 100.000 >100.000 

Parameters (daily average) Concentration % reduction Concentration % reduction 

Total Phosphorous [P mg/L] 2 80 1 80 

Total Nitrogen [N mg/L] 15 70-80 10 70-80 
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Table 1.4 Emission limits for sewers and surface waters. 

Substances Units 
Discharge in superficial water 

bodies 
Discharge in public sewage 

pH - 5.5 - 9.5 5.5 - 9.5 

Color - 
Not perceptible with 1:20 

dilution 
Not perceptible with 1:40 

dilution 
Odor - It may not cause harassment It may not cause harassment 

Course materials - Absents Absents 
Total suspended solids mg/L 80 200 

BOD5 mg/L 40 250 
COD mg/L 160 500 

Aluminum mg/L 1 2 
Arsenic mg/L 0.5 0.5 
Barium mg/L 20 - 
Boron mg/L 2 4 

Cadmium mg/L 0.02 0.02 
Total chromium mg/L 2 4 

Chromium VI mg/L 0.2 0.2 
Iron mg/L 2 4 

Manganese mg/L 2 4 
Mercury mg/L 0.005 0.005 
Nickel mg/L 2 4 
Lead mg/L 0.2 0.3 

Cupper mg/L 0.1 0.4 
Selenium mg/L 0.03 0.03 

Tin mg/L 10 
 

Zinc mg/L 0.5 1 
Total Cyanide mg/L 0.5 1 

Active Free Chloride mg/L 0.2 0.3 
Sulfur (come S) mg/L 1 2 

Sulfite (come SO2) mg/L 1 2 
Sulfate (come SO3) (3) mg/L 1000 1000 

Chlorides mg/L 1200 1200 
Fluorides mg/L 6 12 

Total Phosporous mg/L 10 10 
Ammonia (N-NH3) mg/L 15 30 

Nitrous Nitrogen (N-NO2) mg/L 0.6 0.6 
Nitric Nitrogen (N-NO3) mg/L 20 30 

Grease and oils mg/L 20 40 
Total hydrocarbons mg/L 5 10 

Phenols mg/L 0.5 1 
Aldehydes mg/L 1 2 

Aromatic organic solvents mg/L 0.2 0.4 
Nitrogenous organic 

solvents 
mg/L 0.1 0.2 

Total surfactants mg/L 2 4 
Phosphorus pesticides mg/L 0.10 

 
Total pesticides mg/L 0.05 0.05 

- aldrin mg/L 0.01 0.01 
- dieldrin mg/L 0.01 0.01 
- endrin mg/L 0.002 0.002 
- isodrin mg/L 0.002 0.002 

Chlorinated solvents mg/L 1 1 
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1.1.2 WASTEWATER TREATMENT PLANT PROCESSES AND FACILITIES 

 

Wastewater treatment plant processes are usually macro-divided in three categories: 

¶ Primary treatments 

¶ Secondary treatments 

¶ Tertiary treatments 

 

1.1.2.1 Primary treatments 

 

Primary treatments include a series of physical or physical-chemical processes that are a 

preliminary step for the following biological remediation. Their purposes are eliminating all 

constituents that can break or ruin the subsequent facilities and avoid excessive nutrient 

loadings. 

 

Equalization  

 

Flow equalization is a preliminary step which aims to reduce the operational problems due to 

daily flowrate and pollutant loadings variations. Since each of the following process is designed 

on the highest loading and/or flowrate that reaches the plant, by equalizing them the size and 

the cost of the downstream facilities will be reduced. Two possible configurations can be 

implemented (Figure 1.1): 

 

1. in-line equalization: in this case all the flowrate passes through the equalization basin; 

the aim of this configuration is to reduce the pollutant peaks; 

2. off-line equalization: with this configuration, the flowrate exceeding a predetermined 

value is diverged to the equalization basin. This method is usually applied in order to 

capture the first-flux from combined collection systems. 

 

The best location of equalization facilities has to be analyzed in each case, since it depends on 

land availability and characteristics; however the best position is after the primary clarifier, thus 

to cause fewer problems of solids settlements, as shown in figure 1.1. 
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Figure 1.1 Typical wastewater treatment plant flow diagram incorporating flow equalization; A: in-line; B: off-line. 

Derived from Metcalf & Eddy (2004). 

 

Screening 

 

Generally, the first unit of a wastewater treatment plants is a screening facility. A screen is a 

device with uniform openings, used to retain solids contained by the influent wastewater. 

The main aim of screening is to remove coarse material from the flow stream that could damage 

the process equipment downstream, reduce overall treatment process reliability and 

effectiveness, or contaminate waterways (Metcalf & Eddy 2004). 

In wastewater treatment, coarse screens are used to protect pumps, valves, pipelines, and other 

appurtenances from damage or clogging by rags and large objects. Coarse screen are not 

installed if the sewage line is equipped with grinders. 

 

Grit removal 

 

Removal of grit from wastewater is accomplished in grit chambers or using the centrifugal 

separation of solids. Grit chambers are tanks designed to remove grit, which is formed by sand, 

cinders, or other heavy solids materials that have sinking velocities, or specific gravities, 

substantially greater than those of the organic putrescible solids found in wastewater. 

Grit chambers are most commonly located after the bar screen and before the pumping station, 

in order to reduce pumps strain. 
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Grit chambers are provided to: 

 

¶ protect moving mechanical equipment from abrasion and accompanying abnormal 

wear; 

¶ reduce formation of heavy deposits in pipelines, channels and conduits; 

¶ reduce the frequency of digester cleaning caused by excessive accumulations of grit.   

 

There are three general types of grit chambers: 

 

¶ horizontal-flow type; 

¶ aerated type; 

¶ vortex type. 

 

Aerated type grit chamber play also an important role in pre-aerating wastewater, which can 

improve biological treatment yield. 

 

Pumping station 

 

Pumping stations are usually required to head losses and to avoid excess costs of hydraulic 

works due to tanks buring. Pumps are usually placed after screening and grit removal to avoid 

breakage and clogging problems. Two main types of pumps are generally used for wastewater 

treatment plants: 

 

¶ centrifugal pumps, designed to operate with wastewater rich of solids; 

¶ screw pumps. 

 

Primary sedimentation 

 

The objective of primary sedimentation is to remove readily settleable solids and floating 

material and thus reducing the suspended solids content. Primary sedimentation tank can 

remove up to 80% of total suspended solids and achieve a BOD reduction up to 60% if well 

designed. The purpose of sedimentation is to remove a substantial portion of organic solids to 

reduce organic loadings to secondary treatments. In some treatment plants they are not used 

since they reduce too much the organic and nutrient loading, reducing the pre-denitrification 

yield. There are two main kinds of primary sedimentation tanks: 
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¶ Rectangular tanks. 

¶ Circular tanks.  

 

1.1.2.2 Secondary treatments 

 

Secondary treatments are a series of treatments that exploit biological processes, occurring in 

controlled environmental conditions, for depleting organic matter and nutrient loadings. 

Therefore the aim of these processes is to convert this organic and inorganic substances in 

energy and bacteria biomass, that will be subsequently removed from the water stream by 

means of a secondary clarifier. 

Several configurations can be used, with or without nitrogen and phosphorous biological 

removal. For treatment plants that discharge in sensitive areas nitrogen removal must be 

provided. Usually phosphorous removal is not achieved with biological process, but with 

chemical coagulation, since it is less expensive and easier to control. 

Below, the most common configuration, called pre-denitrification is exposed. It is composed by 

three main facilities: pre-denitrification tank, oxidation tank and secondary clarifier. The whole 

process works in continuous mode. This configuration requires a high amount of mixed liquor 

recirculation from aerated to anoxic tank in order to permit denitrification to occur.  

 

Oxidation  

 

Oxidation of organic matter occurs in an artificially aerated tank. Bacteria use organic substances 

as electron donor and oxygen as electron acceptor for their metabolism. Biomass concentration 

is maintained at a desired value by biomass sludge recirculation from the secondary clarifier. Air 

or pure oxygen are diffused from the bottom of the tank usually with a series of disk sparger 

which ensure the maximum gas-liquid transfer and act also as a mixer. The biomass oxygen 

demand can be estimated with empirical formulas that consider the amount of organic matter 

loading, gas-liquid transfer coefficients and tank geometry. If nitrogen removal is requested, the 

oxidation basin acts also as nitrification tank. In fact, environmental conditions (residence time 

and air supply) are varied to permit the developing of a nitrificant bacteria fraction that can use 

ammonia and nitrites as electron donor and oxygen as electron acceptor, to make nitrates: 

 

 .( σ
ςὕ ᴼὔὕ ςὌ Ὄὕ (Eq. 1.1) 

 ὔὕ ρ
ςὕ ᴼὔὕ (Eq. 1.2) 
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Reaction 1.1 and 1.2 are consecutive; the second one is usually faster than the first one, so 

virtually there is no nitrites net production. 

These reaction require additional amount of oxygen, that must be provided, and higher 

residence time (therefore also higher tank volumes). 

