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Abstract In this work, the production of Scenedesmus

obliquus in a continuous flat-plate laboratory-scale photo-

bioreactor (PBR) under alternated day–night cycles was

tested both experimentally and theoretically. Variation of

light intensity according to the four seasons of the year

were simulated experimentally by a tunable LED lamp, and

effects on microalgal growth and productivity were mea-

sured to evaluate the conversion efficiency of light energy

into biomass during the different seasons. These results

were used to validate a mathematical model for algae

growth that can be applied to simulate a large-scale pro-

duction unit, carried out in a flat-plate PBR of similar

geometry. The cellular concentration in the PBR was cal-

culated in both steady-state and transient conditions, and

the value of the maintenance kinetic term was correlated to

experimental profiles. The relevance of this parameter was

finally outlined.

Keywords Seasonal irradiation � Day–night cycles �
Continuous photobioreactor � Growth model

Introduction

Due to the diminishing fossil fuel supply, the research of

alternative sources for fuel production is currently

becoming a strong need, in particular to sustain the trans-

portation sector. It is more and more recognized that bio-

diesel produced from microalgal-derived oil could

substitute petroleum-derived transport fuels in the near

future, in an eco-sustainable way [1, 2].

Although a number of relevant considerations are in

favor of developing such a process at the industrial scale,

some technical challenges still remain unsolved. In par-

ticular, when moving microalgal cultivation from labora-

tory to industry, careful planning is required [3]. The

technology for large-scale production of microalgae

already exists, but is mainly limited to open pond systems,

and current commercial production is for high added value

products only. So far, no industrial plants finalized to

obtain low-value products such as lipids for biodiesel from

microalgae are operated throughout the world [4]. In gen-

eral, the approach to large-scale production of oil from

microalgae must be approached in such a way to make the

process environmentally and economically acceptable [3].

To become economically feasible, the cultivation of

microalgae requires high biomass and lipid productivity

per unit area and minimum plant investment and operating

costs. In the case of PBRs, the efficient utilization of the

photosynthetically active radiation (PAR) is one of the key

parameters that could make this technology promising for

higher throughputs [5].

In particular, in an actual PBR operated outdoor at mid-

latitudes, the light conditions are widely variable, so that a

number of issues must be thoroughly addressed, i.e. reactor

orientation, light variation during the day, reflection of

light, light gradient in the reactor [6]. Furthermore, con-

tinuous bioreactors operated at steady state are more reli-

able and reproducible [7], because they provide a higher

controllability than batch ones, making continuous opera-

tions more advantageous at industrial scale. This operation

mode is recently the object of intensive research [8–11], as

well as the effect of light on growth and the modeling of

light distribution in PBRs [9, 12–18]. Unfortunately, at
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present most of the PBR configurations proposed are by far

too expensive in view of any industrial exploitation. To

find out a solution able to reduce the capital and the

operating costs of the process it is mandatory to test new

ideas about PBRs, both experimentally and theoretically, to

provide a sound design procedure. In fact, the prediction of

PBRs behavior is fundamental for feasibility studies

regarding large-scale production units.

In this work, the algal growth under simulated sunlight

regimes of the four seasons at mid-latitudes was investi-

gated. The aim is to evaluate the effect of seasonal irra-

diation on microalgae growth, biomass productivity and

energy conversion to biomass, to better understand this

process, and to give a contribution towards its industriali-

zation and large-scale application with continuous PBRs.

The species S. obliquus might be a promising microalga for

large-scale lipid production because of its relatively high

biomass growth rate which results in acceptable lipid and

fatty acid productivity [19], and its satisfactory resistance

to environmental changes. Based on laboratory experi-

mental results, a mathematical model was also developed

and applied to evaluate the key operating variables in S.

obliquus cultivation and to simulate the PBR behavior in

view of large-scale units design.

Materials and methods

Microalgae, media composition and growth analysis

The microalgae S. obliquus 276-7 (obtained from SAG-

Goettingen) was maintained and cultured in sterilized

BG11 medium. Medium was buffered with 10 mM HEPES

pH 8 to avoid alterations due to excess CO2 supply. The

medium was sterilized in an autoclave for 20 min at

121 �C to prevent any contamination. Algal growth was

measured by daily changes in optical density measured at

750 nm, by a UV–Visible UV 300 spectrophotometer

(Spectronic Unicam) and cells number (in a Bürker

Counting Chamber). For dry weight determinations, cells

were harvested with a filter (0.2 lm), which was dried at

80 �C for 4 h in a laboratory oven, and then weighed.

