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• Cultivation in a continuous photobioreactor (PBR) 

• Mass and energy conservation balances 

• Specific microalgae growth rate 

• Photosynthetic efficiency and light supply rate 

• Effects on biomass composition and production 

• An energy efficient technological solution 

• Nutrient supply and nutrient recycling 

• Conclusions and discussion 



Fonte: web 





)()(
222 CO

*

COCO2 ccak
sL

kmol
LCO 












0

2000

4000

6000

8000

10000

12000

14000

16000

0.0

10.0

20.0

30.0

40.0

50.0

60.0

0 5 10 15

IF
/2

E+
0

6
 c

e
lls

ce
lls

 x
1

0
E6

/m
l

Time (days)

 

starting from bottom: GROWTH KINETICS MEASUREMENTS  

k = 0.693 d-1  i.e. 1 duplication per day 
 

it means from 1 mg to 1074 kg in 1 month! 

 

This can’t be true: what’s wrong? 





 

 THE MASS CONSERVATION BALANCE (cont’d) 

• C, N, O, P (and others) are to be supplied. They are called 

nutrients 

• concentration in the photobioreactor: not an issue, just a process 

operating variable to be optimized 

• growth rate: to be measured in batch experiments (bottles) without 

any nutrients limitation. It depends upon temperature 

• >99.9% of the material in the PBR is water  
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• Microalgae as an organic material store biochemical energy. This is 

measured in terms of LHV, Lower Heating Value 

• In photoautotrophic cultivations this biochemical energy comes from 

sunlight energy 

• Only part of the solar spectrum can be exploited by photosynthesis: 

basically blue and red wavelengths 

• This photosynthetically Active Portion (PAR) is transformed into biomass 

with lower energetic efficiency (theoretical limit is around 25%) 

• The photon energy is the process driver (this is the limiting “nutrient”!): 

  1 Einstein/(m2 s) = 0.225 W/ m2 

 Sunlight energy flux intensity ranges from zero to 2000 Einstein/(m2 s)  

• Photosynthetic efficiency strongly depends on irradiation intensity: 

microalgae grow better when shaded 

 

THE ENERGY CONSTRAINT 



 

 2nd BASIC POINT: THE ENERGY CONSERVATION BALANCE 



 

 THE ENERGY CONSERVATION BALANCE (cont’d) 
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 CONTINUOUS OPERATION OF A PHOTOBIOREACTOR 
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Species: Nannochloropsis salina 
Incident light: 150 µmol m-2 s-1  

Residence time: 2,34 days 
Panel: 1.2 cm depth 
Temperature: 24°C 
Bubbling: CO2-air 5%v/v 
 



Species: Scenedesmus obliquus 
Incident light: 150 µmol m-2 s-1  

Residence time: 2.17 and 1.43 
Panel: 1.5 cm depth 
Temperature: 24°C 
Bubbling: CO2-air 5%v/v 
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rEX= specific light supply rate (mmol g-1 d-1) 

Specific light supply rate (rEX ): the 
flow rate of photons absorbed per 
gram of biomass (mmol photon g-1 d-1 ) 

Tempo di 

permanenza 

(giorni) 

rEX   

  

(mmol photon g-1 d-1 ) 

1,09 731,41 

1,69 595,21 

1,94 471,50 

2,65 394,92 

4,3 329,20 

(*) a parità di luce incidente 

BI 



 

 

 

 

 

rEX= specific light supply rate (mmol g-1 d-1) 

Biomass 

Cells 



Kliphuis approach 

Light regime R2 

150 µmol m-2 s-1 78.094 2.52E-03 0.98 

Winter (≈ 175) 110.728 2.00E-03 0.95 

650 µmol m-2 s-1 471.469 1.13E-03 0.99 

Summer (≈ 550) 543.143 1.32E-03 0.97 

GROWTH KINETICS 



• Carbohydrate from microalgal biomass are a product of interest, as 

well as lipids 

• The carbohydrate fraction of biomass changes depending of many 

environmental factors, such as nitrogen limitation or light intensity 

• As the nitrogen limitation is the main way to boost carbohydrate 

fraction, in batch system a two step approach would be necessary.  

• In addition, in a batch system the biomass composition changes 

with time 

• From an industrial perspective, a simplier process would be 

preferred, as well as a stable product 

• We have investigated the possibility to obtain a stable 

carbohydrate production in a single step, by optimizing the nutrient 

supply in a continuous system 



The carbohydrate accumulation is triggered by nitrogen limitation. As an example, in a 
batch growth curve of Chlorella vulgaris, the external nitrogen decreases with time, 
and when it becomes limiting, carbohydrates start to be accumulated in cells, up to 
about 43% of DW) 



On the other hand, nitrogen limitation may affect the biomass productivity. In addition, 
a changing carbohydrate ratio is a major drawback toward an industrial production. 
Thus, in a continuous system, an optimum of nitrogen limitation can be found, without 
affecting the overall productivity, and also obtaining a stable biomass composition. 

By decreasing the inlet 
nitrogen concentration, a 
decrease of biomass 
productivity occurred, but it is 
compensated by an increased 
carbohydrate ratio in biomass, 
resulting in a higher 
carbohydrate productivity.  

Nitrogen supply  

de Farias Silva C.E., Sforza E., 2016. Process Biochemistry, IN PRESS 
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The nitrogen and phosphorus uptake by microalgal cells is affected by several process 
variables (environmental factors). Light plays a major role in the accumulation of 
phosphorus, but also the residence time may affect the uptake capabilities of P and N 
by biomass, as in the case of Scenedesmus obliquus.  