 

Pre-denitrification 

 

In this step, facultative heterotrophic bacteria use nitrates and nitrites molecules to assimilate 

biodegradable organics. This is the reason why denitrification tank is usually set before oxidation 

tank: denitrification reactions need high amount of organic substances to occur; if denitrification 

is set after oxidation, organic substances have been already consumed and the process fails. The 

design of oxidation basin to leave a certain amount of organics for subsequent denitrification 

has been proved to be a failing strategies since organic loading is subject to daily and seasonal 

variations, so that a correct design and process control is almost impossible. 

The denitrification process occurs only in anoxic conditions and involves a reduction step from 

nitrate to nitrogen gas, as reported in eq. 1.3. 

 

 ὔὕᴼὔὕᴼὔὕO ὔὕᴼὔ  (Eq. 1.3) 

    

Since anoxic conditions are fundamental, the recirculation stream must contain the lowest 

oxygen content possible: this is achieved by maintaining low dissolved oxygen in the oxidation 

basin (usually, less that 2 mgO2/l). 

Denitrification tanks are generally made of squared or rectangular ponds with depths greater 

than 3-4 m, equipped with submersible mixers or agitators that keep the tank in agitation to 

prevent the buildup of sludge without causing a significant transfer of oxygen. 

The advantages of nitrification-denitrification process are (Metcalf & Eddy 2004): 

 

¶ reduction of NO3 concentration in the effluent; 

¶ reduction of rising sludge in secondary sedimentation tanks due to nitrif ication process 

occurring there; 

¶ reduction of oxygen requirements, as organics are removed using also NO3. 

 

On the other hand the disadvantages are: 

 

¶ higher capital costs due to higher volume requirements; 
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¶ increased plant complexity due to recirculation of mixed liquor from the aerobic to the 

anoxic tank; 

¶ higher energy consumption related to mix liquor recirculation pumping.  

 

Secondary sedimentation 

 

Secondary sedimentation exploits the force of gravity to separate water from the solid biomass 

characterized by a higher specific weight (thanks to its flocculating capacities), and therefore 

able to settle on the bottom of a tank in a time of several hours. Part of the accumulated sludge 

is recirculated to the biological basin in order to keep the biomass concentration at the desired 

value (3-7 g/l). Particular attention must be taken for secondary clarifier design, since its failure 

will cause the failure of the entire process. 

The conditions in the biological reactor affect the settling and clarification characteristics of the 

sludge. As a result, the functions of the biological process and that of the secondary settling tank 

interact up̌ n each other and the design of one cannot be undertaken independently of the 

other. Particular attention have to be paid to avoid the formation on anoxic sludge and the 

subsequent formation of nitrogen bubbles that raise, carrying sludge upwards and releasing 

odorous compounds. 

If total Phosphorous concentration is still too high, it can be removed with chemical processes 

involving its adsorption on sludge particles. This process is usually mediated with chemicals. 

 

1.1.2.3 Tertiary treatments 

 

Tertiary treatments involve a series of physical or chemical processes to reduce total suspended 

solids and bacteria concentration. 

 

Filtration 

 

Surface filtration involves the removal of particulates suspended in a liquid, by mechanical 

sieving achieved passing the liquid through a thin septum, which is the filtering material. Surface 

filtration has been used to remove the residual suspended solids from secondary effluents and 

from stabilization pond effluents. 

This step is fundamental only if UV disinfection is used, since it guarantees that no self-shading 

effects will occur there. 

Several types of filtration can be implemented, but the most used are sand filtration and disk 

filters. 
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Disinfection 

 

This step is fundamental to reduce the pathogens and coliforms concentration. Several systems 

can be implemented: 

 

¶ chlorination, which is the most widely used disinfectant. It can be applied in the form of 

sodium hypochlorite, chlorine dioxide, chlorine liquid or gas. With chlorination processes 

chloramine compounds, which are toxic, can be formed; 

¶ ozonation, which uses ozone (O3), a highly effective compound against bacteria and 

viruses. This process requires high capital costs and is difficult to control since ozone 

molecules are unstable; 

¶ UV disinfection, which exploits the bactericidal action of UV rays, emitted by means of 

mercury vapor lamps. The UV rays are strongly effective against bacteria, spores, 

viruses, fungi. Its main advantage is that it does not create unwanted chemicals.  

 

Sludge line 

 

During wastewater processes three types of sludge can be produced: 

 

¶ primary sludge: it is produced by settleable solids removed from raw wastewater in 

primary clarifiers; it is characterized by high putrescibility and good dewaterability when 

compared to biological sludge; its total suspended solids content is usually in the range 

2-7% (Metcalf & Eddy 2004); 

¶ secondary sludge (or excess sludge): it is produced by biological secondary processes  

and  contains microorganisms grown on biodegradable matter, endogenous residues 

and inert solids not removed in the primary settling (if a primary settler is present) or 

entering with the raw wastewater (if primary settler is not present); total suspended 

solids content in secondary sludge is in the range 0.5-1.5% (Metcalf & Eddy 2004); 

¶ chemical sludges: produced by the precipitation of specific substances (i.e. phosphorus) 

or suspended solids. It is present only if chemical coagulation is used. 

 

The aims of the sludge line are recovering energy or materials from sludge or decreasing its 

volume and biodegradability for further disposal in landfills.  

Sludge line is usually composed of three subsequential processes: thickening (or dewatering), 

stabilization and final dehydration. 
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Thickening  

 

In this step sludge is concentered and dewatered by means of physical processes. Reduction of 

water content can be achieved with different facilities: 

 

¶ dynamic thickener: this thickener is usually used also as an equalization basin for mixing 

primary and secondary sludge; 

¶ centrifuge; 

¶ filterpress. 

 

If sludge is treated with a wet anaerobic digestion process, sludge thickening is not necessary. 

The excess water from this step of treatment must be recirculated in the wastewater treatment 

plant since it contains high amounts of organic matter. 

 

Stabilization 

 

Sludge stabilization can be accomplished with aerobic or anaerobic digestion. The latter is 

usually preferred since it produce a certain recovery of energy, in form of electricity and/or heat. 

Anaerobic digestion exploits metabolism of anaerobic bacteria that degrades organic 

substances, converting them in biogas, a mixture of CO2, CH4, H2 and other compounds. 

Methane can be burned in biogas engine to produce heat and electricity. Preliminary gas 

treatments are necessary since the biogas contains high levels of humidity and hydrogen sulfide. 

The final product of anaerobic digestion is a well stabilized material, poor in organic fraction and 

with lower solids content than the initial sludge. 

Sludge can be treated alone, or it can be added to putrescible matter, for example coming from 

separate collection of urban solid waste (co-digestion). 

 

Dehydration 

 

In order to decrease the disposal costs of sludge, water content have to be decreased. A 

mechanical dehydration is performed by means of empty filter, filter press, press tape and 

centrifuge. 
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1.1.3 ISSUES RELATED TO COMMON WASTEWATER TREATMENT PROCESSES 

 

One of the most important problems related to wastewater treatment is the high energy 

demand of the process (table 1.5): pre-denitrification units require high amount of mixed liquor 

recirculation (recirculation flowrate can increase of 7 times the average daily flowrate), which is 

accomplished with high consuming centrifuge pumps.  

Besides, anoxic tank have to be mixed to avoid settling of sludge and air have to be fed to 

oxidation tank: all these facilities require high capital and operational costs. The main aim of 

wastewater plants is to meet water quality standards, therefore they are usually designed to 

meet certain effluent requirements, without major energy considerations. As an example, in the 

US alone WWTPs consume about 2% of the total amount of electricity generated. In fact, 

WWTPs represent the single largest cost to local governments with up to 33% of their total 

budget, and their energy consumption is expected to increase by 30ς40% in the next 20ς30 

years (Rojas & Zhelev 2012). After labour, electricity is the largest operating cost associated with 

wastewater treatment, with 25ς40% of the total. In the most common type of WWTP, the 

activated sludge plant, about 50% of this energy is used for aeration purposes (Metcalf & Eddy 

2004). 

Besides,  plants that implement biological treatment for nutrients removal and filtration use 

from 30 to 50 % more electricity for aeration, pumping, and solids processing than conventional 

activated sludge units (Burton 1996). 

 
Table 1.5 Average sewage energy consumption for treatment [kWh/m

3
] in different countries (Hernandez-Sancho et 

al. 2011). 

U.S.A Netherlands Singapore Switzerland Germany U.K. Australia Spain 

0.45 0.36 0.56 0.52 0.67 0.64 0.39 0.53 

 

Together with these economic problems, wastewater treatment plants should face also 

environmental issues: oxidation processes, biogas burning, and indirect energy consumption 

cause the release of greenhouse gases in the atmospheres.  