Equipment

Growth experiments were performed in a vertical flat-plate

polycarbonate reactors (see [20] for the schematic of the

experimental setup), with a working volume of 250 mL,

sterilized in an autoclave. The depth of the reactor (1.2 cm)

was minimized to reduce the cells self-shading and to allow

a maximum utilization of light. The surface exposed to

light is 208 cm2. The mixing in the culture is ensured by a

CO2–air (5 % v/v) flow fed through a sieved silicone tube

placed at the reactor bottom. The gas mixture is regulated

using suitable valves and flow meters. The total gas flow

rate is 1 L h-1 for each panel. The fresh medium is fed at a

constant rate by a peristaltic pump (Watson-Marlow

sci400, flow rate range 25–250 mL day-1), and a mixture

of medium and cells is withdrawn from the PBR at the

same rate by an overflow tube, and is collected in a ster-

ilized tank. This system can be approximated to a CSTR, as

demonstrated by tracer experiments: at time 0 a pulse of

2.5 mL of a Methylene Blue solution (10 g L-1) was fed to

the reactor and a typical elution profile of the tracer

obtained is shown in Fig. 1. The continuous curve here

reported corresponds to a CSTR elution profile with 10 %

of dead volume.

All the experiments were carried out in continuous

mode, with and without recycle. When operating with

recycle, part of the algal suspension from the collector tank

was pumped back to the reactor inlet by the same peri-

staltic pump, to increase the biomass concentration in the

reactor. The PBR operating conditions are summarized in

Table 1.

Alternated day–night cycles were generated with a LED

lamp (Photon System Instruments, SN-SL 3500-22). Pho-

ton flux density was measured upon both the reactor front

Fig. 1 Methylene Blue concentration (circles) measured in the outlet

of flat-plate PBR for tracer experiment. Line is the tracer elution

profile for a CSTR with a 10 % of dead volume

Table 1 Summary of operating variables of the PBR with and

without recycle

Streams [L day-1] Symbol With

recycle

Without

recycle

Fresh medium inlet flow _Vin 0.075 0.150

Biomass recycled inlet flow _Vin;b 0.075 –

Culture outlet flow _Vout 0.150 0.150
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panel and after the back one using a photoradiometer (HD

2101.1 from Delta OHM), which quantifies the PAR in the

range 400–700 nm wavelengths. The light intensity as a

function of time was simulated so that to provide the PBR

with the same PAR amount of energy received under nat-

ural conditions at the selected latitude. PVGIS Solar Irra-

diation Data (http://re.jrc.ec.europa.eu/pvgis) is an online

available database of typical day evolution of irradiation on

a given surface for any earth location and time of year. This

software was used as the source of irradiation data for the

location of Padova, Italy. An incident angle of 35� was

applied, as the default setting of the database, to exploit the

maximum solar energy. Four months were selected as

representatives of each season: January for winter, April

for spring, July for summer and October for autumn. The

direct PAR irradiation data reaching the reactor’s surface

was fitted with the equation (OriginlabTM):

Idir 0ð Þ ¼ y0 þ
A

w
ffiffi

p
2

p exp �2
t � xc

w

� �2
� �

ð1Þ

where

Idir (0) = direct PAR at the reactor front panel (z = 0),

[lmol photons m-2 s-1];

t = hour at which PAR was calculated (0 7 24), [h];

y0 = reference intensity, [lmol m-2 s-1];

A [lmol m-2], w [h], xc [h] = fitting parameters char-

acteristic of daily irradiation profiles for each season.

These profiles were simulated by the LED lamp system.

In Fig. 2 a comparison between experimental and simu-

lated day–night irradiation curves is given.