Sforza E., Urbani S., Bertucco A., 2015. Journal of Applied Phycology, 27(4), 
1453-62.  DOI 10.1007/s10811-014-0460-x 



• Photobioreactor design 
• Greenhouses 
• PBR and photovoltaic integration 

Genetically modified strains: 
• Photosynthetic apparatus 
• Less nonphotochemical quenching 

Prof. Morosinotto – Dip. Biologia UniPD 



• A greenhouse is a simple way to protect the cultivation basin, by 

controlling the temperature and reducing contamination hazard 

• Light intensity is reduced by scattering and by shades 

• Photovoltaic panels can be applied on the greenhouse roof, to 

both shadow the pond and produce electrical power 

• In this way both the energy and the economical profitability can be 

enhanced 
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Dimension characteristics of one span of the greenhouse 

Total area: 1 ha 
N° of spans: 29 

Open pond module 



ALGREENHOUSE© 
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Sunlight intensity both outside (continuous line) and inside the greenhouse 

for spring (A), summer (B), fall (C) and winter (D) of Southern location 



Energy produced by biomass (dark blue) and PV (light blue) for southern and 

northern locations in Italy.  

In A the energy produced is directly compared, by using the biomass LHV 

value. In B a comparison based on Tonns of Oil Equivalent (TOE) is shown 

Using PV modules on the greenhouse roof is highly advantageous: the ratio between 

electrical energy and biochemical energy produced ranges from 2.15 (North) to 2.55 

(South)(A). These figures become 5.38 and 6.36 when accounting for the higher 

quality of electricity with respect to heat (B) 



Annualized IC e OC for Southern location with PV (A) and without PV (B) 

PV modules costs are most relevant, accounting for about 50% of the total 

value and increasing it by 90% with respect to the greenhouse without PV. 

Second in the list is the greenhouse capital cost.  

All other items are less important with PV, summing up to almost 20% of 

the total, and raise to about 40% when PV is not present.  



Market price of microalgal biomass ($ kg-1) to 

recover the capital invested within 10 years 

  North South 

  with PV no PV with PV no PV 

$ kg-1 22.3 23 13.8 16.4 

Cash flow of plant with PV in the case of Southern location 

Even though the energy produced by the PV modules is much higher than that accumulated 

as biomass, the revenues from biomass sale are far more relevant than those obtained from 

the sale of electrical energy. However, the PV plant itself has a quite fast return of 

investment (about 6.7 years for North and 5.7 for South), thus improving the cash balance.  



Anaerobic digestion 

Kinetic model: Monod 

kinetics  

Thermodynamic model: Elec-NRTL 

42 



Anaerobic digestion – Base case 

43 

PBR inlet 
Water: 10,000 kg h-1 

N: 4.8 kg h-1 

P: 1.08 kg h-1   

Base case 

BD = 0.54 Lipids = 4% 

Nutrients losses 

Algae production 8.2 kg h-1 

Nutrients make-up reduction 52% N, 21.6% P 

EROEI 2.81 



Experimental 
measures 

Kinetic 
models 

Process 
simulation 

Economic and 
feasibility 
analisys 



 To develop industrial processes for autotrophic microalgae 
production both experimental and modelling informations are 
needed 

 The kinetics of growth must be measured, as well as the operating 
conditions (temperature, pH, nutrients) of the photobioreactor. 

 A quantitative analysis must then be carried out   by applying 
mass and energy conservation balances, which allow to evaluate 
the process feasibility and bottlenecks 

 Continuous production systems allows to achieve larger 
productivity, to simplify the process flow sheet and to ensure a 
stable product quality 

 Process simulation gives the parameters required to evaluate the 
energy sustainability and to check the economic profitability 
through a cost benefit analysis  

 Integrating microalgae cultivation with electricity production by 
PV modules located on a greenhouse roof  is a promising 
technology to improve the process economical sustainability and to 
boost large scale installations 
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 Per sviluppare processi industriali basati sulle 
microalghe, serve un approccio quantitativo che parte 
dall’applicazione dei bilanci di materia e d energia, che 
permettono di valutare la fattibilità della tecnologia 
ma anche le criticità, con lo scopo di ideare soluzioni 
tecnologiche e sostenibili 

 Lavorare in sistemi continui permette di ottenere 
maggiori produttività, semplificare il processo e 
garantire una produzione qualitativamente stabile, a 
seconda del prodotto di interesse 

 L’integrazione di fotovoltaico alla produzione di 
microalghe è un promettente approccio per migliorare 
l’economicità del processo 

 

GRAZIE DELL’ATTENZIONE! 
  

 



Palermo, 6 e 7 aprile 2017, Palazzo Chiaramonte 
Forum Italiano sulle Tecnologie Microalgali (FITEMI – 2017)   

  
 La ricerca e l’industria si confrontano sulle prospettive delle tecnologie microalgali in Italia 
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A chi è rivolto FITEMI? 

se si è già coinvolti nella produzione di microalghe o cianobatteri,  

se si è in procinto di entrare nello sfruttamento di microalghe/cianobatteri,  

se si è scettici ma interessati,  

se si è reduci da un insuccesso tecnologico o commerciale con le microalghe o i cianobatteri,  

se si è attivi nella ricerca o nello sviluppo di soluzioni tecnologiche riguardanti le microalghe,  

 

FITEMI è l’occasione per creare il match di problemi e soluzioni e la creazione di partnership, bi-, tri- o multilaterali. 

FITEMI2017 si terrà il 6 e 7 Aprile 2017 a Palermo 

 

 

 

  

 

TUTTI GLI INTERESSATI SONO INVITATI A SEGNALARE IL PROPRIO NOMINATIVO, 

PER ESSERE INCLUSI NELLA MAILING LIST, INVIANDO UN MESSAGGIO EMAIL A: 

francesca.scargiali@unipa.it 

 
http://www.aidic.it/fitemi/ 

mailto:francesca.scargiali@unipa.it
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