The main gases emitted by plants are carbon dioxide, methane and N2O:  carbon dioxide is 

produced by the metabolism of aerobic bacteria in oxidation tanks. It was estimated that 

treatment plants in the U.S.A. cause the release of 12.7 million of cubic meters of CO2 per year 

(Woertz et al. 2009) 

Methane is produced by anaerobic fermentation of organic matter in denitrification basin and it 

is estimated that 9% of global methane emissions are due to wastewater treatment plants 

(Gupta & S. Singh 2012). 
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Nitrous oxide is one of the by-products of denitrification reactions; it is considered a gas with 

one of the highest Greenhouse potential. Gupta & Singh (2012) estimated that 3% of global 

nitrous oxide emissions are due to wastewater treatment plants. 

Technologies for sequestering and treating these gases already exist but their implementation 

would lead to enormous increase in capital and process costs.   

 

1.1.4 URINE SEPARATION 

 

A large fraction of nutrients found in urban wastewaters comes from human urine, which 

contributes for 80% of Total Nitrogen and 50% of Total Phosphorous, even if it represents less 

than 1% of the total wastewater flowrate (T. A. Larsen et al. 2009). Furthermore, urine contains 

trace elements (for example Cu, Zn, Mo, Mn) necessary for bacterial metabolism and is usually 

poor in hazardous compounds and heavy metals that can inhibit biological processes (Chang et 

al., 2013). 

Separation of urine from the main wastewater stream could be a way to recover nutrients, to 

improve the effluent quality and increase the capacity of existing activated sludge wastewater 

treatment plants (Mbaya et al. n.d.). Typical fresh human urine compostition is reported in table 

1.6. 

 
Table 1.6 Fresh human urine composition. Derived from (Mbaya et al. n.d.). 

Parameter Value Unit 

Dilution 1 - 

pH 6.2 - 

Ntot 8830 g/m3 

NH4
++NH3 463 g/m3 

NO3
-+NO2

- - g/m3 

Ptot 800-2000 g/m3 

COD - g/m3 

K 2737 g/m3 

S 1315 g/m3 

Na 3450 g/m3 

Cl 4970 g/m3 

Ca 233 g/m3 

Mg 119 g/m3 

Mn 0.019 g/m3 

B 0.97 g/m3 
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Benefits of source separation of human urine can be summarized as follows: 

¶ reduction of wastewater treatment costs. The nitrification process implemented in 

treatment plants is designed on the ammonia peak loads, i.e. the worst possible 

condition. The reduction of this peak due to urine separation at the source would 

increase the stability and reliability of the nitrification process and therefore allow also a 

smaller plant size, thus leading to lower capital and operating costs.  

Besides, if influent TKN/COD ratio can be reduced enough, the denitrification-

nitrification process can be totally avoided. The degree of urine separation that have to 

be achieved not to require denitrification-nitrification in wastewater treatment plant 

depends mostly on the diet of the community (Mbaya et al. n.d.); 

¶ reduction in water consumption: separate urine collection reduces the flush water 

usage, resulting in lower wastewater generation and therefore also in a lower water 

consumption. 

 

Source separation techniques are known and used from 70s, but it is only from 90s that they are 

considered a sustainable alternative to existing wastewater collection and treatment systems for 

urban and industrialized areas. 

Urine separation at the source can be accomplished with appropriate designed toilets (NoMix), 

which were developed in Sweden in 70s; modern versions of these facilities improves hygienic 

handling of dry feces (Figure 1.2) 

 

 
Figure 1.2 Example of NoMix toilet (nomixtoilets.com). 
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 Despite the advantages illustrated above, urine separation technologies presents a series of 

unsolved problems (M Maurer et al. 2006): 

 

¶ dilution: the present practice for neutralizing nutrient loadings of source-separated 

urine require its dilution with large amount of waters (T. A. Larsen et al. 2009). A 

possible solution is to exploit grey water or overflow streams from sewer sideweirs; 

¶ the modern wastewater management system comprises a series of interdependent 

actor and facilities, which are extremely difficult and expensive to change; 

¶ transport: transport of source-separated urine to the treatment facility is still an 

unsolved problem. In some pilot projects, multiple piping systems are tested; besides 

on-site treatment could be performed, to avoid transportation on urine. 

 

1.2 MICROALGAE AND BIODIESEL PRODUCTION 

 

Microalgae are eukaryotic or prokaryotic photosynthetic organisms, with unicellular or simple 

multicellular structure, with dimensions ranging from 1 to 10 µm. It is estimated that more than 

50000 species of microalgae exist, but only around 30000 species have been yet identified and 

studied (Mata et al., 2010). Microalgae can grow both in fresh and salt water, and also some 

terrestrial species are known. 

These microorganism are able to convert carbon dioxide into cell biomass, in term of lipids, fatty 

acids, food and high-value bioactive chemicals, with sunlight-driven metabolism. Besides, 

microalgae can be useful in bioremediation applications and as nitrogen fixing biofertilizer 

(Chisti, 2007). Many species can be induced to accumulate consistent quantities of lipid, 

contributing to obtain a high final oil yield, by controlling environmental parameters, such as 

carbon dioxide supply, nutrients concentration and lightning conditions. Average lipid content 

varies significantly from 1 to 70% (some species can reach 90% in particular conditions) 

therefore the choice of algal strain is fundamental for the entire process feasibility (Mata et al., 

2010). 

Microalgae growth in batch conditions is characterized by 5 main steps (Fig. 1.3): 

 

1. lag phase: here the algae adapt physiologically to their new environment. Lag phase 

duration is variable, depending of difference of the environmental conditions such as 

temperature, nutrient concentration and light conditions. At this stage there is a high 

nutrients consumption due to algae fast metabolism, while cells concentration increases 

slowly (or does not increases at all); 
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2. exponential growth: after adaptation, microalgae start to growth at the highest rate 

(they can double the biomass in few hours). Exponential growth last until environmental 

factors are not limiting. For example, nutrient depletions or light attenuation due to self-

shading effect of the new biomass can be limiting factors;  

3. stationary phase: at a certain point, when one or more factors become limiting, cells 

number remain constant; 

4. death phase: at this step, substrates vital for cells growth are totally absent and this 

leads to cells death (cells concentration decreases). 

 

 
Figure 1.3 Schematic representation of the microalgal growth in batch cultures (continuous line), and the 

nutrients uptake (dashed line). 

 

1.2.1 THE BIOREFINERY CONCEPT 

 

The microalgal biorefinery concept reflects the concept of a petroleum refinery: it uses every 

available component of the raw material (in this case biomass) to produce valuable products, 

with a net energy production. The intensive exploitation of the biomass should decreases the 

overall process cost. In figure 1.4 an example of biorefinery approach for microalgae is reported. 

As said before, microalgae, fixing carbon dioxide and depleting nutrients from the growth 

medium, produce highly saturated lipids, suitable for biodiesel production through trans-

esterification processes (Rawat et al. 2013). In addition, some microalgae species produce 

valuable by-products: proteins, biopolymers, carotenoids, pigments and anti-oxidant substances 

that can be used for cosmetic or pharmaceutical purposes (Yen et al. 2011). 
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Figure 1.4 Schematic representation of a proposed microalgae biorefinery (J. Singh & Gu 2010). 

 

However, the most interesting aspect remains the possibility of biofuels production; in addition 

to biodiesel, several types of different renewable fuels can be produced starting from microalgal 

biomass: bioethanol, methane and hydrogen are some possible alternatives. Although limited 

reports on bioethanol are available, a number of advantages has been reported in the 

production of bioethanol from algae. Fermentation process involves less intake of energy and is 

much simpler in comparison of biodiesel production system. In addition, CO2 produced as by-

product from the process can be recycled for microalgae growth, thus reducing the greenhouse 

gases emissions. However, the technology for the commercial production of bioethanol from 

microalgae is yet under development and has to be further investigated (J. Singh & Gu 2010); in 

addition, contrarily to biodiesel, bioethanol can be used in internal combustion engines only in 

small percentages without a costly upgrade for the engine. 

Methane can be produced simultaneously to bioethanol through the fermentation process, but 

still no commercial production has been implemented (J. Singh & Gu 2010). Concerning 

hydrogen production from microalgae, it occurs only in peculiar environmental conditions, such 

as sulfur deprivation and oxygen absence, which are conditions hard to keep in large scale 

industrial facilities (Zhang et al. 2002).  

Current researches are focusing on biodiesel production, which it could play an important role in 

the transportation sector in the short-medium period, without the necessity of costly systems 

upgrading. Besides, biodiesel has a higher calorific value respect to bioethanol ( 37.3 MJ/kg and 

26.7 MJ/kg respectively) (Lam & K. T. Lee 2012). 
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1.2.2 SELECTION OF ALGAL STRAIN 

 

Many authors report that a critical point of biofuel production optimization setup from 

microalgae is the choice of the most suitable algal strain. In fact, thousands of microalgae 

species exist, but only few of these were analyzed for lipid content and biomass production 

(Table 1.7); published biofuel studies have focused on less than 20 species taken from culture 

collections and of these publications, 70% are not comparative studies but they focus only on 

one specific species (Larkum et al. 2012). One reason of this trend is that it is much easier to 

operate with well know species, rather than starting from microalgae with completely unknown 

characteristics. Besides, it seems that examining new strains would not lead to higher 

productivity performances, since this aspect is mainly governed by external environmental 

conditions rather than by the strain. Another challenge is the possibility of culture endemic 

indigenous strain, i.e. a microalgae consortium found in the natural environment where facilities 

would be installed. In fact, these strains are already adapted to the local environmental 

conditions, therefore they should give better performances in case of open pond systems. 