The photoconversion, a measure of the fraction of the

PAR energy that is converted to biomass in a PBR, was

calculated as:

%PARmax ¼
Efix bio

EPAR year

¼ Pbio � Ebio � A

EPAR year

ð2Þ

where

Efix bio = energy converted into biomass per year

(MJ year-1),

EPAR year = PAR energy hitting the PBR per year

(MJ year-1);

Pbio = biomass productivity per unit area (kg m-2 year-1)

Ebio = energy content of biomass (MJ kg-1)

A = PBR surface (m2)

Simulation model

Equations

In a PBR three phases coexist: a liquid (the culture med-

ium), a gas (CO2, N2, Air) and a solid suspension (the

microalgae); liquid and gas phases provide the nutrients to

the solid suspension.

Photosynthesis, the process by which the cells grow,

also is driven by light energy. If nutrients are supplied in

non-limiting conditions, photosynthesis is related to the

availability and penetrability of light inside the reactor

only.

So, as light is converted inside the culture volume, it is

also necessary to apply a suitable model to represent the

light energy transfer within the PBR. Light attenuation

conditions can be well represented using radiative transfer

models which include a number of assumptions, as

absorption, scattering and self-shading phenomena are

responsible of the reduction of light along with the reactor

depth [21].

Fig. 2 Irradiation profile (lines) from PVGIS database and measures of light impinging experimental PBR (black square) of the four

representative months: April (A) for spring, January data (B) for winter, July (C) for summer and October (D) for autumn
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In this work the two flux model of Cornet, as general-

ized by Pruvost et al. [21] was used, under the hypothesis

of an isotropic radiative field where the scattered part of

light is assumed to be parallel to the main direction of

radiation [22]. Even if it refers to artificial light, this model

can be used also in the case of solar radiation. In our

experimental set up the LED lamp is not moving according

to the day time, so the model is applied taking into account

only the direct light contribution which is delivered to the

PBR at an incidental angle of 0�. Using a fixed lamp is a

rough approximation of the natural conditions, so the

results obtained cannot be directly compared to field

experimental measurements.

For a continuous reactor without recycle, assuming

perfect mixing, the mass balance can be written as:

dcx;out

dt
¼ � 1

s
cx;out þ rx;mean;out ð3Þ

where

cx,out = outlet biomass concentration (kg m-3);

rx,mean,out = mean growth rate at the outlet biomass

concentration (kg m-3 s-1);

s = residence time, given by the ratio of the reactor

volume to the inlet volumetric flowrate (day).

To solve Eq. 3, the value of rx,mean,out is required [21]. It

can be calculated by the integration of the local growth rate

rx,z along the reactor depth h, whose coordinate is indicated

with z:

rx;mean ¼
1

h

Z

h

0

rx;zdz ð4Þ

Note that the subscript ‘‘out’’ has been dropped, as the

reactor is assumed to be perfectly mixed.

The equation for rx,z is written as [21]:

rx;z ¼ qm

K

K þ IðzÞUEaIðzÞcx � lecx ð5Þ

where

qm = maximum energetic yield for photon conversion

(-);

K = half saturation constant for the photosynthesis

(lmol m-2 s-1);

U = mass quantum yield for Z-scheme of photosyn-

thesis (kg lmol-1);

I(z) = direct PAR at depth z (lmol m-2 s-1);

cx = biomass concentration at depth z (g L-1);

Ea = absorption mass coefficient (m2 kg-1);

le = maintenance term, including both respiration and

death of cells (s-1).

Note that in Eq. 5 the contributions of both biomass

growth and maintenance due to cells respiration and death

are considered.

Finally, direct PAR at depth z is given by:

IdirðzÞ
Idirð0Þ

¼ 2 1þ að Þ exp �ddir z� hð Þ½ � � 1� að Þ exp ddir z� hð Þ½ �
cos h 1þ að Þ2exp ddirhð Þ � 1� að Þ2exp �ddirhð Þ

ð6Þ
ddir ¼ acx Ea þ 2bEbð Þ ð7Þ

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ea

Ea þ 2bEbð Þ

s

ð8Þ

where

Idir(0) = direct PAR at z = 0 within the PBR

(lmol m-2 s-1);

a, ddir = model parameters (-);

b = backscattering fraction (-);

Es = scattering mass coefficient (m2 kg-1).

Concerning the experimental system used in this work, a

reduction of 11 % of the direct PAR was measured, due to

the light absorbed by the front polycarbonate sheet of the

flat panel PBR.