 
Table 1.7 Lipids contents and lipids productivity of 30 microalgal strains (J. Singh & Gu 2010). 

 

 

In summary, the main aspects that have to be considered in this step are: 

 

¶ species growth rate and productivity; 

¶ quantity and quality of lipid produced; 

¶ settling and processing characteristics; 

¶ possibility of exploiting secondary valuable chemicals; 
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¶ resistance to changing in environmental conditions like temperature, nutrient load, light 

conditions. 
 

1.2.3 BIOMASS CULTIVATION 

 

Microalgae can grow in three different conditions: 

1. phototrophic;  

2. heterotrophic; 

3. mixotrophic. 

 

The first one uses light as energy source and carbon dioxide as carbon source. The second uses 

complex organic compounds as energy and carbon source. Regarding mixotrophic conditions, 

microalgae can grow in phototrophic and heterotrophic conditions at the same time, depending 

on carbon source concentration and light availability (Mata et al. 2010). 

Presently, only phototrophic culture method is implemented in commercial scale.  

A correct design of the culture system is fundamental for the overall process yield and 

sustainability, since it permits to maximize productivity and quality of microalgal biomass. The 

following criteria should be carefully analyzed : 

 

¶ effective illumination area of the culture reactor; 

¶ optimal gas-liquid transfer in case of carbon dioxide supply; 

¶ easy operability of the microalgal reactor, i.e. maintenance, disinfection, cleaning; 

¶ low contamination level (in case of single microalgal strain usage); 

¶ minimal land area requirement; 

¶ low capital and maintenance cost of the whole system. 

 

Microalgae cultivation can occur in closed or open facilities (Figure 1.5). Open ponds systems are 

the most common solutions implemented nowadays since they require lower capital and 

process costs than closed photobioreactors. Usually they are limited to liquid depth of 20-30 cm 

in order to avoid shading effects. The settling of the biomass is avoided through a paddle wheel. 

Even if open ponds are less expensive, they are characterized by low efficiency since some 

environmental factors cannot be controlled: water loss due to evaporation, changes in 

temperature and CO2 limited transfers are the most common problems (Rawat et al, 2013). 

Closed photobioreactors usually guarantee higher performances since environmental conditions 

are strictly controlled. Typical configurations used are vertical flat panel reactor, annular 

reactors or plastic bags used in batch mode and tubular reactors.  
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Besides, they permit single-species cultures of microalgae hence it is possible to avoid 

competition between species, they are designed to maximize light absorption and gas transfer, 

thus giving higher productivity, and finally, knowing microalgae behavior at different conditions, 

quality and quantity of lipids can be maximized.  

 

 
Figure 1.5 Schematic representation of (A) raceway ponds, (B) tubular horizontal photobioreactor and (C) flat-panel 

photobioreactor. 

 

1.2.4 BIOMASS HARVESTING 

 

The separation of microalgal biomass from the culture media is necessary to biomass 

downstream processing operations. This step is considered to be one of the most problematic 

and challenging due to the small size of microalgal cells, and it can contribute up to 30% of the 

total process costs (Rawat et al, 2013).  There are several unit operations involved: 

 

¶ filtration. Improved filtration is necessary since conventional filtration techniques are 

insufficient for microalgal biomass recovery. 

¶ centrifugation. This method is usually problematic due to the high power consumption 

of centrifuges, even if they ensure a rapid and effective biomass separation. 

¶ gravity sedimentation. It is the most common method implemented for large volumes of 

water, since it is the cheapest. 
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¶ chemical flocculation. Multivalent cations or polymers are used to improve 

sedimentation characteristics of the biomass.  

 

A standard harvesting method for microalgal biomass has not been developed yet and this is still 

an active field of research (Mata et al. 2010). 

 

1.2.5 ISSUES RELATED TO BIOFUEL PRODUCTION WITH MICROALGAE 

 

Many authors have highlighted that the environmental and economic benefits (Lardon et al., 

2009) of microalgae utilization are not always clear and effective when passing from laboratory 

to large scale. For these reasons nowadays there is no commercial plant producing and 

processing microalgae biomass into biofuels yet (Lam & K. T. Lee 2012). The major open 

problems related to microalgae biomass production are: 

 

¶ photobioreactor design (Jorquera et al., 2010); 

¶ dewatering and biomass drying (Sander & Murthy 2010); 

¶ lipid extraction (A. L. Stephenson et al., 2010); 

¶ nutrients source. 

 

Regarding photobioreactor design, current research is focusing on improving biomass 

productivity and quality in closed systems, in order to decrease the net cost of the plant. If 

capital and processing cost remain at the present level, open pond systems will be the only 

economically feasible solution. 

Regarding nutrient source, the cultivation of microalgae at the industrial scale for biofuels 

production requires a large amount of nutrients, typically nitrogen in the form of nitrate or 

ammonia and phosphorous in the form of orthophosphates. Usually, nutrients are supplied to 

biomass through the addition of chemical fertilizers, which are expensive and definitely not 

sustainable (Lam & K. T. Lee 2012). 

 

1.3 TREATING WASTEWATER WITH MICROALGAE 

 

The idea of treating wastewaters with microalgae goes back to the 50s, as early studies were 

carried out by  Oswald et al. (1953), but it is only in the last decade that researches have focused  

of this field, because of the problem of energy sources and the need of finding more sustainable 

solutions for fuel production. Modern wastewater treatments, in fact, are characterized by high 

energy demands and only a small portion of this energy can be recovered by means of anaerobic 
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digestion of the excess sludge. Besides, the final product of the denitrification process currently 

used is atmospheric nitrogen (N2), which is a useless compounds, thus leading to an additional 

waste of energy.  

Integrating the microalgae biomass production and the wastewater treatment, economic and 

environmental advantages can be achieved (Lam & Lee 2012), such as the recovery of nutrients, 

no need of fresh/saline water, CO2 emissions saving. 

 

1.3.1 BIOLOGICAL OXYGENATION 

 

The ability of algae to produce oxygen by photosynthesis is vital to the ecology of the water 

environment: microalgae use dissolved CO2 and a part of nutrients dissolved in wastewater 

(nitrogen and phosphorous) to grow, and release oxygen as a byproduct. Aerobic bacteria can 

use this readily available oxygen in order to consume the organic matter present in wastewater 

and create CO2 as byproduct. In turn this CO2 can be used by microalgae for photosynthesis, 

closing this biological circle (Figure 1.6). 
 

 
Figure 1.6 Simplified algal-bacterial interactions in wastewater treatment ponds (Woertz et al. 2009). 

 

Recent studies pointed out that microalgae metabolism can lead to high concentration of 

dissolved oxygen, with values up to 8 mg/l of O2 (Su et al. 2012). 

The oxygen produced by microalgae should be more readily available than that supplied with the 

common air sparging systems: if microalgae reactor is placed before the activated sludge 

process, the air demand of this latter can be substantially reduced, thus allowing to additional 

energy and money savings. In fact, current air supply systems are characterized by low transfer 

efficiency: usually, only 5% of gas transfer is achieved in 1 meter of oxidation tank. 
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1.3.2 GREENHOUSE GASES 

 

Coupling wastewater treatment with microalgae biomass production can lead to a substantial 

environmental improvements: the energy saved using microalgae for nutrients removal, the 

aeration of the mixed liquor, and the reduction of the greenhouse gases overall emissions: in 

fact microalgal biomass production and utilization for biofuel synthesis offers potentials for 

greenhouse gas avoidance since it reduce the needs of fossil fuel extraction and burn.  

Elevated CO2 levels coming from typical power plants could be supplied to microalgal cultures to 

enhance the biomass production thus allowing an effective GHG reduction. 

 

1.3.3 OTHER ADVANTAGES 

 

Significant concentrations of heavy metals and toxic organic compounds can be detected in 

municipal wastewater. Microalgae are efficient sorbers of heavy metals: the bioaccumulation of 

metals in microalgae may become a feasible and cheaper method for remediating wastewater 

contaminated with metals. Microalgal metal sequestering processes are driven by different 

mechanisms, which are dependent on the species, the metal ion considered, the solution 

conditions and whether the algal cells are living or not (Abdel-Raouf et al. 2012). 

Besides, it was observed that the environmental factors (first of all the increase of pH of the 

solution during microalgal photosynthesis), which are favorable for algal growth, become 

unsuitable for the survival of coliform bacteria and pathogenic organisms usually found in 

wastewaters, such as Salmonella, Shigella, viruses and protozoa (Abdel-Raouf et al. 2012). In 

high-rate ponds, Shelef et al. (1977) reported a reduction of 99% in total coliform bacteria 

thanks to the high pH and residence time.  