Parameters

The parameters in Eqs. 5–8 were defined and quantified as

follows. In particular, we focused on absorption (Ea), back

scattering (bEs) and maintenance term (le), that play a key

role in the model sensitivity and affect the simulation

results. The maximum energy yield for photon dissipation

in antennae (qm) can be considered as a moderately spe-

cies-independent factor [21] and was set equal to 0.8.

According to S. obliquus elemental analysis and reaction

stoichiometry, the mass quantum yield for Z-scheme of

photosynthesis U resulted 2.77 9 10-9 kg lmol-1.

For S. obliquus, the maximum exponential growth

rate was reached at 150 lmol m-2 s-1 and the half satu-

ration constant K was 75 lmol m-2 s-1 [23].

Absorption and back scattering parameters (Ea, bEs)

were evaluated measuring, by means of the photoradiom-

eter, the light attenuation across the reactor depth, that is

the irradiance on the back side of the reactor (‘‘back irra-

diance’’) as a function of the concentration in the reactor

during the continuous flow experiments. These measure-

ments were performed at different constant incident irra-

diation intensities, as shown in Fig. 3 for two cases. The

best fit values of Ea and bEs were correlated to these data.

Indeed, they depend on light intensity, but the model sen-

sitivity to its values was found to be low. So, we have used

absorption and back scattering coefficients obtained at

150 lmol m-2 s-1 for all our simulations.

On the other hand, the simulated day–night cycle growth

was found to be heavily affected by the maintenance term

le. Accordingly, we used this parameter to tune our model

to experimental data.
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Results and discussion

Steady-state biomass productivity under seasonal

irradiations

Seasonal PAR irradiation data and experimental results of

different runs are summarized in Table 2. The outlet con-

centrations reported refer to steady-state conditions. For

April and October, continuous experiments both with and

without recycle were carried out to measure the effect of

recycle on productivity, by considering that in a PBR the

ratio between biomass amount and light available is crucial

looking at the productivity of the system. In general, using

a recycle with a CSTR does not improve the reactor per-

formance. However, in the case of PBR it is essential to

absorb all the light energy available and this can be done

only by optimizing the microalgae concentration within the

PBR. In addition, under fluctuating light regimes, where

intensity in some cases reaches high irradiances, an

increased concentration could lead to a lower

photosaturation effect. On the other hand, the self-shading

effect could affect the light capture when irradiance is not

saturating, leading to an overall decreased photoconversion

efficiency.

In fact, as reported in Table 2, the recycle increased the

biomass concentration, but resulted also in lower biomass

productivity. This is confirmed by looking at the energy

conversion efficiency, which is lower with recycle, as the

effect of the increased self-shading of biomass, enhanced

by higher concentrations.

By comparing productivities obtained in runs without

recycle, it is observed that the highest value was achieved

with July irradiation. An acceptable productivity was also

obtained in January even if the irradiation is much lower.

Looking at the energy conversion, it is clear that at lower

irradiations algae can exploit light much better, suggesting

that no photosaturation nor photoinhibition events occurred

at this irradiation. In view of an industrial application, such

a result suggests that an acceptable biomass production is

achievable even with winter irradiation, if the reactor

Fig. 3 Fitting of absorption and backscattering parameters. At

150 lmol m-2 s-1 (2A) optimal values: Ea = 40 m2 kg-1,

bEs = 114 m2 kg-1. At 1,000 lmol m-2 s-1 (2B) optimal values:

Ea = 5 m2 kg-1, bEs = 80 m2 kg-1. Points data are experimental

results; curves are simulation results

Table 2 Summary of experimental growth and light energy conversion data in continuous PBR under four seasons day–night irradiation

conditions

Month Irradiation PAR

(lmol m-2 s-1)

Steady state biomass

concentration (g L-1)

Areal productivity

(ton ha-1 year-1)

Biomass Productivity

(g L-1 days-1)

Energy

conversion

(%PAR)

January (without recycle) 175.17 2.76 68.77 1.57 11.50

April (with recycle) 505.70 4.65 58.69 1.34 3.40

April (without recycle) 505.70 3.25 80.99 1.85 4.69

July (without recycle) 661.08 3.78 94.06 2.14 4.17

October (with recycle) 343.84 3.61 45.63 1.04 3.89

October (without recycle) 343.84 2.72 67.71 1.54 5.77
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temperature is properly controlled as can be done in a

closed PBR.

PBR dynamic and steady-state simulation

Experimental runs without recycle were simulated by the

model outlined in Sect. ‘‘Equations’’. In all cases, the

continuous PBR was initially operated under transient

conditions, and subsequently reached the steady state.

Accordingly, we have simulated also the initial transient

behavior. Depending on the energy supplied, a cycled

steady-state concentration was eventually found as can be

seen in Fig. 4 for the winter season, as an example. The

curves reported correspond to different days and it can be

seen that a cyclic steady-state is achieved after about

20 days of operation. In addition, the biomass concentra-

tion within each day ranges between a minimum in the

early morning and a maximum in the late afternoon, and

the fluctuations are within ±10 %.

In Fig. 5, the experimental data obtained in the dif-

ferent seasons (winter, spring, summer and autumn

respectively) are presented and compared to simulations.

Note that the simulated results are the daily average

values. As reported in Sect. ‘‘Parameters’’, each curve

was fitted to experimental concentration profiles by

adjusting the value of the maintenance term. Table 3

shows the best fit values of le.

It is clear that in all the cases considered the simulation

is able to satisfactorily reproduce experimental data, with

respect to the simple model developed. However, the

sensitivity of the simulated steady-state biomass concen-

tration to the maintenance term parameter is high, as can be

seen in Table 4, where the steady-state calculated con-

centrations for three different le’s in the October season

are reported. This occurred in all simulations, suggesting

that the predicted cellular growth and productivity calcu-

lated by the model under different light regimes are

strongly depending on maintenance term. Presumably, this

is a consequence of the inaccuracy of the model, that needs

to be improved by including in it photosaturation and

inhibition effects. Work is in progress to measure directly

le values as a function of the PBR operating parameter and

to improve the model by taking into account also the

photosaturation and photoinhibition terms.

In summary, our results demonstrate that the presently

proposed model, with a simple calibration of the absorption

and scattering parameters, can be applied as a first

approximation to predict the performances of a flat-plate

PBR, in terms of biomass concentration and energy con-

version, provided that a sound value of the maintenance

parameter is measured. In this work, a perfectly stirred

reactor was considered, according to the experimental

evidence of the laboratory-scale unit used. To apply it to

the design of a large-scale PBR with similar geometry, the

model must be improved by accounting for the extent of

mixing in the axial reactor direction (i.e. the Peclet

number).

Conclusions

The effect of seasonal irradiation on S. obliquus growth

in a flat-plate PBR operated continuously was investi-

gated experimentally at laboratory-scale. Four months

representative of each season of the year were simulated

with respect to light irradiation energy, and outlet bio-

mass concentration, productivity and energy conversion

efficiency were measured. The maximum energy con-

version was obtained in winter, probably due to the low

average light intensity impinging the panel, that allowed

Fig. 4 Microalgal growth in the

PBR during the winter season.

The curves are the number of

the days simulated
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to avoid photosaturation, photoinhibition and energy

dissipation. Anyway, a remarkable productivity was

obtained in all seasons, even if at higher irradiation the

energy conversion was lower. When recycling part of the

biomass to increase its concentration in the reactor a

reduction in productivity was always achieved probably

due to a predominant self-shading effect. The results of

the experimental runs were simulated with a mathemat-

ical model derived from the literature. The simulations

reproduced well the experimental results, provided that

the maintenance parameter value was adjusted to the

data. In fact, the cyclic steady-state biomass concentra-

tion in the PBR is heavily affected by this parameter.

The model presented in this work is ready to be exten-

ded to large-scale PBRs of similar geometry and dif-

ferent extent of axial mixing, but the direct measure of

the maintenance term is needed, to use the proposed

approach for PBR design.

Fig. 5 Microalgal growth in PBR during January a, April b, July c, October d. Points data are experimental results; curves are simulation results

Table 3 Maintenance terms values used in simulation of steady-state

cell concentration under different seasonal irradiance

Month Maintenance term (h-1)

January 3.8 E-3

April 5.7 E-3

July 3.5 E-3

October 1.1 E-2

Table 4 Sensitivity of the steady-state microalgae concentration to

the maintenance constant value for the autumn experiment

Maintenance term (h-1) Stationary biomass concentration (g L-1)

1.1 E-2 2.46

3.8 E-3 7.74

5.7 E-3 4.91
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