 

1.4 SCOPE OF THE THESIS 

 

The objective of the present thesis work is to investigate experimentally the possibility of 

treating urban wastewater with microalgae; specifically, the species Chlorella protothecoides 

33.80 (from SAS Goettingen) has been tested, starting from a previous thesis work that 

identified this strain as the most suitable for urban wastewater treatment.  

Batch experiments have been carried out in order to measure the microalgae growth rate 

constant and the nutrient consumption at different temperatures, simulating the annual 

temperature trend of the influent wastewater at Camposampiero (PD) plant. 

A further batch experiment has been performed to develop and characterize the native-

microalgae consortium found in urban wastewater from Camposampiero plant.  
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C. protothecoides has been also cultured in continuous flow experiments at constant 

illumination to evaluate the biomass productivity at different residence times and the nutrient 

depletion capacities; results of these experiments have been integrated with those of a previous 

thesis (Morandini 2012). 

Continuous flow experiments simulating October day/night light cycles were performed in order 

to evaluate C. protothecoides behavior in this more realistic conditions.  

Moreover, the possibility of applying microalgae biomass production to source-separated urine 

has been tested through batch experiments. 

Finally, experiments results have been exploited to develop three possible wastewater 

treatment process integrated with microalgae biomass production. 
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2 MATERIALS AND METHODS 
 

2.1 MICROALGAE 

 

Previous screening experiments permitted to select Chlorella protothecoides 33.80 (from SAG 

Goettingen) as the best microalgae species for urban wastewater treatment, thanks to its high 

growth rate (about 1 d-1) and its shortest lag phase (Morandini 2012). This species can grow in 

fresh water and  in both autotrophic and heterotrophic environments. Its lipid content varies 

significantly according to growing environment  and can reach, in autotrophic conditions, up to 

23% of its total dry weight (Cheng et al. 2012). 

Consequently, in this thesis work C. protothecoides was used for all batch and continuous flow 

experiments. 

 

2.2 WASTEWATER 

 

Screening experiments were carried out in order to select the most suitable wastewater type for 

microalgal growth. In particular, urban wastewater from Camposampiero (PD) treatment plant 

and mixed urban/industrial wastewater from Montecchio Maggiore (VI), both at different points 

of treatment (after primary treatments and at discharge) were tested (Morandini 2012).  These 

experiments pointed out that treated wastewater has a too low nutrient load to support 

microalgae growth; besides, there were little differences in final cell concentration between 

Padua and Vicenza primary treated wastewaters. 

For these reasons, primary treated wastewaters from Camposampiero treatment plant were 

used for all batch and continuous flow experiments. 

In some continuous flow experiments, wastewater was preliminary filtered with blotting paper 

and laboratory paper, in order to avoid tubes clogging.  

 

2.3 SYNTHETIC URINE 

 

The medium of urine experiments is synthetic human urine according to real human urine 

(Mayrovitz & Sims 2001). Several synthetic urine recipes were evaluated. The choice was based 

on the pH of the recipe: in fact, some synthetic urine presents an unsuitable pH for microalgae 

cultivation. For these reasons, the synthetic urine chosen has a pH of 7.8. 

The urine formulation is reported in table 2.1. The constituents are expressed in grams per liter 

of sterile water. 
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Table 2.1 Composition of one liter of synthetic human urine, according to Mayrovitz et al. (2001). 

Composition 
Quantity 

 [g/l] 

Urea 25 

Sodium Chloride 9 

Disodium hydrogen orthophosphate, anhydrous 2.5 

Ammonium chloride 3 

Creatinine 2 

Sodium Sulfite, hydrate 3 

 

Bi-distilled water was used for urine production. After the solution was prepared, it has been 

sterilized in autoclave for 30 minutes at 120°C.   

 

2.4 ANALYTICAL METHODS  

 

2.4.1 MEASUREMENTS OF  BIOMASS CONCENTRATION  

 

Microalgae concentration was determined by means of 3 different procedures: 

 

1. cell concentration; 

2. optical Density (OD); 

3. dry weight. 

 

Usually, cells concentration and OD measures were performed on the same sample, with 

different dilution factors. 

 

2.4.1.1 Cell concentration 

 

Cell concentration was measured according to this standardized procedure: 

 

1. a sample (1.5-нƳƭύ ƻŦ ƳƛŎǊƻŀƭƎŀƭ ǎƻƭǳǘƛƻƴ ǿŀǎ ǘŀƪŜƴ ǳǎƛƴƎ .5 CŀƭŎƻƴϰ 9ȄǇǊŜǎǎϰ tƛǇŜǘ-

Aid®; 

2. the sample was diluted with a dilution factor ranging from 20 to 200; 

3. cell counting was performed by a microscope using a Burker Counting Chamber. Only 3 

of the 9 squares were counted, and then an average value was calculated. 
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Burker Counting Chamber is a glass slide 7.5x3.5 cm wide and 4 mm deep. The chamber is 

composed of two cells 1/10mm deep, each one divided in 9 squares of 1 mm side and divided by 

a triple line. Each square is further divided in 16 smaller squares, divided by double lines (Figure 

2.1). 

 
Figure 2.1 Structure of the Burker Counting Chamber reticulate. 

 

2.4.1.2 Optical density (OD) 

 

Microalgal concentrations can be estimated using this standardized procedure: 

 

1. a sample (1.5-нƳƭύ ƻŦ ƳƛŎǊƻŀƭƎŀƭ ǎƻƭǳǘƛƻƴ ǿŀǎ ǘŀƪŜƴ ǳǎƛƴƎ .5 CŀƭŎƻƴϰ 9ȄǇǊŜǎǎϰ tƛǇŜǘ-

Aid®; 

2. the absorbance of the sample at a wavelength of 750 nm, placed in a cuvette with path 

length l = 1cm, was measured using Spectronic Unicam UV- 500 UV-visible spectrometer. 

At this wavelength chlorophyll does not absorb photons and light attenuation is uniquely 

due to scattering phenomena, i.e., to cells and suspended solids concentration. Using 

this instrument the absorbance has to range between 0,1 to 1. The sample has to be 

diluted when the upper limit is exceeded (a dilution factor from 1 to 10 was used); the 

absorbance, also called optical density (OD), obtained by spectrophotometer was 

directly linked to cells concentrations by the Lambert-Beer law:  

  ὃ ‐ὰὧ  (Eq. 2.1) 

where: 

- A750  sample absorbance at ˂ Ґ трл ƴƳΣ ὃ Ὅ
Ὅ[-] 

- l  path length [cm] 
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- ʁ   extinction coefficient [cm2/cell] 

- c  cells concentration [cell/ml] 

 

Results of these measurements are plotted in figure 2.2, where the relationship between 

microalgal concentration and OD750 is reported. The figure clearly shows that the relationship 

was linear but it shows also a certain dependence on temperature and a high variability (low R2 

value). This variability can be due to wastewater suspended solid content (TSS) which can 

influence the sample OD750, especially at low biomass concentration, when scattering due to TSS 

is greater than that due to biomass. 

 

 
Figure 2.2 Cell concentration vs OD750. Each straight line is the linear fitting results of temperature screening batch 

experiments reported in paragraph 3.3. 

 

Equations associated to the linear fitting straight lines in figure 2.2 are reported in table 2.2. 

 
Table 2.2 Cell concentration and OD750 relationships at different temperatures. 

Temperature cell/ml-OD750 relationship R2 

10°C y = 1E+07x - 6E+06 0.9527 

15°C y = 9E+06x + 7E+06 0.9428 

23°C y = 2E+07x - 6E+06 0.9581 

30°C y = 2E+07x + 414260 0.9848 
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2.4.1.3 Dry weight  

 

The dry weight of microalgal biomass (DW) represents the amount of microalgae per unit of 

volume better than the cell concentration. The analytical procedure used in order to evaluate 

the biomass growth in terms of dry weight is summarized as follows: 

 

1. a sample of 3 ml or 5 ml of microalgal suspension was collected ǳǎƛƴƎ .5 CŀƭŎƻƴϰ 

9ȄǇǊŜǎǎϰ tƛǇet-Aid®; 

2. a biomass filter (Sartorius Stedim biotech cellulose nitrate filter pore size 0,2 µm or 

Whatman NC 20 Membrane filters pore size 0,2 µm) was placed in the oven for 20 

minutes to remove the absorbed humidity and then weighted with Atilon Acculab 

Sartorius Group microbalance with instrument sensitivity of 1·10-4 g. This value 

represents the tare; 

3. the biomass filter was placed in a suitable filtering flask and a known volume of sample 

was spilled on the filter with a micropipette (Gilson Pipetman P1000): the liquid fraction 

flows through while microalgal biomass was retained; 

4. the filter was placed in the oven at 80° C for 2 hours. In this step all the sample humidity 

evaporates; 

5. the filter was weighted. This value represents the gross weight.  

 

The dry weight was calculated according to  

 

  Ὀὡ
    

   (Eq. 2.2) 

 

2.4.2 MEASUREMENT OF BACTERIA CONCENTRATION  

 

Bacteria concentration was measured in terms of CFU/ml (Colony-Forming Unity) following a 

standardized procedure.  

 

1. a sample (1,5-нƳƭύ ƻŦ ƳƛŎǊƻŀƭƎŀƭ ǎƻƭǳǘƛƻƴ ǿŀǎ ǘŀƪŜƴ ǳǎƛƴƎ .5 CŀƭŎƻƴϰ 9ȄǇǊŜǎǎϰ tƛǇŜǘ-

Aid®; 

2. the sample was diluted several times in sterile conditions (working under biological 

safety hood ASALAIR Vertical 700 laminar flow); 

3. a precise volume (typically 20 µl) was spread on a Petri plate by means of a sterile 

disposable spatula; 

4. the Petri plate was incubated for 24 hours at 37°C in an incubator (BINDER); 
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5. eventually a manual counting of CFU was performed. 

 

Starting from the CFU value of each plate, bacteria concentration in the microalgal solution can 

be calculated with equation 2.3. 

 

  ὅὊὟȾάὰ
ᶻ

Ὀz  (Eq. 2.3) 

where: 

 

- CFU/ml CFU value present in a milliliter of the starting microalgal solution 

- CFUPlate CFU value counted on the plate 

- V  sample volume spread on the plate [µl] 

- 1000 transformation factor from µl to ml 

- D  dilution factor  

 

2.4.3 MEASUREMENT OF POLLUTANTS CONCENTRATION  

 

Nutrients measured in this thesis work were ammonia, orthophosphates, nitrates and COD using 

standard methods for wastewaters (APHA-AWWA-WEF. 1992). Samples preparation follows this 

procedure: 

 

1. sŀƳǇƭƛƴƎ ƻŦ ǘƛǇƛŎŀƭƭȅ млƳƭ ƻŦ ƳƛŎǊƻŀƭƎŀƭ ŎǳƭǘǳǊŜ ǳǎƛƴƎ .5 CŀƭŎƻƴϰ 9ȄǇǊŜǎǎϰ tƛǇŜǘ-Aid®; 

2. filtering of samples by means of Sartorius Stedim biotech Minisart® with a pore size of 

0,2 µm  or VWR INTERNATIONAL Sterile syringe filter 0,2 µm; 

3. dilution of the sample to achieve a final pollutant concentration within the sensitivity 

range of the analytical method. 

 

Sample filtering was necessary for correct application of the procedure, but it is important to 

notice that this permits to evaluate only dissolved nutrients concentration.  

 

2.4.3.1 Chemical Oxygen Demand (COD) 

 

COD was measured using a Sigma COD determination kit (Sigma-Aldrich®). This method is based 

on the oxidation of organic and inorganic substances by the dichromate ion, whose 

concentration is quantified by a spectrophotometer. The procedure involves incubation at 148°C 

for 2 hours. Interferences of chloride ions are avoided thanks to the presence of mercury 

sulphate, while sulfuric acid acts as a catalyst. The calibration line (Figure 2.3) was determined 
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with solutions at known COD value, obtained dosing potassium hydrogen phthalate in bi-distilled 

water. Comparing figure 2.3 with figures 2.4, 2.5 and 2.6 it can be noticed that the slope of the 

calibration lines is opposite: in fact, the COD kit is made-up with vials containing pre-dosed 

potassium dichromate; this method measure the quantity of remaining dichromate in the vials 

after the reaction with organic substances, while all the other methods measure the quantity of 

reaction products formed.    

 

 
Figure 2.3 COD kit calibration curve. 

 

Equation associated to calibration line is: 

 

 ὥὦί πȢππςχὴὴάπȢυςψσ               Ὑ πȢωωωρ (Eq. 2.4) 

 

2.4.3.2 Ammonia 

 

Ammonia Nitrogen was measured by means of 2 kits with pre-dosed reagents:  

1. the first kit is distributed by Carlo Erba Reagenti. It is based on a colorimetric reaction 

between Nessler reagent (Potassium tetraiodomercurate) and ammonia, according to 

the reaction described by equation 2.5. 

 

 ςὑ ὌὫὍτ ὔὌ σὑὕὌO ὌὫὕὔὌὍ χὑὍςὌὕ (Eq. 2.5) 

 

Ammonium ions present in wastewater are previously converted to ammonia form by 

hydroxides contained in reagents. This reaction leads to a dense yellow/orange color. 

The absorbance of the sample due to the colorimetric reaction was measured by means 
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of Spectronic Unicam UV-500 UV-visible spectrometer at a wavelength of 445 nm. The 

calibration line (Figure 2.4) was determined based on solutions at known ammonia 

concentrations, prepared with ammonium chloride; 

2. the second kit is HYDROCHECK SPECTRATEST Ammonia. It is based on the same 

colorimetric reaction (Eq. 2.5) reported for the first kit. The calibration line (Figure 2.4) 

was determined with solutions at known ammonia concentrations, prepared with 

ammonium chloride. 

 

 
Figure 2.4 Ammonia kit calibration curves. 

 

Equations associated to calibration lines are: 

 

1. 

2. 

  

ὥὦίπȢπωυςὴὴάπȢπχσσ               Ὑ πȢωωως 

ὥὦίπȢπψυχὴὴάπȢππωπ               Ὑ πȢωωχτ 

(Eq. 2.6) 
(Eq. 2.7) 

2.4.3.3 Orthophosphates 

 

Orthophosphates were analyzed with 2 different procedures. Analysis on continuous flow 

experiments were carried out by a kit with pre-dosed reagents, but the kit showed a low 

accuracy, therefore an analytical procedure based on self-preparation of reagents was 

implemented and used in temperature screening experiments with batch reactors.  

According to the first procedure, orthophosphates were measured by means of HYDROCHECK 

SPECTRATEST Phosphates low range kit. The colorimetric reaction creates a blue colored 

complex between the orthophosphates ion and molybdenum under reducing conditions. The 

method was a variation of the classical Tschopp test. The absorbance of the sample due to the 
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colorimetric reaction was measured by means of Spectronic Unicam UV-500 UV-visible 

spectrometer at a wavelength of 720 nm. 

The calibration line (Figure 2.5) was evaluated by means of known orthophosphates standard 

solutions prepared with potassium dihydrogen phosphate.  

In the second procedure, orthophosphates were measured by means of an analytical method 

described in Nova Thalassia vol. 11 (1990), modified in order to be applied to a sample of 2.5 ml.  

The mixed reagent was prepared immediately before the analysis (since it become unstable in 3-

4 hours), mixing predetermined quantities of stock solutions and ascorbic acid solution. The 

latter must be prepared the same day of the analysis, as it become unstable in 24 hours, while 

stock solutions can be stored for months.  The composition of each solution is: 

¶ sulphuric acid 5N: prepared diluting 35 ml of 96%p/p of sulphuric acid in 250 ml of milliQ 

water; 

¶ potassium antimonyl tartrate: 0.34 g of potassium antimonyl tartrate was dissolved in 

250 ml of milliQ water; 

¶ ammonium molybdate: 7.5 g of ammonium molybdate tetrahydrate was dissolved in 

250 ml of milliQ water; 

¶ ascorbic acid: 1.35 g of ascorbic acid was dissolved in 25 ml of milliQ water. 

 

The final composition of the mixed reagent is reported in table 2.3. 

  
Table 2.3 Mixed reagent final composition. 

SOLUTION 
VOLUME 

[ml] 

Sulphuric acid 5N 25 

Potassium antimonyl tartrate 5 

Ammonium molybdate 10 

Ascorbic acid 10 

 

For the analysis, 0.25 ml of mixed reagent was added to each sample and the absorbance was 

measured after 5 minutes.  

Colorimetric reaction is the same explained in the previous procedure. The calibration line was 

evaluated by means of known orthophosphates standard solutions prepared with potassium 

dihydrogen phosphate. The absorbance of the sample due to the colorimetric reaction was 

measured spectrophotometrically at a wavelength of 705 nm. This procedure show a higher 

accuracy, as can be easily noticed looking at the slope of the calibration line, even if the 

sensibility range is smaller: 0,1-3 ppm instead of 1-5 ppm. 

Calibration lines of the two procedures are reported in figure 2.5. 



36 
 

 
Figure 2.5 Phosphates calibration curves. 

 

Equations associated to calibration lines are: 

 

1. 

2. 

ὥὦίπȢππφχὴὴάπȢππςφ               Ὑ πȢωωφυ 

ὥὦίπȢρσςτὴὴάπȢπςρπ               Ὑ πȢωωχω 

(Eq. 2.8) 
(Eq. 2.9) 

 

2.4.3.4 Nitrates 

 

Nitrates were measured by means of Idrimetre St. Carlo Erba Reagenti. The colorimetric reaction 

firstly reduces nitrate to nitrite, which, by reacting with sulfanilic acid, produces diazo. The 

reaction between diazonium salt and gentisc acid (2.5 dihydroxibenzonic acid) produces the azo 

dye. The absorbance of the sample was measured spectrophotometrically at a wavelength of 

445 nm. The calibration line (Figure 2.6) was evaluated by means of known nitrate concentration 

standard solutions prepared with NaNO3. 
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Figure 2.6 Nitrates kit calibration curve. 

 

Equation associated to calibration line is: 

 ὥὦίπȢπρπυὴὴάπȢπχρρ               Ὑ πȢωψφς (Eq. 2.10) 

 

2.5 EXPERIMENTAL SETUP 

 

The setup of each experiment is now described, with reference to reactor type, culture medium, 

illumination system and air supply system. 

 

2.5.1 LABORATORY FACILITIES 

 

All laboratory experiments were carried out in thermostatic incubators where temperature can 

be adjusted within an error of ±1°C. In each incubator 8 air supply lines are present. Usually, a 

mixture air/CO2 at 5% CO2 volume concentration was used. The plant (Figure 2.7) is powered by 

a cylinder of air and a cylinder of CO2. In each cylinder there are two manometers, that give the 

values of inner cylinder pressure and delivery pressure. The latter one can be adjusted through a 

pressure reducer. Each cylinder is equipped also with an on-off valve which allow the opening 

(or the closure) of the cylinder. Outlet gases are sent to two volumetric flowmeters, which allow 

to control each gas flowrate, thus determining the volumetric ratio of the gas to be fed to the 

reactor. Gases from the two flowmeters are mixed tƘǊƻǳƎƘ ŀ ά¢έ ƧǳƴŎǘƛƻƴΤ ƳƛȄŜŘ ƎŀǎŜǎ ŀǊŜ ǘƘŜƴ 

sent to the 8 terminal lines inside the incubator. Each terminal line is equipped with an on-off 

valve and a regulation valve which permits to adjust the flux of the gas through each reactor. 
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Figure 2.7 Schematic representation of the laboratory plant. 

 

2.5.2 URINE BATCH EXPERIMENTS  

 

 

Urine experiments were performed in Quickfit® Drechsel Bottles with a volume of 250 ml and a 

diameter of 5 cm, as shown in figure 2.8.   

Experiments were carried out in sterile conditions; for screening experiments microalgae 

inoculum was added without centrifugation, while in the following experiments inoculum was 

centrifuged for 6 minutes at 5100 rpm in order to separate microalgae from BG11 medium. 

Microalgae specie used was C. protothecoides, previously grown in a bottle with BG11 medium.  

Two types of air supply system were used: for experiments with CO2 supply, bottles were 

continuously bubbled with air enriched with CO2. The total flow rate was 1 l/h. For experiments 

without CO2 supply, atmospheric air was bubbled by means of a compressor.   

The bottles were continuously mixed by both a magnetic stirrer and air bubbling and they were 

placed inside an incubator (Frigomeccanica Andreaus) where temperature was maintained 

constant at 23°C (±1°C).  

Light sources used were white neon lamps (OSRAM). The bottles where placed at a distance 

from the lamp so that light intensity hitting the bottle ǿŀǎ мрл ˃9κόƳ2*s), as measured with a 

radiometer (DELTA OHM HD 2102.1). 

For screening experiment, one bottle was used for each dilution rate; the following experiments 

were carried out in two replicas with the same set up, and results reported are an average from 

analysis on each replica. 
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Figure 2.8 Drechsler glass bottle system sketch up and photo. 

 

2.5.3 WASTEWATER BATCH WITHOUT INOCULUM 

 

Also this experiment was carried out in Drechsler glass bottle (Figure 2.8). No inoculum was 

added to the bottle. Bottle air supply, light and temperature conditions were the same as the 

urine batch experiments. 

 

2.5.4 TEMPERATURE SCREENING BATCH EXPERIMENTS 

 

Temperature screening experiments were all carried out in two replicas: experiments under 

constant light intensity were performed in bottles while experiments under day/night light cycle 

were performed in vertical flat panel photobioreactor (see 2.5.5), operated in batch mode. C. 

protothecoides species was inoculated after centrifugation for 6 minutes at 5100 rpm. 

Air supply and mixing conditions are the same as for the urine batch experiments. 

Experiments were carried out in an incubator (Frigomeccanica Andreaus), where temperature 

could be adjusted at the desired values. A monitoring campaign for determining the actual 

temperature inside the incubator was performed, resulting that temperature setup had to be 

one degree lower than the desired temperature (For example, in order to keep an actual 

temperature of 30°C, the incubator had to be set to 29°C); temperature was monitored daily 

with a mercury thermometer. 
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For experiments at constant light conditions, light sources used were white neon lamps 

(OSRAM). The bottles where placed at a distance so that the light intensity hitting the panel was 

мрл ˃9κόƳ2*s). 

For experiments under day/night light conditions, the daily sun cycle was simulated by means of 

a LED lamp system (PHOTON SYSTEMS INSTRUMENTS, lamp n°2), linked to a digital controller 

(PHOTON SYSTEMS INSTRUMENTS - Light Controller LC 100). The sin function (Figure 2.9) was 

used to simulate the daily solar irradiation curve. 

 

 
Figure 2.9 Light functions available in the controller. 

 

October sun cycle in Padua was simulated starting from data available online (PVGIS© European 

Communities 2007). As the controller used, did not permit a light period longer than 9 hours, the 

first and last hours of illumination were simulated with white neon lamps (OSRAM), whose 

on/off cycle was governed by a mechanical timer. In figure 2.10 real and simulated sun cycles are 

reported. The result is quite satisfactory.  

 

 
Figure 2.10 LED lamp n°2 calibration curve confronted with real sun daily irradiation in Padua in October. 
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2.5.5 CONTINUOUS FLOW EXPERIMENTS 

 

Continuous flow experiments were carried out in a vertical flat panel photobioreactor (Figures 

2.11 and 2.12). This photobioreactor  is made of two transparent polycarbonate sheets glued at 

ŀ ά¦έ ǎǳǇǇƻǊǘΦ ¢ƘŜ ǎǳǇǇƻǊǘ ǘƘƛŎƪƴŜǎǎ affects the reactor volume and the light path length. The 

reactor was continuously mixed by means of both a magnetic micro-stirrer and gas bubbling. The 

reactor was continuously bubbled with industrial air enriched with CO2 through a rubber tube 

placed at the bottom. The air/CO2 mixture was 95/5 by volume and the total flow rate was 0.5 

l/h. Previous studies (Facca 2013) permitted to assess that this reactor can be considered a CSTR 

type with a good approximation, in fact the dead volume was estimated to be 10% of the total 

volume. The system was placed inside an incubator (Frigomeccanica Andreaus) whose 

temperature was maintained constant at 23°C (±1°C). C. protothecoides is the only fresh water 

microalgae used in these experiments.  

Reactor was operated in batch conditions: C. protothecoides was inoculated in the reactor with 

200 ml of non-sterilized wastewater at the beginning of each run.  

 
Figure 2.11 Geometry and dimensions of the vertical flat panel photobioreactor used. 

14.5

1.
2

2
3

.5

1.5

0
.7

1
.5

11.5

[cm]



42 
 

 
Figure 2.12 On left: schematic representation of a continuous flow system setup. On right: photo of a continuous flow 

experiment running at day/night light condition (1. inlet wastewater; 2. Pump; 3. Reactor; 4. Outlet wastewater; 5. 
Neon lamps; 6. LED lamp). 

 

Once the desired cell concentration was reached, the operation  was switched to continuous 

mode. Accordingly, the reactor was fed with wastewater through a peristaltic pump (Watson 

Marlow pumps 120S). Inlet wastewater storage tank was continuously mixed with a magnetic 

stirrer. The liquid level in the reactor was controlled with an overflow plastic tube placed close 

to the top.  

For experiments under constant light conditions, light sources were white neon lamps and the 

panels where placed at a distance where light intensity reaching them ǿŀǎ млл ˃9κόƳ2*s). 

For experiments under day/night light conditions, the daily sun cycle was simulated by means of 

a LED lamps (PHOTON SYSTEMS INSTRUMENTS, lamp n°1) linked to a digital controller. October 

sun cycle in Padua was simulated starting from data available online (PVGIS© European 

Communities 2007). As the controller used did not permit a light period longer than 9 hours, the 

first and last hours of light were simulated with white neon lamps. In figure 2.13 real and 

simulated sun cycle are reported. 
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Figure 2.13 LED lamp n°1 calibration curve confronted with real sun daily irradiation in Padua in October. 
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3 RESULTS AND DISCUSSION 
 

3.1 SYNTHETIC URINE BATCHES  

 

Synthetic human urine is characterized by a very high nutrient content, which can have 

inhibition effects on microalgae growth, therefore a dilution with water is necessary. Of course, 

higher dilutions can limit C. protothecoides growth and need too much water for a real scale 

process. 

First of all a dilution screening was performed in order to analyze the growth of C. 

protothecoides at different dilutions. 10-diluted urine was initially chosen thanks to its highest 

growth rate but in subsequent experiments C. protothecoides did not grown at all, therefore an 

additional batch experiment with air not enriched in CO2 was performed in order to asses  if CO2 

was a limiting factor for microalgae growth in synthetic human urine. Besides, urine 100-diluted 

(following 100-d) was tested. 

 

3.1.1 DILUTION SCREENING 

 

A dilution screening was performed over different dilution factors from 1 to 200; biomass 

concentration was monitored through OD750 analysis for 3 days. OD750 measurements for each 

dilution factor are reported in table 3.1.  

 
Table 3.1 OD750 measurements at different dilution factor (D). Data refers to batch system with the same set up. 

Day 
OD750 

200-D 50-D 10-D 2-D 1.25-D 1-D 

0 0.575 0.536 0.537 0.526 0.731 0.574 

1 0.661 0.651 0.703 0.410 0.469 0.430 

3 0.698 0.666 0.992 0.228 0.259 0.241 

 

Figure 3.1 shows the results of the screening experiments. The two bottles with medium urine 

200-d and 50-d did not show a significant growth after 3 days probably due to poor nutrient 

content. In the cultures 2-d, 1.25-d and 1-d the growth was stopped after the first day due to 

high concentration of NH4-N.  

Only 10-d urine displayed  a significant growth. Then the following experiments were focalized 

on this dilution ratio only. 
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Figure 3.1 OD750 trend ad different dilution ratio in synthetic human urine.  

 

3.1.2 EXPERIMENT 1: 10-DILUTED URINE 

 

Results of this first run are discordant with screening experiments. According to what is reported 

in table 3.2 and in figure 3.2 it can be clearly seen from OD750 and cells counting that there is no 

growth at all. 

 
Table 3.2 OD750 and cells concentration at 10-d urine. Values are an average from two replicas with the same set up. 

Time 

[d] 

OD750 

[-] 

St. dev. 

[-] 

Cell. conc. 

[106 cells/ml]  

St. dev.  

[106  cells/ml] 

0 0.530 0.000 10.11 - 

1 1.048 0.119 15.70 1.74 

2 1.333 0.007 15.70 0.99 

3 0.839 0.021 9.83 0.24 

4 0.554 0.007 10.02 0.68 

7 0.948 0.060 - - 

9 1.106 0.105 12.83 3.06 

 

0,0 0,5 1,0 1,5 2,0 2,5 3,0

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

O
D

7
5

0
 (

-)

Time (d)

 200-D

 50-D

 10-D

 2-D

 1,25-D

 1-D



47 
 

  
Figure 3.2 OD750 and cells concentration trend for C. protothecoides in 10-d synthetic human urine. 

 

3.1.3 ESPERIMENT 2: 10-DILUTED URINE WITHOUT CO2 SUPPLY 

 

The previous batch experiment showed a discrepancy with screening experiments. Since CO2 

was not supplied in screening experiments, a batch system with 10-d synthetic human urine with 

only atmospheric air supply was performed, in order to assess whether the CO2 was a limiting 

factor or not. Results are reported in table 3.3. 

 
Table 3.3 OD750 and cells counting at 10-d urine. Values are an average from two replicas with the same set up. 

Time 

[d] 

OD750 

[-] 

St. dev. 

[-] 

Cell. conc. 

[106 cells/ml]  

St. dev.  

[106  cells/ml] 

0 0.537 0.000 11.47 - 

1 0.579 0.042 14.16 0.76 

4 0.963 0.144 16.23 1.23 

5 1.109 0.168 17.12 0.45 

6 1.227 0.229 17.47 0.15 

7 1.251 0.204 18.13 0.99 

11 0.954 0.011 13.70 2.11 

12 0.833 0.103 16.57 3.06 

 

Also in this case, no growth was detected (Figure 3.3). 
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Figure 3.3 OD750 and cells concentration trend for C. protothecoides in 10-d synthetic human urine diluted without CO2 

supply. 

 

It was concluded that CO2 cannot be considered as a limiting factor for the growth of C. 

protothecoides in synthetic human urine. 

 

3.1.4 EXPERIMENT 3: 100-DILUTED URINE 

 

As a last attempt to grow C. protothecoides in urine based medium, the nutrient concentration 

was further reduced, and a batch experiment with synthetic human urine 100-d with bi-distilled 

water was performed. 

Results are summarized in table 3.4 and in figure 3.4. 

 
Table 3.4 OD750 and cells concentration at 100-d urine. Values are an average from two replicas with the same set up. 

Time 

[d] 

OD750 

[-] 

St. dev. 

[-] 

Cell. conc. 

[106 cells/ml]  

St. dev.  

[106  cells/ml] 

0 0.430 0.000 7.00 - 

1 0.710 0.004 9.17 0.42 

2 0.689 0.025 11.35 2.29 

3 0.594 0.033 8.82 0.50 

4 0.588 0.040 8.52 0.54 
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Figure 3.4 OD750 and cells concentration trend for C. protothecoides in 100-d synthetic human urine diluted. 

 

Even with this high dilution no growth of C. protothecoides was observed. It was concluded that 

nutrients were not the reason for that. 

The quite absolute absence of growth in experiments with 10-d and 1-d urine could be explained 

by the absence of micronutrients in the synthetic human urine used (for example, Mg which is 

fundamental for chlorophyll molecule synthesis). Growth in screening experiments (see 3.1.1) 

was probably possible thanks to micronutrients inoculated together with C. protothecoides; in 

fact, for screening a different inoculum procedure was used, which did not include algae 

centrifugation, so a certain amount of nutrient and micronutrient was likely to be added to the 

system. It is noteworthy that our results disagree with similar experiments found in the 

literature, where other species of microalgae were successfully grown in diluted synthetic 

human urine (even with low growth rate constants between 0.1-0.3 d-1, showing high nutrient 

removal capacity (C. Yang et al.,2008 and Y. Chang, 2012). 

Therefore, for further analysis on C. protothecoides growth, a preliminary study for assessing the 

correct synthetic human urine formula suitable for this microalga should be performed.   

 

3.2 BATCH EXPERIMENT IN WASTEWATER WITHOUT MICROALGAE                                                                           

INOCULUM 

 

Optical microscope analysis of primary wastewater from Camposampiero plant permitted to 

identify the presence of some microalgae cells inside the medium, though their concentration 

was very low (about 11000 cell/ml). Since wastewater was just sampled from the plant and did 

not contact any microalgae in the laboratory, we concluded that they were native microalgae of 

the wastewater.  
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So, a batch experiment with no microalgae inoculum was carried out with the aim to develop 

those native microalgae. Cells concentration was monitored each day until stationary phase was 

reached. Results are reported in table 3.5. 

 
Table 3.5 Cells counting and natural logarithm for wastewater batch without inoculum. 

Time 

[d] 

Cell. conc. 

[106 cells/ml]  

St. dev. 

[106 cells/ml]  
Ln(cell/ml) 

St. dev. 

ln(cell/ml)  

0 0.06 0.01 10.964 0.203 

7 0.34 0.03 12.724 0.098 

8 1.56 0.34 14.247 0.221 

9 4.40 0.78 15.289 0.178 

10 14.33 4.48 16.453 0.318 

14 21.17 2.59 16.864 0.123 

15 25.50 1.65 17.053 0.065 

16 26.83 1.18 17.105 0.044 

 
Figure 3.5 Growth curve of native wastewater microalgae consortium. 

 

Figure 3.5 shows that native microalgae have a long lag phase, about 7 days, after which a fast 

exponential growth starts. Some reactor photos are reported just to show the evident changing 

in turbidity and color as shown in figure 3.6. 
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Figure 3.6 Color and turbidity variation over days in batch experiments without algae inoculum. 

 

The kinetic growth constant can be evaluated by plotting the natural logarithm of cell 

concentration over time. From the slope of the straight line it was obtained  Ὧ ρȢςχυ

πȢπφς Ὠ  for these unknown species. 

Native microalgae growth rate is slightly higher than for C. protothecoides (kCP,23°C=1.157 d-1), but 

further experiments would be needed to draw a conclusion, as starting conditions are too 

different: batch experiments with C. protothecoides always started with a cell concentration of 

about 10÷20x106 cells/ml. 

In order to characterize this microalgae consortium, a sample from the last point of the curve 

was analyzed in the Biology Department of Padua University. 

The sample is currently under analysis: native microalgae strains are going to be isolated and 

identified, but it takes longer than expected since the correct culture medium have to be found 

for their growing.  

 

3.3 TEMPERATURE SCREENING BATCH EXPERIMENTS 

 

During the year, the wastewaters in the treatment plants are characterized by a significant 

temperature changes, depending on geographical position and climate. Wastewater 

temperature is usually higher than that of the water supply thanks to the addition of feces, urine 

and warmer water from household appliances. Besides, water specific heat leaves wastewaters 

warmer than local air during cold periods and colder in warm periods (Metcalf & Eddy, 2004), so 

that their temperatures usually range from 10°C to 30°C (5°C can be reached at high altitude). As 

temperature has a strong influence on biological processes, it is important to evaluate its effects 

on C. protothecoides growth rate and nutrients removal. 

Accordingly, process design procedures should be based on the worst possible conditions. 
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